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PREFACE 

Reports in this volume are numbered consecutively beginning with number 1. Each report is 
paginated with the report number followed by consecutive page numbers, e.g., 1-1, 1-2, 1-3; 2-1, 2-2, 

2-3. 

Due to its length, Volume 3 is bound in two parts, 3 A and 3B. Volume 3 A contains 
#1-19. Volume 3B contains reports #20-39. The Table of Contents for Volume 3 is included in both 

parts. 

This document is one of a set of 16 volumes describing the 1994 AFOSR Summer Research 
Program. The following volumes comprise the set: 

VOLUME TITLE 

2A&2B 

3A&3B 

4 

5A&5B 

6 

9 

10 

11 

12A & 12B 

13 

14 

15A&15B 

16 

Program Management Report 

Summer Faculty Research Program (SFRP) Reports 

Armstrong Laboratory 

Phillips Laboratory 

Rome Laboratory 

Wright Laboratory 

Arnold Engineering Development Center, Frank J. Seiler Research Laboratory, 

and Wilford Hall Medical Center 

Graduate Student Research Program (GSRP) Reports 

Armstrong Laboratory 

Phillips Laboratory 

Rome Laboratory 

Wright Laboratory 

Arnold Engineering Development Center, Frank J. Seiler Research Laboratory, 

and Wilford Hall Medical Center 

High School Apprenticeship Program (HSAP) Reports 

Armstrong Laboratory 

Phillips Laboratory 

Rome Laboratory 

Wright Laboratory 

Arnold Engineering Development Center 
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1.  INTRODUCTION 

The Summer Research Program (SRP), sponsored by the Air Force Office of Scientific Research 
(AFOSR), offers paid opportunities for university faculty, graduate students, and high school 
students to conduct research in U.S. Air Force research laboratories nationwide during the summer. 

Introduced by AFOSR in 1978, this innovative program is based on the concept of teaming 
academic researchers with Air Force scientists in the same disciplines using laboratory facilities and 
equipment not often available at associates' institutions. 

AFOSR also offers its research associates an opportunity, under the Summer Research Extension 
Program (SREP), to continue their AFOSR-sponsored research at their home institutions through 
the award of research grants. In 1994 the maximum amount of each grant was increased from 
$20,000 to $25,000, and the number of AFOSR-sponsored grants decreased from 75 to 60. A 
separate annual report is compiled on the SREP. 

The Summer Faculty Research Program (SFRP) is open annually to approximately 150 faculty 
members with at least two years of teaching and/or research experience in accredited U.S. colleges, 
universities, or technical institutions. SFRP associates must be either U.S. citizens or permanent 
residents. 

The Graduate Student Research Program (GSRP) is open annually to approximately 100 graduate 
students holding a bachelor's or a master's degree; GSRP associates must be U.S. citizens enrolled 
full time at an accredited institution. 

The High School Apprentice Program (HSAP) annually selects about 125 high school students 
located within a twenty mile commuting distance of participating Air Force laboratories. 

The numbers of projected summer research participants in each of the three categories are usually 
increased through direct sponsorship by participating laboratories. 

AFOSR's SRP has well served its objectives of building critical links between Air Force research 
laboratories and the academic community, opening avenues of communications and forging new 
research relationships between Air Force and academic technical experts in areas of national 
interest; and strengthening the nation's efforts to sustain careers in science and engineering. The 
success of the SRP can be gauged from its growth from inception (see Table 1) and from the 
favorable responses the 1994 participants expressed in end-of-tour SRP evaluations (Appendix B). 

AFOSR contracts for administration of the SRP by civilian contractors. The contract was first 
awarded to Research & Development Laboratories (RDL) in September 1990. After completion of 
the 1990 contract, RDL won the recompetition for the basic year and four 1-year options. 



2.        PARTICIPATION IN THE SUMMER RESEARCH PROGRAM 

The SRP began with faculty associates in 1979; graduate students were added in 1982 and high 
school students in 1986. The following table shows the number of associates in the program each 
year. 

Table 1: SRP Participation, by Year 

YEAR Number of Participants TOTAL 

SFRP GSRP HSAP 

1979 70 70 

1980 87 87 

1981 87 87 

1982 91 17 108 

1983 101 53 154 

1984 152 84 236 

1985 154 92 246 

1986 158 100 42 300 

1987 159 101 73 333 

1988 153 107 101 361 

1989 168 102 103 373 

1990 165 121 132 418 

1991 170 142 132 444 

1992 185 121 159 464 

1993 187 117 136 440 

1994 192 117 133 442 

Beginning in 1993, due to budget cuts, some of the laboratories weren't able to afford to fund as 
many associates as in previous years; in one case a laboratory did not fund any additional 
associates. However, the table shows that, overall, the number of participating associates increased 
this year because two laboratories funded more associates than they had in previous years. 



3. RECRUITING AND SELECTION 

The SRP is conducted on a nationally advertised and competitive-selection basis. The advertising 
for faculty and graduate students consisted primarily of the mailing of 8,000 44-page SRP 
brochures to chairpersons of departments relevant to AFOSR research and to administrators of 
grants in accredited universities, colleges, and technical institutions. Historically Black Colleges 
and Universities (HBCUs) and Minority Institutions (Mis) were included. Brochures also went to 
all participating USAF laboratories, the previous year's participants, and numerous (over 600 
annually) individual requesters. 

Due to a delay in awarding the new contract, RDL was not able to place advertisements in any of 
the following publications in which the SRP is normally advertised: Black Issues in Higher 
Education, Chemical & Engineering News, IEEE Spectrum and Physics Today. 

High school applicants can participate only in laboratories located no more than 20 miles from their 
residence. Tailored brochures on the HSAP were sent to the head counselors of 180 high schools 
in the vicinity of participating laboratories, with instructions for publicizing the program in their 
schools. High school students selected to serve at Wright Laboratory's Armament Directorate 
(Eglin Air Force Base, Florida) serve eleven weeks as opposed to the eight weeks normally worked 
by high school students at all other participating laboratories. 

Each SFRP or GSRP applicant is given a first, second, and third choice of laboratory. High school 
students who have more than one laboratory or directorate near their homes are also given first, 
second, and third choices. 

Laboratories make their selections and prioritize their nominees. AFOSR then determines the 
number to be funded at each laboratory and approves laboratories' selections. 

Subsequently, laboratories use their own funds to sponsor additional candidates. Some selectees do 
not accept the appointment, so alternate candidates are chosen. This multi-step selection procedure 
results in some candidates being notified of their acceptance after scheduled deadlines. The total 
applicants and participants for 1994 are shown in this table. 

Table 2: 1994 Applicants and Participants 

PARTICIPANT 
CATEGORY 

TOTAL 
APPLICANTS 

SELECTEES DECLINING 
SELECTEES 

SFRP 

(HBCU/MI) 

600 

(90) 

192 

(16) 

30 

(7) 
GSRP 

(HBCU/MI) 

322 

(11) 

117 

(6) 

11 

(0) 

HSAP 562 133 14 

TOTAL 1484 442 55 



4. SITE VISITS 

During June and July of 1994, representatives of both AFOSR/NI and RDL visited each 
participating laboratory to provide briefings, answer questions, and resolve problems for both 
laboratory personnel and participants. The objective was to ensure that the SRP would be as 
constructive as possible for all participants. Both SRP participants and RDL representatives found 
these visits beneficial. At many of the laboratories, this was the only opportunity for all 
participants to meet at one time to share their experiences and exchange ideas. 

5.        HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY 
INSTITUTIONS (HBCU/MIs) 

In previous years, an RDL program representative visited from seven to ten different HBCU/MIs to 
promote interest in the SRP among the faculty and graduate students. Due to the late contract 
award date (January 1994) no time was available to visit HBCU/MIs this past year. 

In addition to RDL's special recruiting efforts, AFOSR attempts each year to obtain additional 
funding or use leftover funding from cancellations the past year to fund HBCU/MI associates. This 
year, seven HBCU/MI SFRPs declined after they were selected. The following table records 
HBCU/MI participation in this program. 

Table 3: SRP HBCU/MI Participation, by Year 

YEAR SFRP GSRP 

Applicants Participants Applicants Participants 

1985 76 23 15 11 

1986 70 18 20 10 

1987 82 32 32 10 

1988 53 17 23 14 

1989 39 15 13 4 

1990 43 14 17 3 

1991 42 13 8 5 

1992 70 13 9 5 

1993 60 13 6 2 

1994 90 16 11 6 



6.        SRP FUNDING SOURCES 

Funding sources for the 1994 SRP were the AFOSR-provided slots for the basic contract and 
laboratory funds. Funding sources by category for the 1994 SRP selected participants are shown 

here. 

Table 4: 1994 SRP Associate Funding 

FUNDING CATEGORY SFRP GSRP HSAP 

AFOSR Basic Allocation Funds 150 98*1 121*2 

USAF Laboratory Funds 37 19 12 

HBCU/MI By AFOSR 
(Using Procured Addn'l Funds) 

5 0 0 

TOTAL 192 117 133 

*1 -100 were selected, but two canceled too late to be replaced. 
*2 -125 were selected, but four canceled too late to be replaced. 

7.        COMPENSATION FOR PARTICIPANTS 

Compensation for SRP participants, per five-day work week, is shown in this table. 

Table 5: 1994 SRP Associate Compensation 

PARTICIPANT CATEGORY 1991 1992 1993 1994 

Faculty Members $690 $718 $740 $740 

Graduate Student 
(Master's Degree) 

$425 $442 $455 $455 

Graduate Student 
(Bachelor's Degree) 

$365 $380 $391 $391 

High School Student 
(First Year) 

$200 $200 $200 $200 

High School Student 
(Subsequent Years) 

$240 $240 $240 $240 



The program also offered associates whose homes were more than 50 miles from the laboratory an 
expense allowance (seven days per week) of $50/day for faculty and $37/day for graduate students. 

Transportation to the laboratory at the beginning of their tour and back to their home destinations at 
the end was also reimbursed for these participants. Of the combined SFRP and GSRP associates, 
58% (178 out of 309) claimed travel reimbursements at an average round-trip cost of $860. 

Faculty members were encouraged to visit their laboratories before their summer tour began. All 
costs of these orientation visits were reimbursed. Forty-one percent (78 out of 192) of faculty 
associates took orientation trips at an average cost of $498. Many faculty associates noted on their 
evaluation forms that due to the late notice of acceptance into the 1994 SRP (caused by the late 
award in January 1994 of the contract) there wasn't enough time to attend an orientation visit prior 
to their tour start date. In 1993, 58 % of SFRP associates took orientation visits at an average cost 
of $685. 

Program participants submitted biweekly vouchers countersigned by their laboratory research focal 
point, and RDL issued paychecks so as to arrive in associates' hands two weeks later. 

HSAP program participants were considered actual RDL employees, and their respective state and 
federal income tax and Social Security were withheld from their paychecks. By the nature of their 
independent research, SFRP and GSRP program participants were considered to be consultants or 
independent contractors. As such, SFRP and GSRP associates were responsible for their own 
income taxes, Social Security, and insurance. 

8.        CONTENTS OF THE 1994 REPORT 

The complete set of reports for the 1994 SRP includes this program management report augmented 
by fifteen volumes of final research reports by the 1994 associates as indicated below: 

Table 6:  1994 SRP Final Report Volume Assignments 

LABORATORY 

VOLUME 

SFRP       GSRP       HSAP 

Armstrong 2 7 12 

Phillips 3 8 13 

Rome 4 9 14 

Wright 5A, 5B 10 15 

AEDC, FJSRL, WHMC 6 11 16 

AEDC 
FJSRL 
WHMC 

Arnold Engineering Development Center 
Frank J. Seiler Research Laboratory 
Wilford Hall Medical Center 

6 



APPENDIX A - PROGRAM STATISTICAL SUMMARY 

A. Colleges/Universities Represented 

Selected SFRP and GSRP associates represent 158 different colleges, universities, and 
institutions. 

B. States Represented 

SFRP -Applicants came from 46 states plus Washington D.C. and Puerto Rico.  Selectees 
represent 40 states. 

GSRP - Applicants came from 46 states and Puerto Rico. Selectees represent 34 states. 

HSAP - Applicants came from fifteen states. Selectees represent ten states. 

C. Academic Disciplines Represented 

The academic disciplines of the combined 192 SFRP associates are as follows: 

Electrical Engineering 22.4% 
Mechanical Engineering 14.0% 
Physics: General, Nuclear & Plasma 12.2% 
Chemistry & Chemical Engineering 11.2% 
Mathematics & Statistics 8.1% 
Psychology 7.0% 
Computer Science 6.4% 
Aerospace & Aeronautical Engineering 4.8% 
Engineering Science 2.7% 
Biology & Inorganic Chemistry 2.2% 
Physics: Electro-Optics & Photonics 2.2% 
Communication 1.6% 
Industrial & Civil Engineering 1.6% 
Physiology 1.1% 
Polymer Science 1.1% 
Education 0.5% 
Pharmaceutics 0.5% 
Veterinary Medicine 0.5% 
TOTAL 100% 
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Table A-1. Total Participants 

Number of Participants 

SFRP 

GSRP 

HSAP 

192 

117 

133 

TOTAL 442 

Table A-2. Degrees Represented 

Degrees Represented 

SFRP GSRP TOTAL 

Doctoral 189 0 189 

Master's 3 47 50 

Bachelor's 0 70 70 

TOTAL 192 117 309 

Table A-3. SFRP Academic Titles 

Academic Titles 

Assistant Professor 74 

Associate Professor 63 

Professor 44 

Instructor 5 

Chairman 1 

Visiting Professor 1 

Visiting Assoc. Prof. 1 

Research Associate 3 

TOTAL 192 
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Table A-4. Source of Learning About SRP 

SOURCE SFRP GSRP 

Applicants Selectees Applicants Selectees 

Applied/participated in prior years 

Colleague familiar with SRP 

Brochure mailed to institution 

Contact with Air Force laboratory 

Faculty Advisor (GSRPs Only) 

Other source 

26% 37% 10% 13% 

19% 17% 12% 12% 

32% 18% 19% 12% 

15% 24% 9% 12% 

— - 39% 43% 

8% 4% 11% 8% 

TOTAL 100% 100% 100% 100% 

Table A-5. Ethnic Background of Applicants and Selectees 

SFRP GSRP HSAP 

Applicants Selectees Applicants Selectees Applicants Selectees 

American Indian or 0.2%               0% 1%                 0% 0.4%              0% 
Native Alaskan 

Asian/Pacific Islander 30%               20% 6%                 8% 7%               10% 

Black 4%                1.5% 3%                 3% 7%                2% 

Hispanic 3%                1.9% 4%               4.5% 11%               8% 

Caucasian 51%               63% 77%               77% 70%              75% 

Preferred not to answer 12%                14% 9%                 7% 4%                5% 

TOTAL 100%              100% 100%             100% 99%              100% 

Table A-6. Percentages of Selectees receiving their 1st, 2nd, or 3rd Choices of Directorate 

1st 
Choice 

2nd 
Choice 

3id 
Choice 

Other Than 

Their Choice 

SFRP 

GSRP 

70% 

76% 

7% 

2% 

3% 

2% 

20% 

20% 
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APPENDIX B - SRP EVALUATION RESPONSES 

1. OVERVIEW 

Evaluations were completed and returned to RDL by four groups at the completion of the SRP. 
The number of respondents in each group is shown below. 

Table B-l. Total SRP Evaluations Received 

Evaluation Group Responses 

SFRP & GSRPs 275 

HSAPs 116 

USAF Laboratory Focal Points 109 

USAF Laboratory HSAP Mentors 54 

All groups indicate near-unanimous enthusiasm for the SRP experience. 

Typical comments from 1994 SRP associates are: 

"(The SRP was an] excellent opportunity to work in state-of-the-art facility with top-notch 
people." 

"[The SRP experience] enabled exposure to interesting scientific application problems; 
enhancement of knowledge and insight into 'real-world' problems." 

"[The SRP] was a great opportunity for resourceful and independent faculty [members] 
from small colleges to obtain research credentials." 

"The laboratory personnel I worked with are tremendous, both personally and scientifically. 
I cannot emphasize how wonderful they are." 

"The one-on-one relationship with my mentor and the hands on research experience 
improved [my] understanding of physics in addition to improving my library research skills. 
Very valuable for [both] college and career!" 

B-l 



Typical comments from laboratory focal points and mentors are: 

"This program [AFOSR - SFRP] has been a 'God Send' for us. Ties established with 
summer faculty have proven invaluable." 

"Program was excellent from our perspective. So much was accomplished that new options 
became viable" 

"This program managed to get around most of the red tape and 'BS' associated with most 
Air Force programs. Good Job!" 

"Great program for high school students to be introduced to the research environment. 
Highly educational for others [at laboratory]." 

"This is an excellent program to introduce students to technology and give them a feel for 
[science/engineering] career fields. I view any return benefit to the government to be 'icing 
on the cake' and have usually benefitted." 

The summarized recommendations for program improvement from both associates and laboratory 
personnel are listed below (Note: basically the same as in previous years.) 

A. Better preparation on the labs' part prior to associates' arrival (i.e., office space, 
computer assets, clearly defined scope of work). 

B. Laboratory sponsor seminar presentations of work conducted by associates, and/or 
organized social functions for associates to collectively meet and share SRP 
experiences. 

C. Laboratory focal points collectively suggest more AFOSR allocated associate 
positions, so that more people may share in the experience. 

D. Associates collectively suggest higher stipends for SRP associates. 

E. Both HSAP Air Force laboratory mentors and associates would like the summer 
tour extended from the current 8 weeks to either 10 or 11 weeks; the groups state it 
takes 4-6 weeks just to get high school students up-to-speed on what's going on at 
laboratory. (Note: this same arguement was used to raise the faculty and graduate 
student participation time a few years ago.) 

B-2 



2. 1994 USAF LABORATORY FOCAL POINT (LFP) EVALUATION RESPONSES 

The summarized results listed below are from the 109 LFP evaluations received. 

1. LFP evaluations received and associate preferences: 

Table B-2. Air Force LFP Evaluation Responses (By Type) 

How Many Associates Would You Prefer To Get ?           (% Response) 
SFRP GSRP (w/Univ Professor) GSRP (w/o Univ Professor) 

Lab Evals 
Recv'd 

0 1         2 3+ 0          12       3+ 0         1         2 3+ 

AEDC 10 30 50        0 20 50        40         0         10 40        60         0 0 
AL 44 34 50        6 9 54        34        12        0 56        31         12 0 
FJSRL 3 33 33        33 0 67        33         0         0 33        67         0 0 
PL 14 28 43        28 0 57        21        21         0 71        28         0 0 
RL 3 33 67         0 0 67         0         33         0 100        0         0 0 
WHMC 1 0 0        100 0 0        100        0         0 0        100        0 0 
WL 46 15 61        24 0 56        30        13         0 76        17         6 0 
Total 121 25% 43%     27% 4% 50%     37%     11%      1% 54%     43%     3% 0% 

LFP Evaluation Summary. The summarized repsonses, by laboratory, are listed on the following 
page. LFPs were asked to rate the following questions on a scale from 1 (below average) to 5 
(above average). 

2. LFPs involved in SRP associate application evaluation process: 
a. Time available for evaluation of applications: 
b. Adequacy of applications for selection process: 

3. Value of orientation trips: 
4. Length of research tour: 
5 a. Benefits of associate's work to laboratory: 

b. Benefits of associate's work to Air Force: 
6. a. Enhancement of research qualifications for LFP and staff: 

b. Enhancement of research qualifications for SFRP associate: 
c. Enhancement of research qualifications for GSRP associate: 

7. a. Enhancement of knowledge for LFP and staff: 
b. Enhancement of knowledge for SFRP associate: 
c. Enhancement of knowledge for GSRP associate: 

8. Value of Air Force and university links: 
9. Potential for future collaboration: 
10. a. Your working relationship with SFRP: 

b. Your working relationship with GSRP: 
11. Expenditure of your time worthwhile: 

(Continued on next page) 
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12. Quality of program literature for associate: 
13. a. Quality of RDL's communications with you: 

b. Quality of RDL's communications with associates: 
14. Overall assessment of SRP: 

Laboratory Focal Point Reponses to above questions 
AEDC AL FJSRL PL RL WHMC WL 

#EvalsRecv'd 10 32 3 14 3 1 46 
Question # 

2 90% 62% 100% 64% 100% 100% 83 % 
2a 3.5 3.5 4.7 4.4 4.0 4.0 3.7 
2b 4.0 3.8 4.0 4.3 4.3 4.0 3.9 
3 4.2 3.6 4.3 3.8 4.7 4.0 4.0 
4 3.8 3.9 4.0 4.2 4.3 NO ENTRY 4.0 
5a 4.1 4.4 4.7 4.9 4.3 3.0 4.6 
5b 4.0 4.2 4.7 4.7 4.3 3.0 4.5 
6a 3.6 4.1 3.7 4.5 4.3 3.0 4.1 
6b 3.6 4.0 4.0 4.4 4.7 3.0 4.2 
6c 3.3 4.2 4.0 4.5 4.5 3.0 4.2 
7a 3.9 4.3 4.0 4.6 4.0 3.0 4.2 
7b 4.1 4.3 4.3 4.6 4.7 3.0 4.3 
7c 3.3 4.1 4.5 4.5 4.5 5.0 4.3 
8 4.2 4.3 5.0 4.9 4.3 5.0 4.7 
9 3.8 4.1 4.7 5.0 4.7 5.0 4.6 

10a 4.6 4.5 5.0 4.9 4.7 5.0 4.7 
10b 4.3 4.2 5.0 4.3 5.0 5.0 4.5 
11 4.1 4.5 4.3 4.9 4.7 4.0 4.4 
12 4.1 3.9 4.0 4.4 4.7 3.0 4.1 
13a 3.8 2.9 4.0 4.0 4.7 3.0 3.6 
13b 3.8 2.9 4.0 4.3 4.7 3.0 3.8 
14 4.5 4.4 5.0 4.9 4.7 4.0 4.5 
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3. 1994 SFRP & GSRP EVALUATION RESPONSES 

The summarized results listed below are from the 275 SFRP/GSRP evaluations received. 

Associates were asked to rate the following questions on a scale from 
1 (below average) to 5 (above average) 

1. The match between the laboratories research and your field: 4.6 

2. Your working relationship with your LFP: 4.8 

3. Enhancement of your academic qualifications: 4.4 

4. Enhancement of your research qualifications: 4.5 

5. Lab readiness for you: LFP, task, plan: 4.3 

6. Lab readiness for you: equipment, supplies, facilities: 4.1 

7. Lab resources: 4.3 

8. Lab research and administrative support: 4.5 

9. Adequacy of brochure and associate handbook: 4.3 

10. PvDL communications with you: 4.3 

11. Overall payment procedures: 3.8 

12. Overall assessment of the SRP: 4.7 

13. a. Would you apply again? Yes:    85% 
b. Will you continue this or related research? Yes:    95 % 

14. Was length of your tour satisfactory? Yes:    86% 

15. Percentage of associates who engaged in: 

a. Seminar presentation: 52% 
b. Technical meetings: 32% 
c. Social functions: 03% 
d. Other 01% 
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16. Percentage of associates who experienced difficulties in: 

a. Finding housing: 12% 
b. Check Cashing: 03% 

17. Where did you stay during your SRP tour? 

a. At Home: 20% 
b. With Friend: 06% 
c. On Local Economy: 47% 
d. Base Quarters: 10% 

THIS SECTION FACULTY ONLY: 

18. Were graduate students working with you? Yes:    23% 

19. Would you bring graduate students next year? Yes:    56% 

20. Value of orientation visit: 

Essential: 29% 
Convenient: 20% 
Not Worth Cost: 01% 
Not Used: 34% 

THIS SECTION GRADUATE STUDENTS ONLY: 

21. Who did you work with: 

University Professor: 18 % 
Laboratory Scientist: 54% 
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4. 1994 USAF LABORATORY HSAP MENTOR EVALUATION RESPONSES 

The summarized results listed below are from the 54 mentor evaluations received. 

1. Mentor apprentice preferences: 

Table B-3. Air Force Mentor Responses 
How Many Apprentices Would 

You Prefer To Get ? 
HSAP Apprentices Preferred 

Laboratory ItEvals 
Recv'd 

0         1        2         3+ 

AEDC 6 0        100       0          0 
AL 17 29        47        6          18 
PL 9 22        78        0           0 
RL 4 25        75        0           0 
WL 18 22        55       17          6 
Total 54 20%     71%     5%        5% 

Mentors were asked to rate the following questions on a scale from 
1 (below average) to 5 (above average) 

2. Mentors involved in SRP apprentice application evaluation process: 
a. Time available for evaluation of applications: 
b. Adequacy of applications for selection process: 

3. Laboratory's preparation for apprentice: 
4. Mentor's preparation for apprentice: 
5. Length of research tour: 
6. Benefits of apprentice's work to U.S. Air force: 
7. Enhancement of academic qualifications for apprentice: 
8. Enhancement of research skills for apprentice: 
9. Value of U.S. Air Force/high school links: 
10. Mentor's working relationship with apprentice: 
11. Expenditure of mentor's time worthwhile: 
12. Quality of program literature for apprentice: 
13. a. Quality of RDL's communications with mentors: 

b. Quality of RDL's communication with apprentices: 
14. Overall assessment of SRP: 
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AEDC AL PL RL WL 
# Evals Recv'd 6 17 9 4 18 

Question # 
2 100% 76% 56% 75 % 61 % 
2a 4.2 4.0 3.1 3.7 3.5 
2b 4.0 4.5 4.0 4.0 3.8 
3 4.3 3.8 3.9 3.8 3.8 
4 4.5 3.7 3.4 4.2 3.9 
5 3.5 4.1 3.1 3.7 3.6 
6 4.3 3.9 4.0 4.0 4.2 
7 4.0 4.4 4.3 4.2 3.9 
8 4.7 4.4 4.4 4.2 4.0 
9 4.7 4.2 3.7 4.5 4.0 
10 4.7 4.5 4.4 4.5 4.2 
11 4.8 4.3 4.0 4.5 4.1 
12 4.2 4.1 4.1 4.8 3.4 
13a 3.5 3.9 3.7 4.0 3.1 
13b 4.0 4.1 3.4 4.0 3.5 
14 4.3 4.5 3.8 4.5 4.1 
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5. 1994 HSAP EVALUATION RESPONSES 

The summarized results listed below are from the 116 HSAP evaluations received. 

HSAP apprentices were asked to rate the following questions on a scale from 
1 (below average) to 5 (above average) 

1. Match of lab research to you interest: 3.9 

2. Apprentices woricing relationship with their mentor and other lab scientists: 4.6 

3. Enhancement of your academic qualifications: 4.4 

4. Enhancement of your research qualifications: 4.1 

5. Lab readiness for you: mentor, task, work plan 3.7 

6. Lab readiness for you: equipment supplies facilities 4.3 

7. Lab resources: availability 43 

8. Lab research and administrative support: 4.4 

9. Adequacy of RDL's apprentice handbook and administrative materials: 4.0 

10. Responsiveness of RDL's communications: 3.5 

11. Overall payment procedures: 3.3 

12. Overall assessment of SRP value to you: 4.5 

13. Would you apply again next year? Yes:    88% 

14. Was length of SRP tour satisfactory? Yes:    78 % 

15. Percentages of apprentices who engaged in: 

a. Seminar presentation: 43% 
b. Technical meetings: 23 % 
c. Social functions: 18% 

B-9 
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HIGH CAPACITY OPTICAL COMMUNICATION NETWORKS 

Behnaam Aazhang 
Associate Professor 

Department of Electrical and Computer Engineering 
Rice University 

Houston, Texas 77251-1892 

Abstract 

Practical, very high speed networks are critical to support the next generation of information technol- 

ogy applications, such as high-performance computing environments, access to vast electronic libraries, 

and multimedia communication of voice, data, graphics, and video for business, medical, and industrial 

needs. This research program will design, prototype, and evaluate a multiuser optical communication 

network based on novel data encoding and decoding technology. This approach successfully meets the 

challenge of using the enormous bandwidths of optical channels by placing the burden of handling high 

bit rates on simple optics, rather than on ultrafast electronics or complex laser sources, making practical 

and economical implementation a real near-term possibility. 

The approach is based on spread spectrum encoding in the optical frequency domain. The high 

bandwidth optical channel allows the assignment of codes to a large number of users, all of whom can 

access the channel simultaneously, asynchronously, and at different bit rates. User codes are sent and 

received in parallel, rather than in series, eliminating electronic bottlenecks and preserving the optical 

bandwidth advantage. Two innovative features of this technique account for its practical and performance 

advantages. First, the optical source for each user is extremely simple and rugged: a low power laser 

diode, similar to those in compact disc players, pumping a few meters of doped optical fiber. Second, 

highly effective data decoders, or smart receivers, based on integrated photodetector arrays and recent 

communication theory results, permit simultaneous use of the network by many users while maintaining 

low bit error rates. 
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HIGH CAPACITY OPTICAL COMMUNICATION NETWORKS 

Behnaam Aazhang 

Introduction 
Optical networks have the potential of providing unprecedented low cost telecommunication capacity 

by dramatically reducing the cost per unit bandwidth. These gains will have the greatest impact as 

completely optical, local and metropolitan area networks, consisting of many users communicating si- 

multaneously over a common, passive optical channel, replace traditional point-to-point links containing 

signal repeaters and switching electronics. Practical, very high speed networks are critical to support 

the next generation of information technology applications, such as high-performance computing envi- 

ronments, access to vast electronic libraries, and multimedia communication of voice, data, graphics, and 

video for business, medical, and industrial needs. This project is an interdisciplinary program to design, 

prototype, and evaluate a multiuser optical communication network based on novel data encoding and 

decoding technology that we have developed. This approach successfully meets the challenge of using 

the enormous bandwidths of optical channels by placing the burden of handling high bit rates on simple 

optics, rather than on ultrafast electronics or complex laser sources, making practical and economical 

implementation a real near-term possibility. Rapid development of this technology and the early imple- 

mentation of optical networks will put industries in the U.S. in a unique competitive position during the 

next decade. 

Methodology 
The next generation of communication networks must be able to simultaneously serve many users and 

many types of applications with differing requirements for bandwidth, throughput, reliability, and secu- 

rity; capacities approaching a terahertz will be required. Despite the rapid progress of optical commu- 

nications research, current optical communication systems utilize only a small fraction of the available 

bandwidth. Our approach is based on code division multiple access (CDMA), a dynamic and highly tol- 

erant alternative to time and frequency division that has received considerable attention in the research 

community in the last few years [1, 2, 3, 4, 5, 6, 7]. In CDMA, each user is assigned a code as an address 

on a commonly shared channel. A high bandwidth channel allows the assignment of codes to a large 

number of users, all of whom can access the channel simultaneously, asynchronously, and at differing bit 

rates.  In addition, CDMA provides security against unauthorized users, and reduces interference and 
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multipath problems. 

In the radio frequency domain, CDMA, or spread spectrum, uses phase modulation coding. The 

phase of an optical signal, however, is quickly scrambled by fiber dispersion. We propose spread spectrum 

encoding in the optical frequency domain, which eliminates optical phase and pulse length as a source 

parameter, reduces dispersion as a channel constraint, and greatly increases the number of available 

codes and users. In addition, this technique, which we refer to as Optical Spectral Amplitude CDMA or 

OSA-CDMA, separates code elements or chips spatially, meaning that user codes are sent and received 

in parallel, rather than in series, eliminating electronic bottlenecks and preserving the optical bandwidth 

advantage. 

There are two key reasons for the practical and performance advantages of our system relative to other 

approaches. First, the optical source for each user is extremely simple and rugged: a low power laser 

diode, similar to those in compact disc players, pumping a few meters of doped optical fiber. Second, 

we have developed highly effective data decoders, or smart receivers, based on integrated photodetector 

arrays and recent communication theory results. These decoders permit simultaneous use of the network 

by many users while maintaining low bit error rates. Our initial calculations indicate that these advances, 

in combination, will result in cost-effective optical networks serving thousands of users with total terahertz 

data capacities over tens of kilometers. 

The objective of this program is to prototype an optical communication network based on these 

concepts; to evaluate the characteristics of the individual components, such as statistical variations and 

noise sensitivity; to incorporate that data into models and run simulations for design optimization; and 

to measure overall system performance under a variety of conditions. 

Results 
In this report, the tasks that have been completed with partial support from the Air Force Office of 

Scientific Research will be described. In addition to setting up the lab and ordering equipment, we have 

been working in three areas: experimental measurements to characterize the superfluorescence source 

(SFS), modulation and detection of bipolar sequences for optical systems, and constructing simulations 

of the proposed system using the SPW software package. 

Experiment: 

We have built and begun testing the neodymium-doped SFS that will be used in the initial prototype. 

It is a double core fiber pumped with a 500 mw multi-stripe diode laser at 810 nm. True spontaneous 

output power is about 3.5 mw; if one fiber end is left flat to form a weak reflector, the output increases 
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to more than 20 mw. 

The output of an SFS results from amplified spontaneous emission and can be modeled as thermal 

light. Statistical modeling of a thermal source predicts that the signal-to-noise ratio (SNR) at the output 

of a photodetector should be constant and equal to the ratio of the source bandwidth and the detec- 

tor electrical bandwidth. Noise measurements of the full bandwidth of the SFS with a fast photodiode 

reveals that the degree of output fluctuation is proportional to intensity, or that the SNR is constant, 

as expected. We are awaiting arrival of a new spectrometer to make similar measurements within the 

narrow spectral channel intervals, and to characterize the other spectral properties of the source. 

Simulations: 

Simulations of the multiuser system using the commercial software package SPW have begun. The SPW 

package is designed for RF systems, not optical systems, but we have constructed new blocks for this 

purpose. The determination of error rates for high performance systems is a difficult, or at least time 

consuming, problem, both in monte carlo simulations and in practice. We have had some initial successes 

in applying the analytical technique Importance Sampling to our SPW simulations. This has reduced 

the time for calculations for low error rate (10-6) systems from about a day to 10 minutes. We are still 

investigating this approach and verifying its validity. 

Bipolar coding: 

In the radio frequency domain, simple correlation detectors work well because the code sequences are 

bipolar, consisting of {+1,-1} elements. Such codes can be designed to have a very small, or zero, 

cross correlations and large autocorrelations. The success of RF CDMA systems have been well docu- 

ments. Unfortunately, it has not been possible to transfer those practical results to the optical systems. 

Unipolar code sequences, consisting of {1,0} elements, lack the advantageous correlation properties of 

bipolar codes. For this reason, we originally studied more complex, but theoretically optimum, multiuser 

detectors described previously. These require a detector for each channel and knowledge of every user's 

code to perform an iterative algorithm to eliminate interference. 

In this project, we developed a method to directly extend the RF CDMA techniques to the optical 

domain with no loss of performance. The technique involves recoding the bipolar codes into two channels 

of unipolar codes, and a new compound correlator for detection. As a consequence, all the well known 

system design techniques, codes, and performance results that have been demonstrated for the bipolar 

RF systems can be extended directly to the optical domain. The detector is quite simple, requiring 

only two detectors and no information about the other users; it can be implemented easily, especially 
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for spectral channel encoding. Our experimental work is now focused on this system, implemented at 

1.55^m using an Er-doped fiber source. 

The technique involves a recoding of the bipolar, RF codes to unipolar ones, coupled with a compound, 

unipolar, correlation detector. The structure of this detector arises naturally from considering the bipolar 

correlator as the combination of four unipolar correlations, as follows. Consider a bipolar sequence s(n) 

that takes values from {—1,1}. We observe that s(n) can be expressed as the difference of two unipolar 

sequences c(n) and c(n) where c(n) is obtained from s(n) by replacing each —1 with 0 and c{n) is the 

binary complement of c(n). Then the correlation function Rnim) of two bipolar sequences si(n) and 

S2(n) can be computed via their unipolar representations (ci(n),ci(n)) and (c2(n),C2(n)): 

00 00 

Ru(m) =   ^2 [ci(n)c2(n-m) + ci(n)c2(n- m)] -   ^ [ci(n)c2(n - m) + ci(n)c2(n - m)]      (1) 
n=—oo n=—oo 

Thus given any bipolar sequence of length JV, this scheme recodes it as two unipolar sequences that can 

be represented as a single unipolar sequence of length 2Ar. Practically, the two sequences, or channels, 

c(n) and c(n) may be distinguished by polarization, time, or spectral properties. The proposed encoding 

and detection maintain all the correlation properties of the original bipolar system. As a consequence, all 

the well-known system design techniques, codes, and performance results that have been demonstrated 

for the bipolar RF systems can be extended directly to the optical domain. 

The concepts, however, are general and applicable to any unipolar system, including those in the RF 

domain. The periodic unipolar codewords of length N modulate the transmitting source in two channels. 

The binary data source switches the modulator outputs such that if, say, symbol "1" is transmitted then 

c is on the © channel and c on the 0 channel, and vice versa for symbol "0". The received signals 

are demodulated according to Eq. 1. The outputs of two unipolar correlators are summed optically 

and detected with a photodiode. The two photodiodes are operated in a balanced bridge connection so 

that their outputs (including dark current) are subtracted. The result is threshold-compared to zero to 

estimate the transmitted symbol. 

In a time encoding system, the unipolar codewords are implemented with short optical pulses and the 

correlators can be implemented as fiber tapped-delay lines. Dual channel or time multiplexed transmis- 

sions can be used. The former can be done with two separate fibers, a dual wavelength source, or a single 

polarization preserving fiber so that the two orthogonal polarizations can be used. For time multiplexed 

transmission, the codewords are transmitted sequentially and only two correlators are required at the 

receiver. 

Spectral encoding, however, offers several advantages. The codewords are implemented by encoding 

a broad optical source spectrum via dispersive devices and spectral amplitude masks.  Single-channel 
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transmission at the symbol rate is feasible by concatenating the spectral masks, since the symbol rate 

is independent of the code length. Spectral encoding has the additional advantage that asynchronous 

transmission does not affect the correlation of the codewords. Thus if a length-N Gold code is used, the 

number of available codewords is N(N +1) (since all N phase shifts of the N +1 codewords can be used), 

and the pool of subscribers can be much larger than the number of simultaneously active users. The 

receiver correlators are also realized via dispersive devices and spectral masks. We will present simple 

and practical designs for the required broadband sources, encoder and receiver. 

The SNR performance of this scheme has been studied for comparison with the TDMA or WDMA 

system. By modeling the output of the photodetectors as two independent Poisson random variables, it 

can be shown that with length-N Walsh codes, the SNR of any one user in the presence of K simultaneous 

users is given by: 
iVA 

SNR » ^F (2) 

where A is the code chip intensity of each user (assumed equal) and much larger than the photodetector 

dark currents. Since 1 < K < N, the proposed system has the desirable property that its SNR is 

lower bounded by the comparable TDMA or CDMA system. Simulation results have been obtained 

using Importance Sampling techniques and show that the performance of the proposed scheme is much 

improved over the MAI-limited correlation detector in CDMA applications. 
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On The Mixing Mechanisms In 
A Pair Of Impinging Jets 

Nasser Ashgriz 

1. Introduction 

The performance of a biliquid propellant rocket motor is intimately dependent on the mixing and chemical 

reaction among the propellant or propellant combination in the combustor. Because of the restrictions on 

the physical size of the combustion chamber, certain limitations are set on the residence time of the reactants 

in the chamber. These limitations dictate requirement for a rapid mixing and chemical reaction between 

the propellants. Such requirements can be achieved by proper atomization of the liquid propellants and 

attainment of a certain mass distribution of each propellant across the injection surface for a stoichiometric 

and/or optimum heat release rate. The process of mixing in actual combustors is complicated due to the 

simultaneous action of the vaporization, diffusion, and gaseous turbulence. However, the first order effect 

seems to be the original physical mixing or the mass distribution generated by the injector, 

One of the techniques for the attainment of proper mixing is by impinging two or more liquid jets at a 

common point. In rocket engines, liquid jets of fuel and/or oxidizer collide and breakup into a spray that 

vaporizes and combusts. There are numerous experimental as well as theoretical studies on the mechanism of 

the atomization of the impinging jets. These studies, exemplified by the works of Heidmann and Humphrey 

(1951), Heidmann et ai. (1957), Rupe (1957), Taylor (1960), Dombrowski and Hooper (1963), Vassallo and 

Ashgriz (1992), and Anderson et al. (1992), show that when two jets collide they form a sheet in the direction 

perpendicular to the plane of jets. Waves form on the surface of the sheet and grow until the sheet breakups 

into small droplets. The generated spray has an elliptical cross-section with its major axis in the plane of 

the liquid sheet. 

Studies on the mixing of the two streams are more scarce. There are several reports on the measurement of 

the spatial distribution of two components of a biliquid impinging stream spray. The most comprehensive 

experimental investigation of the mixing in impinging jets has been conducted at the Jet Propulsion Labora- 

tory in 1950s (Rupe, 1953, 1956, and Elverum and Morey, 1959). Rupe (1953) has conducted the pioneering 

work in the jet mixing. Since it is very difficult to use actual liquid propellants in a systematic investigation 

of the mixing, alternative simulating fluids have been utilized. Mixing studies have been predominately by 

the use of immiscible liquids as the simulant. Immiscible liquids are preferred since the mixture ratio of the 

two liquids can be determined simply by measuring the volume of the two liquids in the sample. Whereas, 

if miscible liquids are used, one liquid has to be dyed and a technique, such as calibrated photometry, has 

to be used to measure the concentration of the dye in the sampled liquid. Immiscible liquids have also used 

because they allow the near duplication of the physical properties of some propellants. For instance, carbon 

tetrachloride and water have been used to simulate nitric acid-aniline propellant system. Nitric acid and 

aniline are believed to be immiscible. 

The primary instrument to determine the mixing in sprays has been a Patternator. Patternator is basically 
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an array of test tubes which collects liquid samples from the spray cross-section and provides the local 

mixture fraction across the spray. The resolution of the mixing measurement depends on the number of 

tubes used. It is assumed that the ideal spray is one in which the local mixture ratio is constant and equal to 

the input mixture ratio. Then any actual spray may be compared with the ideal case by noting the departure 

of the local mixture ratio from the nominal value at a number of different points within the spray. Rupe 

(1953) denned the following coefficient to describe the degree of mixing in the impinging injectors: 

JV _ N D     . 

r = Zw(—)+Zwtt (1) 
0 0 

In this equation, R is the nominal mixture ratio, R = Wz/(Wi + W2), where Wi is the weight flow rate of 

stream i, r is the local mixture ratio, r — wi/{w\ + W2), f is the local mixture ratio for points where r > R, 

N is the number of samples with r < R, N is the number of samples with r > R, w = w\ + wi is the total 

local weight flow rate of the spray, and W = W\ + W2 is the total weight flow rate or nominal weight flow 

rate of the spray. The percentage of this deviation represents the extent of mixing or mixing efficiency: 

Em = 100(1 - Y') (2) 

The investigators after Rupe have used this coefficient to characterize, evaluate, and compare sprays of 

different configurations produced under various conditions. 

Experimental measurement of Em for different values of momentum ratio by Rupe (1953) for a one-on-one, 

and Elverum and Morey (1959) for two-on-one, two-on-two, and four-on-one impinging jets, has shown that 

the maximum value of Em occurs near M1/M2 = 1.0 and that the liquid-phase mixing is relatively insensitive 

to momentum ratio at or near a momentum ration of 1.0. Their results indicated that Em did not change 

significantly in the range of 1.0 ± 0.2. 

Rupe's (1953) experimental results have indicated that a linear correlation exists between the impingement 

angle and Em. Better mixing is obtained at lower impingement angles. This is in agreement with the actual 

rocket tests which show that the rocket performance increases as the impingement angle decreases from 

90° to 45." By extending the angle studies to 120," the actual rocket test results indicate that minimum 

perforce is obtained for a = 90.° The impact angle influences the mixing in two different manner. Higher 

impingement angles result in a higher impact-induced turbulence and, therefore, higher turbulence mixing. 

On the other hand, higher impingement angles will result in smaller contact time between the liquids of 

the two streams. The experimental results have revealed that the impingement angle of 45° results in the 

optimum mixing. 

3. Experimental Apparatus and Procedure 

The experimental system was consisted of a flow system, the injector setup, the Patternator, and the Diode 

Array Spectrophotometer. The flow system consisted of a driving force, a holding tank, and gages. A high 

pressure tank of Nitrogen with a regulator was used to drive the flow. This delivered a constant pressure to 

two 35 liter stainless steel tanks filled with water. A red dye (food coloring) was added to one of the tanks. 

The steady flow was monitored by a pressure gage. The flow rate was calibrated with a graduated cylinder 
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and stopwatch. The precision of the gage allowed the flow rate to be set to within 0.03m//sec of the desired 

flow rate and as a result the jet velocity was determined to within 0 Am/sec. 

The injectors were mounted onto a stand. Since the characteristics of the spray change with position, it 

is important to have the same reference point for each test. The origin of the coordinate axis, z = 0, for 

the experiment was the point at which the jets impinge. The the t/-axis was chosen to be the direction 

perpendicular to the incoming jets (along the major axis of the spray), and the x-axis was in the same 

direction as the jets (along the minor axis of the spray) (see Fig. 1). The injectors were a plain faced orifice 

type. The orifice diameters used were 330/im, 508/im, and 711/zm, with orifice length to diameter ratios of 

1, 5.4, and 7, respectively. The range of jet velocities was from 8.0m/sec to 27.6m/sec. 

A linear Patternator was built by using 20, 3.175mm x 3.175mm square brass tubing, held linearly by a 

fixture. One end of these tubes was used for liquid collection, and their other end was bent and set into 

an array of test tubes. Before the start of each experiment the Patternator was completely cleaned. A 

shutter was set on top of the Patternator, so that the transient effects at the start and stop of the flow were 

eliminated. After a steady flow was achieved, the shutter was removed, and the liquid was collected by the 

Patternator. The time of filling was measured by a stop watch. The fluid volume as well as the concentration 

of the dye in each test tube was measured. 

The concentration of the dye was measured by an HP 8450 UV/VIS Spectrophotometer. This instrument 

passes 200 to 800 nm bandwidth UV/VIS radiation alternately through the sample and reference cells twice 

in each one-second measurement period. A holographic grating linearly disperses the radiation to the 200 

individual diode detectors in each of the UV and VIS detector arrays for a total of 401 resolution elements. 

Direct visualizations of the impinging process were made by using the Green Field instrument. 

4. Experimental Results 

i.l.  The Stream Characteristics 

The flow characteristics of the liquid streams before impingement have a significant effect on the mixing 

process. Typical jet characteristics for a nozzle with 711/im diameter and length to diameter ratio of 

L/D = 16 are shown in Fig. 2 for three jet velocities of Vj = 8, 13.5, and 20m/s. Although no detailed 

measurement of the flow conditions are made, direct visualization of the jet behavior reveals the following 

characteristics. 

Both large and small scale disturbances are observed. Small scale disturbances appear close to the orifice, 

whereas large scale disturbances develop downstream. Small scale disturbances damp out, while the large 

scale disturbances grow along the jet axis. As the jet velocity is increased the large scale disturbances are 

delayed to a further distance downstream of the nozzle. On the other hand, the frequency of the fluctuations 

on the jet surface increases with increasing the jet velocity. Figure 2a for Vj = 8m/s shows that the jet 

surface does not contain small scale, high frequency fluctuations, and only contains large scale, low frequency 

fluctuations. As the jet velocity is increased to Vj = 20m/s in Fig. 2c, the jet surface close to the nozzle 

contains small scale high frequency fluctuations, which damp further downstream, and transform into similar 
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type of fluctuations as in low velocity jet close to the nozzle. This fluctuations arise from the previously 

reported helical disturbances which result in the entire jet assuming a helical form. Hoyt and Taylor (1977) 

indicated that the helical disturbances grow due to the aerodynamic form drag, since jets discharging into 

surrounding air moving at the same speed as the jet remained relatively stable, compared with the case when 

the jet is discharged into stagnant air. Our observations of the streams indicate that, if the impingement 

point is approximately 20 diameters downstream of the nozzle, the small scale, high frequency fluctuations 

are damped and only large scale helical disturbances control the impingement process. As the jet velocity 

increases the amplitude of these low frequency, helical disturbances at the impingement point increases. The 

helical disturbances have a significant effect on the mixing processes in the impinging jets since they cause 

that two jets do not collide head-on. This results in the fluctuations of the stagnation point which will be 

discussed in the next section. 

4.2 Atomization Process 

Impinging jet atomization process has been extensively investigated previously. Here we provide some new 

findings on the mechanism of the atomization which had not been reported before. The overall behavior of 

the atomization process is presented in Fig. 3 for three different jet velocities and at impingement angle of 

60.° When two jets impinge, a liquid sheet is formed in the plane perpendicular to the plane of impingement. 

The liquid sheet becomes unstable and breaks into liquid ligaments, which consequently break into small 

drops. The formation of the liquid ligaments are mainly due to the so called "impact waves," which radially 

propagate from the point of impingement. The actual mechanism of the formation of these waves is not 

known, and their study is not the subject of the present investigation. 

The typical photographs shown in Fig. 3 reveal an interesting feature which, although existed, it has not 

been reported previously. The waves are not exactly symmetric, yet have a zig-zag type structure. We 

have observed similar zig-zag type structures on the photographs reported by the other investigators. This 

structure is due to the helical disturbances which result in fluctuation of the stagnation point at the plane 

of impinging jets. These fluctuations are more pronounced by observing the plane of impingement as shown 

in Fig. 4. Any fluctuation in the location of the stagnation point causes that the collision impact parameter 

between the two jets changes. The collision impact parameter is defined in Fig. 5a as half of the distance 

between the uninteracting surfaces along the major axis minus the mean jet diameter. The larger the impact 

parameter, a larger percentage of the two jets will not interact and tend to follow their initial trajectory. 

This will result in the formation of the liquid stretches. A schematic presentation of this effect is given in 

Fig. 5 in order to clarify the mechanism. This mechanism modifies the atomization models which are purely 

based on the instability of a liquid sheet. Obviously, more complex three dimensional effects are responsible 

for the actual atomization. 

Figure 4 clearly shows that as the jet velocity increases the spreading in the x-axis increases. This is due 

to an increase in the kinetic energy of the uninteracted part of the two jets, which stretches the liquid until 

the surface tension forces stop the motion. It is believed that the increased stretching of the liquid along 

the x — axis will result in better atomization, since the drops can be sheared off of the thin liquid sheets 

formed by this stretching effect. This effect explains the observed increase in the spray angle in the plane of 
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the impinging jets with increasing the jet velocity. 

Another effect which is evident from Fig. 4 is the increase in the frequency of the observed stretches with 

increasing the jet velocity. As discussed above, this is due to the increase in the frequency of the helical 

disturbances of each stream. This increase in frequency causes that the impact waves become more intermixed 

and harder to identify as observed in Fig. 3. 

A.3 Mixing Mechanisms 

The extent of mixing is measured by adding a dye (food color) to one of the jets and collecting the liquid on 

the impingement plane (x-axis) using the linear Patternator. The concentration of the dye is then measured 

using a spectrophotometer. Figures 6-8 show the mixture fraction on the impingement plane for three 

different jet diameters, and several jet velocities. 

A very distinct feature is evident. At low jet velocities, when the two jets impinge and atomize, the liquid 

from each jet tends to stay in the same plane as the original jet. The two jets seem to bounce off each 

other. For instance, in Fig. 6a (Dj = 330/im and Vj = 20m/s) the jet on the left (negative x-axis) is 

dyed, and the mixture fraction, measured at 9.21cm downstream of the impingement point, continuously 

reduces from left to right. Similar results are obtained for jets with larger diameters, as shown in Fig. 7a for 

Dj = 508^m at Vj = IZm/s, and in Fig. 8a for Dj = 711/im at Vj = 8m/s. As the jet diameter is increased 

the bouncing type impingement occurs at lower jet velocities. When the jet velocity is increased, totally 

different distribution of the mixture fraction is obtained. The results indicate that the dyed jet crosses to 

the side of the undyed jet. This is evident from the plots of mixture fraction in Figure 6b, 7b, and 8b,c, 

where the mixture fraction increases from left to right. Because of the turbulent nature of the flow, there is 

always some liquid from one jet which transmits to the other side. Therefore, we have not been able to find 

the limiting concentrations, i.e., zero and one, at the two extremum. 

The observation that at low jet velocities, the two jets basically bounce off of each other after impingement, 

however, at high jet velocities they cross through each other, can be explained by dividing the mixing process 

into two different regions: Mixing in the liquid sheet, i.e., pre-atomization zone; and mixing in the spray 

region, i.e., post-atomization zone. 

If two liquid jets with equal diameters collide head-on, and the liquid in each stream is 'completely' deflected, 

two jets will not cross and a bouncing or 'reflecting type' atomization is obtained. A schematic representation 

of such impingement is shown in Fig. 11a. The mixing is then governed by the turbulent dispersion in the 

spray zone. (The micromixing in the liquid sheet is relatively small.) One explanation of the observed stream 

crossing may be as follow. As the jet velocity increases, the sheet breaks up in a shorter distance from the 

impingement point and streams do not deflect completely. Therefore, one can assume a sheet with converging 

mean velocities, rather than parallel ones for the complete deflection. Figure, lib shows a schematic of this 

process. After atomization, the trajectory of each drop will be governed by the trajectory of the stream 

which has contributed the most to the liquid in that drop. Therefore, shortly after atomization, the drops 

segregate, and it appears that the two jets cross each other. 
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The above explanation of the mixing process is based on a head-on impingement of two jets. However, due to 

the turbulent nature of the streams, head-on impingement hardly ever occurs in a continuous fashion. In order 

to achieve proper atomization (relatively small drop sizes), the jets should have high velocities and turbulent 

conditions. Turbulent liquid jets have a very unique characteristics. They develop a helical disturbances due 

to the form drag, the amplitude of which is entirely a function of the relative velocity between the jet and the 

surrounding gas. Such helical disturbances have also been reported by the experiments of Hoyt and Taylor 

(1977) and predicted by the analytical studies of Batchelor and Gill (1962). The helical characteristics of 

the streams cause that the two jet do not collide head-on. Therefore, at the collision point part of the liquid 

of each stream which is not interacting with the other stream tends to follow its own initial trajectory. The 

consequence of this process is a stretching and oscillation of the liquid sheet shown in Fig. 4. Figure 5b 

shows the region of interaction between two jets when the collision is not head-on. The parameter which 

governs the extent of this interaction is the amplitude of the helical disturbances at the time of impingement. 

The above description of the impinging jets, explain the experimental observations. Our results show that 

increasing the jet velocity and/or the impingement angle, enhances the liquid crossing. Since the region of 

each stream which does not interact with the opposing stream is assumed to be responsible for the crossing 

of the two stream, all the parameters which increase the horizontal component of the kinetic energy of this 

region (component perpendicular to the direction of the resultant velocity vector of the two stream) control 

the crossing process: fpiV?DjSin(a/2). 

Both the reflective and crossing types of impingements result in poor mixing, however, in the former the 

liquid from each stream stays on the its own side, yet in the latter it crosses to the other side. Therefore, at 

certain jet velocity optimum mixing can occur. In other words the curves of mixing should show a maximum 

with jet velocity. However, at low jet velocities the spray dispersion in the plane of the jets (x-axis) was 

small and the resolution of our Patternator was not sufficient to capture small variations in the jet velocity. 

Therefore, the results of the reflective type impingement are not at sufficiently small velocities, and they 

are already close to the optimum mixing condition as shown in Fig. 6a. Any increase from this condition 

reduces the mixing extent. Generally, higher jet velocities were needed for smaller jet diameters in order to 

obtain large enough dispersion in the plane of the jets for accurate measurement of the mixing. 

Since almost all of the previous work on the mixing in the impinging jets have been conducted by using 

immiscible liquids, we have performed one experiment with such liquids as well, in order to confirm the 

general nature of the mixing characteristics described above. The results of these experiments are shown in 

Fig. 9. Two immiscible liquids, one water and one kerosene, RP-1, are used. The ratio of the volumes of each 

liquid in a test tube represents the local mixture fraction. Similar results to the miscible jet impingements 

are observed: At low jet velocities, the two jets bounce with minimum mixing as shown in Fig. 9a. Here, 

the jet on the left is RP-1 and the one on the right is water. As the jet velocity is increased the two jets 

cross each other, and a transmission type mixing process is observed (see Fig. 9b). 

The effect of increasing the impingement angle on the mixing is shown in Fig. 10. An increase in the 

impingement angle from 60° to 90° enhances the transmission, and the extent of mixing reduces. Rupe 

(1953) had explained this effect by noting that higher impingement angles result in a higher impact-induced 
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turbulence and, therefore, higher turbulence mixing. On the other hand, higher impingement angles will 

result in smaller contact time between the liquids of the two streams. However, our results indicate that it is 

the higher momentum which enhance the stream crossing and results in poor mixing. As the impingement 

angle increases the component of the momentum in the horizontal direction increases, increasing the liquid 

crossing. 

Plots mixing extent Em with the jet velocity, given in Fig. 12, show that the mixing reduces with the velocity. 

There is one data point for Dj = 508pm which indicates that increase in Vj increases Em • However, similar 

measurements closer to the injector (upstream) show that Em decreases with increasing Vj. This result 

indicates that the mixing in the post-atomization region plays a significant role in the extent of mixing. 

Similar results are observed for a jet with Dj = 71 lpm. 

The enhancement of mixing in the post-atomization region is better realized by plotting the variation of Em 

along the spray axis z, as shown in Fig. 13. In all the cases, except one, Em increases downstream of the 

impingement point. If the jets are significantly segregated, by either crossing or reflecting type impingement, 

the segregation increases downstream of the spray. The turbulent dispersion may not be significant enough 

to compensate for this segregation and overall extent of mixing, Em reduces. This effect is shown for the 

jet with Dj = 508pm and Vj = IZm/sec. In the post-atomization region, the turbulent dispersion controls 

the mixing of the two streams. Therefore, a mixing layer is developed in the central region of the spray, 

which grows along the spray axis. This explains the observed improvement of the mixing downstream of the 

impingement point. A schematic of the enhancement of mixing in the post-atomization region is shown in 

Fig. lie by representing the mixture fraction with colored drops. 

5. Concluding Remarks 

The mixing process in impinging jet atomizers is controlled by different processes in the pre-atomization and 

post-atomization regions. In the pre-atomization region upon impingement, two liquid jets may reflect or 

cross-through each other. The former type occurs at low jet velocities with steady and smooth surfaces. As 

the jet velocity increases, the jet becomes non-smooth and develops helical disturbances on its surface. Since 

at the impingement point the helical disturbances of each stream are not in phase, part of each stream does 

not interact with the other. The uninteracted part of the stream tends to stretch the liquid to the other 

side of the impingement plane, which after atomization, it appears that the streams have crossed through 

each other. The degree of stream crossing increases with the jet diameter, jet velocity, and the impingement 

angle. The jet velocity increases both the amplitude of the helical disturbance and the kinetic energy of 

the uninteracted region; the jet diameter and the impingement angle increase the component of the kinetic 

energy normal to the plane of the liquid sheet. In the post-atomization region the turbulent dispersion 

develops a mixing layer along the axis of the spray which enhances the mixing. The overall results can be 

expressed in terms of the extent of mixing which decreases with increasing the jet velocity and increasing 

the jet diameter, and it increases along the spray axis. 
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RADIATION CHARACTERIZATION OF COMMERCIALLY PROCESSED 
1.2 MICRON CMOS DEVICES 

Raymond D. Bellem 
Associate Professor 

Department of Electrical Engineering 
Embry-Riddle Aeronautical University 

Abstract 

This paper describes a program to study the effects of ionizing radiation on integrated circuits which were 

fabricated using standard commercial Complementary Metal Oxide Semiconductor (CMOS) processing steps. A test 

chip was designed using a hardened circuit design methodology which yield radiation tolerant IC's when using a 

standard commercial CMOS fabrication process such as resident in a facility such as a MOSIS IC foundry. Several 

CMOS test circuits and a variety of P and N-channel MOS devices were irradiated up to dose levels of 

300krad(SiO2) at a dose rate of 100 rad/sec in accordance with MIL-STD-883D, Test Method 1019.4 and ASTM 

F-1467. A lOkeV mean energy X-ray source was used to provide an ionizing radiation environment. Radiation test 

data is presented on the three circuits - a 21 gate delay chain, an XROM sense amplifier and a 4-bit shift register. 

All test circuits operate effectively through lOOkrads and show less than 20% degradation after 300krads. Reentrant 

(annular) structures show very little threshold shift or leakage current after 300krads. Edge transistors show little 

threshold shift at lOOkrads with increasing shifts up to 0.3 volts at 300krads with leakage currents increasing several 

orders of magnitude up to 1 nanoamp. Field oxide devices show significant leakage current after lOOkrads and are 

the limiting factors in applying commercial processes to radiation tolerant IC's. 
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RADIATION CHARACTERIZATION OF COMMERCIALLY PROCESSED 

1.2 MICRON CMOS DEVICES 

R.D. Bellem 

INTRODUCTION 

The use of commercial technologies in military systems has received a great deal of attention and evaluation 

by the DoD over the past several years. Budgetary constraints and technological requirements brought on by the 

changing threat and mission requirements of the military have led to a reevaluation of investments in mil spec 

equipments for many applications. This has led to R&D efforts within DoD to adapt semi-tolerant commercial and 

dual-use technologies wherever possible in military electronic systems. This approach will not only have tremendous 

cost advantages but will also draw upon the strengths of rapid advances in commercial electronic technologies, 

especially those experienced in integrated circuits. 

The radiation hardening requirements on both space and missile systems has changed due to recent changes 

in the threat scenario and the strategic posture of the United States. Radiation tolerant integrated circuits however, 

continue to be a challenge for certain well-defined hostile environments such as the natural radiation environments 

of space. With advances in IC technologies has come an increased sensitivity to the space environment. This 

growing sensitivity of electronics to natural radiation is due to device and density scaling inherent in miniaturization, 

as well as radiation introduced during state-of-the-art integrated circuit processing steps. These factors are also 

becoming a major concern for commercial vendors of IC's as well. Therefore, radiation effects on electronics 

research has shifted from the arena of high total dose and high dose rates to low dose rates, moderate total dose and 

single event effects. 

CMOS technology finds widespread application in military systems. Most signal and data processing 

functions along with memory are implemented using CMOS. The use of commercial CMOS circuits for application 

in military systems such as satellites is of great interest. The research being done in this effort looks at the effects 

of ionizing radiation on devices and circuits fabricated with a standard commercial CMOS process. The goal of this 

research is to determine the radiation tolerance of integrated circuits designed using a circuit design methodology 

while using standard IC CMOS fabrication techniques. 
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RADIATION EFFECTS IN THDSf OXIDE MOS DEVICES 

Ionizing Radiation Effects 

The trend in commercial MOS devices is toward smaller line geometries and a proportional scaling of most 

device dimensions and processes. As devices become smaller, the gate oxide thickness becomes very-thin (<20nm). 

As the oxide thickness decreases, the amount of interface-trap and oxide-trap charge decreases with slightly less than 

a (lox)2 relationship. Thus, the total-dose hardness of commercial gate oxides should improve as the gate oxide 

thickness is decreased. 

Field oxides of advanced commercial technologies may however be very soft to ionizing radiation. Field 

oxides are much thicker than gate oxides, ranging from 200nm to lOOOnm. Unlike gate oxides, field oxides are 

produced using a wide variety of deposition techniques such as CVD. Thus, the trapping properties of a field oxide 

may be poorly controlled and can be considerably different than for a thermally grown gate oxide. As radiation 

induced oxide charge builds up in a field oxide, it causes the threshold voltage of the field oxide to tend to go toward 

depletion mode for field oxides over a p substrate (equivalent to an n-channel field oxide transistor). If the buildup 

of charge is large enough, excessive leakage current can flow from the source to drain of the gate-oxide transistors 

and between transistors. The field-oxide leakage significantly adds to the drain-to-source current at zero gate voltage. 

Thus, the field-oxide leakage prevents the transistor from being completely turned off. This will greatly add to the 

static supply leakage current of an IC. Field oxide leakage current limits the radiation hardness of most commercial 

integrated circuits and it is a major problem for advanced hardened technologies, both at high and low dose rates. 

Single Event Effects 

Single Event Effects have been getting increased attention in the commercial sector, especially with respect 

to Single Event Upset(SEU). High energy cosmic rays can cause bit upsets in memory devices or create latchup 

conditions which may result in permanent damage to an IC. Radioactive decay of impurities in the chip package 

material can also lead to SEU phenomena resulting in soft memory errors. Commercial non-hardened memories 

are not suitable for space applications due to the high upset rates and latchup conditions which occur. Special design 

precautions must be used before a commercial process can be used in memory chips destined for use in a high SEU 

environment. 
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TEST SAMPLES AND EXPERIMENTAL DETAILS 

Test Samples 

Parts used in this work were designed and developed under a Phillips Laboratory contract with the Mission 

Research Corp. in Albuquerque. Radiation tolerant design techniques were incorporated where possible without 

affecting the IC processing steps. The layout rules are for the standard MOSIS 1.2 micron MOSIS process. The 

Hewlett Packard facility in Corvallis, Oregon was used for fabrication. The test chip incorporates the building block 

devices and circuits which are representative of those found in a high speed signal processor. The chip can be used 

to study a variety of radiation environments: total dose ionizing; single event effects (SEE); high dose rate upset and 

latchup. This study will only look at total dose ionizing. The test structures selected, designed and fabricated on 

each chip are as follows: 

* 5-NMOS GOX (Gate Oxide) Transistors for total dose characterization. 

* 5-PMOS GOX Transistors for total dose characterization. 

* 4-NMOS & PMOS Reentrant (annular) Transistors for total dose characterization. 

* 3-NMOS FOX (Field Oxide) Transistors for total dose characterization. 

* 3-Photodiodes for photocurrent studies. 

* 2-PNPN Latchup paths with max. gain and max. gate resistance for latchup susceptibility evaluation. 

* 1-4-bit Shift register for SEU testing of register latches. 

* 2-Tristate buffers for dose rate evaluation. 

* 1-Sense amplifier for total dose and dose rate evaluation. 

* 1-Delay chain for total dose performance. 

The HP MOSIS process uses a standard CMOS process with a thermal gate process and a LOCOS field 

oxidation process. The structure is an n-well process with a p-p+ epi starting material. The gate oxide (GOX) has 

a nominal thickness of 182 angstroms. The field oxide thickness is estimated to be 5-8000 angstroms. Both poly 

and Al gate processes were used. The metal interconnect pattern is two-level. Devices were bonded out in a 40 pin 

DIP. The lids were not sealed in order to allow radiation exposure and failure analysis. Anti-static handling 

techniques were strictly adhered to in order to prevent device damage due to static electricity. 
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Experimental Set-up 

The devices were irradiated in a lOkeV mean energy X-ray source.  An illustration of the X-ray chamber 

and test set-up is shown in Figure 1. 

-2m H 

k^\^^^^^^ 

Lead Collimator 

Al Filter /-- 

^      Source 
§        Tube 

Test Volume 

DUT 

2 m Coaxial 
Cable 

^v^KKKKSKKK^^ 

Power Supply ^, Electrometer 

^ 

Cable Port 

! 

1.5m 

Lead (10 cm) 

TEST EQUIPMENT 

Figure 1. X-Ray Test Chamber with instrumentation 

Dose rate was measured by a calibrated PIN diode detector to assure highly accurate dosimetry. Following 

irradiation, the devices were removed from the test chamber and electrically characterized. Standard subthreshold 

characteristics and drain characteristics were obtained on each device with a computer controlled HP 4145 

Semiconductor Parameter Analyzer. Data is recorded on disc for further review and analysis. The three circuits, 

delay line, shift register and sense amplifier were then dynamically tested using an HP 85000. Clock frequency, 

timing and waveform patterns can be accurately measured up to 200 MHz with the HP 85000. Frequencies above 

100 MHz are unlikely in these circuits. A random bit pattern generator is used to detect errors in the shift register 

as the clock frequency is increased. Delay time and low-high threshold voltage are measured for the sense amplifier. 

A measurement of the delay time of the delay line at moderate frequency clock is used for analysis. 
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RESULTS 

Reentrant Transistors 

The reentrant transistor is annualar in structure with the drain at the center. The drain has dimensions of 

5x5 microns. The gate width is approximately 3 microns. Two n-channel reentrant transistors were tested per the 

discussion above. Figures 2.1 and 2.2 are plots of the subthreshold characteristics of each device. The threshold 

voltage could be found from the subthreshold data using a simple computer program which also calculates the charge 

separation. The threshold voltage was measured as 0.55v with a threshold shift of only 0.03v at a dose of 100 

krad(Si02). The post-rad leakage current for these devices is also observed to remain very low (< 10"10amps) at a 

gate voltage of zero volts. 

N-Channel Gate Oxide (NGOX) Transistors 

Two n-channel NGOX transistors were tested. The dimensions of the device measured W = 18microns and 

L = 1.2 microns.  Figures 3.1 and 3.2 are plots of the subthreshold characteristics of each device.  The threshold 

voltage was measured at .585v with a threshold shift of 0.53v at a dose of 300 krad.    The leakage current remained 

low (<10"10amps) at 100 krad then increases to 10'amp at 300 krad at a gate voltage of zero volts. 

N-Channel Field Oxide (NFOX) Transistors 

Two n-channel NFOX transistors were tested per the discussion above. The dimensions of the devices were 

W = 50 microns and L = 5 microns. Figures 4.1 and 4.2 show the subthreshold characteristics of each device. The 

threshold voltage is rather meaningless in the case of the NFOX devices. The threshold voltage is <40v is both 

cases. The leakage currents however are very important for the NFOX. At a gate voltage of 5volts, the leakage is 

approximately 10"10 amp at 100 krad. At 300 krad, the leakage is >10"9 amps which would be intolerable in most 

IC's. 

P-Channel Gate Oxide (PGOX) Transistors 

Two p-channel PGOX transistors were tested. The dimensions of these devices were W = 18 microns and 

L = 1.2 microns. Figures 5.1 and 5.2 are plots of the subthreshold voltage. The threshold voltage measured was - 

1.69 volts with a shift of -0.67 volts at 300 krad. The leakage currents remained low (>10"'°) at 300 krad at a gate 

voltage of zero volts. 
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Shift Register 

The four bit shift register was designed such that serial shifting is possible with a single two phase clock. 

Two inverters were added to the circuit to get the two clock pulses. The input to the shift register has diode 

protection and the output is buffered with a pad driver cell. The shift register was characterized using the HP 85000 

network analyzer. A random bit pattern was generated by the HP850OO and the failure conditions defined as the 

frequency at which errors began to appear in any one of the bit patterns. A scope trace showing the operation of 

the shift register is shown in Figure 6. Testing of the shift register was performed after each radiation exposure. 

The shift register operates at 110 MHz at pre-rad with no degradation appearing after 30krad. Errors began 

appearing after lOOkrad at 90 MHz with further degradation to 70 MHz after 300 krad. 

Figure 6.   Shift Register Performance (5 volts/div, 500 nsec/div) 
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Delay Chain 

The delay chain consists of 21 3-input NOR gates each constructed with n and p type reentrant transistors. 

The delay output signal is the result of gating the chain input with the chain output to create a pulse which has a 

width equal to the chains delay and is not dependent on delays induced in any other associated circuitry. A high 

to low transition on the input initiates a delay pulse at the output. The delay chain was characterized using the HP 

85000. Delays were measured with supply voltage varied from 4.5 to 5.5v. The prerad delay was measured at 14.6 

nsec. with Vdd = 5v. The gate delay shows little change after 30 krad then increases to 17.3 nsec after 300 krad. 

A typical Shmoo Plot of the 85000 output shows gate delay vs. Vdd is shown in Figure 7. 
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Figure 7.  Shmoo Plot For Delay Chain 
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Sense Amplifier 

The XROM Sense Amplifier was characterized using the HP 85000. An input pulse with a 20 nanosecond 

pulse width and a 0 - 5 volt rise time of 3.5 nanoseconds was used to measure the low-to-high trigger voltage of the 

sense amplifier. Figure 8 shows a Shmoo Plot of the sense amplifier output voltage vs. delay time for the input pulse 

trigger described above. The light colored area represents a high output on the sense amp while the dark area is low. 

The sense amplifier should transition at an input level of 2.5 volts. Measurements show the sense amp triggering 

between 2.5 and 2.7 volts for radiation levels up through 100 krad. At 300 krad, errors appear in the output state. 
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CONCLUSIONS 

This work represents the initial phase of a larger program to completely characterize commercial CMOS 

processes. The results being reported are incomplete at this time. Nevertheless, the results of the radiation response 

of the devices and circuits were very encouraging. The reentrant and the edge devices show excellent radiation 

tolerance at 100 krad. Threshold shifts are tolerable in most circuit design applications and the leakage currents will 

not significantly degrade the operation of most circuits of interest. The field oxide devices show that surface 

inversion will be a problem above 100 krad. Each of the circuits are operational at 100 krad and again degrade 

significantly at 300 krad. It appears that circuitry can be designed which will be radiation tolerant to ionizing 

radiation up to levels of 100 krad using standard commercial CMOS fabrication techniques. Most study in this area 

is needed and is being accomplished at this time. 
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Abstract 

Polyetherimide is a copolyimide, which unlike most polyimides which are thermosets is a 

thermoplastic polymer. This means that polyetherimide can be melt spun. A melt spinning set-up 

was built to produce fibers from this polymer. Polyetherimide fibers were produced in different 

diameters by melt spinning of the Ultem resin. The as-spun fibers were subsequently drawn to 

different extents to achieve required diameters. The fibers were characterized for fiber diameter, as 

well as mechanical and thermal properties. Also, fibers spun from the same resin at other facilities 

were characterized. Shrinkage behavior of these fibers and their usefulness in fabrication of certain 

products was studied. 

The fibers showed a significant amount of shrinkage tendency depending on the conditions of 

processing. It was shown that the shrinkage tendency of PEI can be significantly reduced by heat 

setting. The tensile properties indicated that the fiber can be drawn further by the appropriate 

selection of drawing temperatures and rates. It was also observed that the thermomechanical 

response of the fibers was dependent on their processing history. 

4-2 



POLYETHERIMIDE FIBERS: PRODUCTION PROCESSING AND 
CHARACTERIZATION 

Introduction 

Polyimide is a high temperature resistant polymer with excellent mechanical properties. Polyimide 

fibers have excellent thermal and chemical stability as well as good mechanical properties [1-3]. 

The very fact that they have good chemical stability means that they neither dissolve in simple 

solvents nor melt, and this creates problem for fabrication of products. It is because all the 

polyimides are chemically crosslinked. 

Copolyimides on the other hand have better tractability and can be dissolved in less exotic solvents. 

Several copolyimides have been tried for the production of fibers and other products due to the 

ease of fabrication. One such example is the P84 fiber manufactured and marketed by Lenzing Co., 

Austria, from the 80/20 copolymer produced by Dow Chemical Company [1,4]. However, even 

this fiber is partially crosslinked and thus can be dissolved only in aprotic solvents. The 

polyimide/amide copolymer manufactured by Amoco chemical company, although easily 

processable, on heat treatment becomes crosslinked [5,6]. 

Polyethenmide Fibers 

Polyetherimide (PEI) is a new resin introduced in 1982 by General Electric Company under the 

Tradename Ultem. It is a copolymer with ether molecules between imide groups with a structure as 

shown below: 

The fully reacted polyimide with the imide group being part of the linear polymer chain makes this 

polymer thermoplastic and easily dissolvable. Being an amorphous thermoplastic polyimide, the 

Ultem resin combines the high performance associated with exotic specialty polymers and the good 

processability of typical engineering plastics [7]. In addition to high strength and modulus, and heat 
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resistance, the polymer has high dielectric strength, broad chemical resistance, transparency and 

good processability. Another advantage is that this polymer dissolves readily in methylene chloride. 

GE has been marketing this polymer mainly for aerospace, marine, automotive, dielectric and 

electrical applications, where their long-term high temperature capabilities meet the stringent 

requirements [8]. Polyimide films are used as electrical insulation for electric motors, magnet wires, 

and aircraft and missile wiring. Because of their inherent flame resistance, polyimide films are also 

used as fire barriers in aircraft and marine applications. Polyctherimide exhibits this exceptional 

balance of properties without sacrificing processability, providing a material capable of meeting the 

difficult design requirements of many applications [9]. Many grades of this resin are available, each 

suitable for certain applications. The lower viscosity material of the available grades was used for 

fiber spinning. 

Although possibility of spinning fibers from Ultem [10] has been reported, it is not commercially 

being produced. It was demonstrated that Ultem can be extruded into fibers and filaments, and 

then can be drawn and subsequently processed to textiles in conventional ways. The textile like 

properties of these fibers enables ultem to be used in several applications including hot gas filtration 

and thermoplastic composites. The major advantage of PEI fibers is their ability to retain tensile 

properties at temperatures above 150 °C. 

Experimental Procedure 

Materials 

For this work, Ultem 1000 series resin, which is the low viscosity grade polymer, was selected 

since fiber spinning demands much lower viscosity compared to typical molding processes. The 

properties of the polymer are listed in Tablel. The effect of temperature on melt viscosity of the 

polymer is shown in Figure 1. Although the glass transition temperature of the polymer is about 

215 °C, the viscosity data suggests that the spinning temperature should be above 350 °C. The 

spinning equipment and the processing conditions used are detailed in the next section. In addition 

to the fibers spun at Phillips Laboratory, fibers produced at two other laboratories, Center for 

Advanced Fiber Research, Clemson University (ULI), and Hoechst Celanese Company, Charlotte, 

NC (UL2), were used for characterization. 
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Table 1. Properties of Ultem 1000 

Glass Transition Temperature (°C) 
Vicat Softening Point    (°C) 
Melt Flow Rate 
Density (g/cc) 
Moisture regain (%) 
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Figure 1. Melt Viscosity of Ultem 1000 Resin. 
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Melt Spinning 

Melt spinning of the polymer was done using a home-built spinning unit. The spinning unit was 

built during the course of this tour. The schematic of the spinning apparatus is shown in Figure 2. 

The major parts of the set up are, melting pot, extrusion of the polymer and winding of the fibers. 

The spin-pack, consisting of melting pot, distributor, filter and spinneret is shown in Figure 3. As 

can be seen from the figures, the ultem polymer is placed in the melt chamber. The spinning unit 

fits inside the heating chamber. The molten polymer is pushed down by pressure generated through 

a high pressure cylinder. The polymer melt, before coming out of the spinneret, is filtered by 

special filters for removing any contaminants or unmelted polymer that may be in the melt. The 

fiber coming out of the spinnerets is quenched by the ambient air and then wound on a bobbin. 

The important variables in spinning are, melt temperature, melt pressure, spinneret (no. and shape 

of holes and their dimensions), quenching conditions and winding speed. At the time of this 

research, a positive feeding unit for the melt (metering pump) was not installed and the polymer 

feed rate was determined only by temperature and pressure. 

Fiber Characterization 

Fiber Diameter. Diameter of the fibers was determined using a Panavise digital micrometer. It was 

assumed that the fibers had a circular cross section. 

Thermal Analyses. Thermal analyses of the fibers were done at the Textile Materials Research 

Laboratory of the University of Tennessee, Knoxville. A Mettler DSC25 was used for the 

differential scanning calorimetry (DSC) and the Mettler TMA40 was used for the thermo- 

mechanical analysis (TMA). DSC and TMA scans were done at a heating rate of 10 °C per minute. 

For TMA, the gauge length used was 10 mm, and two levels of tensions were used. Both the DSC 

and TMA scans were done in the nitrogen environment. 

Tensile Properties. Breaking strength and elongation of the fibers were measured with a home 

built tensile tester. The tensile tester was assembled using the Oriel motor mike, an Oriel Single 

Controller Model 18007, Scorensen regulated DC power supply and a Beckman Model 3020B 

multimeter. The load response on stretching of the fibers glued to fixed and variable jaws was 

measured in mV from the multimeter, was converted to gm force using previous calibrations, and 
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Figure 2. Schematic of the Melt Spinning Unit: 1-Heating Chamber; 2-Spin Pack; 3- Control Panel; 

4- Take-up; 5- Threadline; 6- Tachometer Probe; 7- Thermocouple; 8- Pipe to Gas Cylinder 
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the tenacity was calculated. Elongation was calculated from the extension readings in micron from 

the controller. Although several data points were recorded during the course of the extension 

experiment, only breaking strength and elongation are reported. 

Annealing Studies 

Annealing studies were done using a Fisher Model 497 Isotemp furnace. Temperature inside the 

furnace, where the fibers were placed, was checked with a separate thermocouple and temperature 

indicator. Thus it was possible to estimate the heat setting temperature for different isothermal 

temperatures of the furnace. In this report, the actual temperature of annealing is reported. The 

temperature of the oven was maintained within +/- 5 °C of the set point. For each set of fibers, four 

samples mounted on a suitably bent steel plate using kapton adhesive films, were used. For free 

length annealing (FLA), while one end was fixed, the other end was pretensioned with a piece of 

kapton film. For constant tension annealing (CTA), at the free end, in addition to kapton film, a 

suitable weight was hung using alligator clips. Change in length of the fibers on annealing was 

measured and reported as per cent extension or shrinkage. All the samples were heat set for about 

four minutes. The drop in temperature of the oven on opening and closing the door to place the 

samples was about 10 °C, and the temperature reached the set point within 45 sec. 

Results and Discussion 

Melt Spinning 

Melt spinning was done with Ultem 1000 to produce fibers of different diameters. The melt 

spinning conditions used are shown in Table 2. The melt temperature was varied in a narrow range. 

At lower temperatures there was not enough melt coming out and on increasing the temperature, 

there was extensive breakage. The pressure was set at a level to maintain a consistent flow of the 

melt. Spinning speeds were rather slow as the cooling length was small and quenching was only by 

ambient air. Attempts were made to increase the take-up speed without breaking a lot of filaments. 

Although fibers were collected under some processing conditions, spinning was not without 

problems. Obviously the temperature of the melt to achieve flow through the spinneret was very 

high. This is because of the very high viscosity of the polymer, as the resin was not made for fiber 
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Table 2. Melt Spinning Conditions and Fiber Samples. 

Spinning Conditions Sample 

12 3 4 

Heater Temp. (°C) 390 390 390 389 389 389 

Melt Temp. (°C) 379 379 379 376 376 376 

Melt pressure (psi) 700 700 700 580 700 700 

Spinneret hole dia (u) 200 200 200 200 200 200 

L/D ratio 2 2 2 1 1 1 

Take-up Speed (ft/min) 4.5 7.5 9.0 15 15 22 

Fiber Diameter 95 85 65 75 80 70 
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spinning, but for molding. It is hoped that the use of Ultem 1010 which has a viscosity slightly 

lower than that of Ultem 1000 would process better. In fact, this resin has been ordered and will be 

tried as a candidate for fiber spinning. 

Another problem was that of air bubbles coming with the melt. While the melt coming out in the 

initial periods seemed to be free of air bubbles, after some time, the melt had a lot of bubbles 

leading to filament breakages. A practical way of getting rid of entrapped air from the melt needs to 

be implemented to achieve continuous spinning without breakage. 

The spinneret used in this study had L/D ratios of 1 or 2, while typical melt spinning for fibers uses 

spinnerets with L/D of 10 or more. Higher L/D helps in reducing the die swell and this can help in 

achieving higher draw and orientation, as well as finer fibers. The throughput was not positively 

controlled as mentioned in the earlier section. Use of metering pumps would ensure a uniform 

throughput, which will help in achieving uniform diameter of the fibers. Incorporation of cooling 

system to provide additional cooling of the fiberline would increase the flexibility of processing 

conditions. While the polymer was heated in the furnace, the top of the melt chamber was much 

cooler since it was not insulated. This might have been responsible for higher heat loss from the top 

and nonuniform melt temperature profile within the chamber. Insulating the top of the spinpack 

might help in improving the melting efficiency. 

Fiber Properties 

Since the melt spinning was done towards the end of the tour, the fibers spun at Phillips Laboratory 

could not be characterized. As a result, only the properties of the other two sets of Ultem filaments 

(ULI and UL2) that were characterized earlier are included in this report. 

The fibers were not uniform and the diameters varied considerably, at some points as much as 50 

per cent. Average diameters of the fibers are used in all the calculations. The tensile properties of 

the two as-spun fibers (Table 3) indicates that they have a good drawing potential. The breaking 

elongation was above 100 per cent. However, on hand stretching, the filaments had their stretching 

potential reduced to less than half of the as-spun fibers. This was not a controlled drawing and 

probably the fibers could be drawn further. This decrease in elongation was also accompanied by 

an increase in tenacity which is consistent with drawing of any filament. 
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Table 3. Tensile Properties Polyetherimide Fibers 

Sample Diameter 
(u) 

Tenacity 
(gpd) 

Br. Elongation 
(%) 

ULI 
ULI - hand stretched 

38 
26 

1.3 
4.5 

126 
54 

UL2 
UL2 - hand stretched 

40 
25 

0.8 
3.5 

93 
22 
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Figure 4. DSC Scans of Ultem and P84 Fibers. 
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The DSC scans of the two fibers and that of a P84 fiber are shown in Figure 4. Both of the ultem 

fibers show a glass transition around 215 °C, while P84 does not show Tg till 300 °C. The higher 

transition temperature of the P84 copolyimide fiber is because of its crosslinked structure. 

Obviously the DSC does not show any difference in structure of the two ultem fibers. Thermal 

shrinkage values (Table 4) indicated that the fibers were quite stable till about 180 °C. However at 

200 °C, the fibers showed significant level of shrinkage. For both the fibers, hand-stretched 

filaments showed higher shrinkage than as-spun fibers. This is a clear indication of the differences 

in the orientation of the two filaments. Again, low level of shrinkage for as-spun fibers indicates 

that the orientation achieved in spinning is not very high, which is determined by the spinning 

conditions used. It was observed that on heat setting, even the hand-stretched fibers did not show 

any shrinkage. 

The shrinkage tendency of the as-spun fibers can also be seen from the TMA scans (Figure 5). 

From Figure 5A, it appears that the two fibers are quite similar, and the deformation is seen at a 

temperature around the Tg. This was the case at very low loads. However, TMA scans done at a 

higher tension show the difference in structures of the two as-spun fibers as shown Figure 5B. 

There was a difference of almost 30 °C in the temperature of onset of shrinkage. UL2 seemed to be 

more stable than ULI, which shrank at a lower temperature. This is due to the differences in 

spinning conditions of the two fibers and is consistent with the difference in breaking elongation of 

the two fibers. This difference in TMA response is also an indication of the difference in 

drawability of the two fibers. 

Annealing studies of the filaments indicated that shrinkage potential of the fibers can be completely 

reduced. In fact, even hand-stretched fibers that showed a shrinkage of above 50 per cent at 200 °C, 

showed almost negligible shrinkage when heat set at 150 °C. Because of the lack of suitable 

facilities, annealed fibers could not be thoroughly characterized. 

Conclusions 

A simple melt spinning unit was built to spin fibers from thermoplastic polymers, especially the 

Ultem resin. The ultem resin was spun into fibers of different diameters. The structure and 

properties of the as-spun fibers were dependent on the spinning conditions used. The structure of 
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Table 4. Shrinkage Behavior of Polyetherimide Fibers. 

Sample Setting Temp. °C Shrinkage, % 

ULI 180 1.1 
Hand-stretched ULI 180 15.6 
UL2 180 1.3 
Hand-stretched UL2 180 15.7 

ULI 200 0.8 
Hand-stretched ULI 200 53.6 
UL2 200 16.1 
Hand-Stretched UL2 200 54.7 
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as-spun fibers determine the drawability of these fibers. The fibers showed almost same level of 

shrinkage, but deformation under stress occurred at different temperatures for the two fibers 

characterized. It was also observed that heat-setting can be used to reduce the shrinkage tendency 

of the oriented ultem fibers. Thus, heat-setting can be a useful technique to set the stretched fibers 

in different shapes, if desired. The shrinkage behavior of the fibers is important in setting of fibers 

in different shapes. When exposed to higher temperatures under some constraint, the fibers tend to 

shrink, but can not do so leaving a permanent set in that shape. 

Recommendations for Future Work 

Although it was possible to spin fibers from the Ultem resin, some problems were observed in 

extruding of this polymer. The presence of air bubbles was a problem. Alternate use of vacuum and 

pressure may be helpful in getting rid of the air bubbles. Also providing means to improve the 

temperature profile to ensure complete melting inside the chamber before use of pressure/vacuum 

will be of greater help. 

There is no rheological data on these resins with respects to fiber spinning conditions. Melt 

rheology of this polymer needs to be studied to determine the viscosity behavior at shear rates 

comparable to that used in melt spinning. Also the die-swell and the effects of channel length to 

diameter of the spinneret on die swell needs to be investigated. This will give an idea about the 

elasticity of the polymer melt and the role of spinneret design on spinning performance. 

Structure and properties of the as spun fibers are very important in determining their processability 

(such as drawing and heat-setting) and usefulness. Fibers have to be characterized for 

birefringence, stress-strain behavior, DSC, TMA, thermal shrinkage and thermal stress analysis to 

get a better idea of the structure of the fibers. The information will also be useful in knowing the 

drawability of the fibers and suitable drawing temperatures that can be used. 

When it comes to achieving small diameters in fibers, the combination of optimizing spinning 

conditions and drawing has to be done. By maximizing the draw ratio, small diameters can be 

realized. For this, suitable draw conditions have to be determined. In fact, use  of some special 
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techniques, such as plasticized drawing may be required. This needs to be investigated by an in- 

depth study of drawability of the fibers in varying processing conditions. 

Heat setting is a very important process in determining the properties of, and in fabricating products 

from fibers. A detailed investigation of the effect of heat setting on these fibers needs to be done. 

Changes in the structure and properties of the fibers on annealing at different temperatures, and 

both with and without stress should be studied. 
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Abstract 

To model and interpret emission spectra and energy bugeting in infrared-active molecules in the atomsphere, 

such as OH and NO, the rates for vibrational relaxation through collisions must be known. This project successfully 

produced practical, easily applied semiquantal analytic formulae that accurately simulated relaxation rates determined 

both by brute-force quantum mechanical computations (e.g., HF(n) + He) and also by laboratory measurements (e.g., 

OH(n) + 02). The one-parameter required for the semiquantal expressions (the exponential slope of the collisional 

repulsive core) can be determined for a specific collision system from a known interaction potential or, as is usually 

the case, from a limited set of experimental rates. In all systems studied, the one-parameter fits passed through all 

error bars. These handy expressions were also able to predict the extreme sensitivity of relaxation rates to molecular 

anharmonicity and collisional temperature, accurately tracking the rates over changes of many order of magnitude. 

Furthermore, a perturbation expansion for the scattering matrix, coupled with computed values, clearly demonstrated 

that relaxation to the next lower level dominates all other transitional paths. A simple formula was derived that 

estimates an upper bound for the relative strengths of these paths. 
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PRACTICAL SEMIQUANTAL MODELLING OF COLLISIONAL 
VIBRATIONAL RELAXATION OF DIATOMIC MOLECULES 

Ronald J. Bieniek 

INTRODUCTION 

Vibrationally excited molecules play an important and well-known role in the chemistry and energy budget of 
the upper atmosphere, as well as in combustion processes. A kinetic model of energy pathways and energy 
conversion processes in these systems requires knowledge of the rate constants for collisional deactivation of 
vibrational excitation. However, in many cases experimental measurements of these rates are limited to very few 
vibrational rates, and more are required in order to model a system adequately. Empirical descriptions of this 
vibrational dependence as simple powers of the vibrational quantum number n have been attempted, but these have 
been found to be unsatisfactory. Furthermore, to produce emission models, it is important to know whether single 
(n --> n-1) or multi-quanta (e.g., n --> n-2) transitions dominate in the establishment of level populations. Common 
wisdom holds that single quanta transitions are the most important, but theoretical justification needs to be supplied. 

This problem is illustrated by the vibrational relaxation of hydroxyl (OH) and nitric oxide (NO) in the upper 
atmosphere.1'2-3 OH(n=l-9) is formed by the reaction of 03 and H in the mesopause region, and collisional relaxation 

of the n=l-9 levels plays an important role in determining the steady-state OH population distributions. This, in turn, 
strongly affects the chemistry and energy budgets of the measpause. Separate measurements have been made of the 
relaxation of OH(n=l-6)3 and OH(n=9,12)45 by Or This raises the dual problem of ascertaining whether these 

measurements for different vibrational levels are mutually consistent, and how to properly interpolate for other levels 
not yet experimentally measured. 

In the case of the relaxation of NO(n) by 02, rates have been measured for n=l -7,6 while NO can formed from 

the N(2D) + 0, reation up to n=18. NO(n) can be chemically produced as a result of both solar and auroral energy 

depostion, ultimately leading to infrared emission from NO(n). Due to these emissions, NO is a key infrared emitter in 
the lower thermosphere, and dominates the cooling of that region of the atmosphere. Therefore, in order to model 
these phenomena, once again a reliable of method of extrapolating from known vibrational relaxation measurements is 
highly desireable. 

The purpose of the present project (undertaken at the Phillips Laboratory, Geophysics Directorate, at Hanscom 
Air Force Base) was to devise general, practical methods of predicting unknown or uncertain rates needed for 
analysis and modelling, from known experimental values. Furthermore, it was also important to ascertain if one could 
rightfully ignore multi-quanta transitions in the interpretation of relaxation phenomena. All goals were achieved. 

BASIC PERTURBATION EXPANSION 

To compute vibrational relaxation rates, particularly multi-quanta ones, it is generally advisable to employ a 
perturbation expansion. Since we are interested only in vibrational transitions, summed over all final rotational 
states, we will apply the breathing-sphere approximation, though which the collisional interactions are averaged over 
molecular orientations.7-8 In an earlier study of vibrational transtions in HF(n) + He collisions, the numerical quantal 
results from the breathing-sphere approximation were quite accurate when compared to results obtained from the full 
orientation-dependent potential9 using a quantal adiabatic distorted-wave infinite-order approximation.10 

If H is the total hamiltonian and H is a hamiltonian with known solutions, then V = H - HQ is the perturbation 

interaction. These will generally be functions of the molecular stretch coordinate r and the collisional separation R. 
In this work, we use diabatic molecular vibrational states (j)n(r,R) of energy en, and continuum atom-diatom scattering 

states un(K,R) of asymptotic kinetic energy K. These are the eigenstates of H0. 

We can produce a convenient, insightful perturbation expansion8 for the S-matrix in terms of first-order 
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T-matrix elements in the following way. The formal S-matrix is given by: 

S(cJ = 1 - i 2 n T 8($- Ho)     = 1 - i 2 B T(§) (1) 

where £, is the total energy. TheT-matrix on the total energy shell can be written as an expansion in powers of 
the perturbation interaction V and the scattering Green's function Goul: 

where 

T(0 =T(l) + T,2)tT(3)+   ...     =   Y,  T^)<n) 

T(n)   =V(Gou.v)r 

n=l 

\n- 1 

(2a) 

(2b) 

We will employ a spectral decomposition using a complete set of first-order distorted-wave scattering states: 

where j 

Vj(K)> <Vj(K)  dK 

Vj(K) >    =|uj(K,R) > •(♦j(r,R) > 

The general form of coupling terms in the perturbation expansion is: 

Uj(K,R)Vjn(R)un(K,R)dR 

(3a) 

(3b) 

where 

Wjn(K,K) =(l-6jn) 

Vjn =  «fj|v|<t.n> 

These can be used to produce a perturbation series expansion of the T-matrix on the total energy (!;) 

(4a) 

(4b) 

shell: 

TJ" =WJ, (Kj.Kf) (5) 

where Kn = % - en. We now look at higher-order elements. In second-order: 

v2) =S 
Wij(Ki.K)Wjf(K.Kf) 

dK 
(6a) 

Kj-K-hie 
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This is equivalent to: 

•tf
(2) =2> 

wij(Ki.K)Wjf(K.Kf) 

Kj-K 
dK-i^W^Kj.KjW^Kj.Kf) (6b) 

The first set of terms on the right, involving the principal-part integrals, can generally be neglected because of the 
approximate odd symmetry of the integrand (IC - K). This essentially excludes terms that arise from channels off the 

energy shell. 
The first-order distorted-wave T-matrix elements are then simply given by: 

«*>* =Wjn(Kj.Kn)     =(l-«jn) 
uj(KrR)VJn(R)un(Kn'R)dR <7> 

These can be used to compute the T-matrix (and thereby the S-matirx) to all orders: 

Tifm = «*>a 

Tjf(2) =(-i*)XJtijtjf 

T(^)(1) =«$) 

T(2) = (-i*)t2 

(8a) 

(8b) 

Ttf
(3) =C-i^)2XlStiJtJntnf 

n   J 
T(3) =(-i7i)2t3 

This gives a simple expansion series for the S-matrix, in terms of first-order T-matrix 

(8c) 

S =1- i 2 TC t-i-(-i*)t2+(-irt)2t3-i-   •••• = 1 + 2   ]T   (-i ««$))" 
n=l 

(9) 

This matrix forms demonstrates the role of transitional paths through virtual states. For instance, for a 
two-quanta vibrational relaxation from the ground state (n = 2 --> 0), 

S20 = -2ltit20-27t2(t21t10 + t23t30+'   ■)  + 2V? 'l < »20 »01 »10 + »23 »31 l10 + '"" >   +" 
(10) 

The first term in (10) represents a "direct" double-quanta transition, while the second term represents single-quantum 
transitions (2 --> 1 then 1 --> 0) through energy-conserving virtual states. The third term is a mixture of multi-quanta 
transitions through virtual states. As will be argued, paths made up single-quanta steps dominate most vibrational 
collision processes as long as the perturbation interaction is small. This implies that reasonable distorted-wave 
states be used. 

We can produce a formal operator expression for this expansion in the following way: 
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S  -1 + 2   Y^   ("»Kt)" 
n=l 

= 2 1+   2J   C-»"t) 
n= 1 

21 

1 + i 7Ct 
(11) 

The final compact result is: 

S($) 
l-int(£) 

l-Hiwt(^) 
= (l-ijlt($))(l-MJCt($)) 

-i 
(12) 

The last form clearly shows that this is a unitary expression, a gratifying result for an approximate form of the 
S-matrix. 

Within the breathing-sphere approximation, we do not need to worry about the angular momenta of the 
molecule, for that has been subsumed by the averaging of the potential over orientations. This implies that the 
vibrational transition rates R from vibrational levels n to f at a collisional energy E (and total energy ^=E+en) can be 

written as a sum over collisional partial waves L: 

*<*>,., = I- -^-V(2L,l)(jS(5,L)nl): 

2uEz-' Vl n'f|/ 

^      L 

(13) 

THE EXPONENTIAL MODEL 

We use a few simplifying approximations to obtain the desired practical scaling relations that accurately fit a 
wide range of experimental data. The first assumption is that vibrational excitation and relaxation is mainly caused 
when the molecule strikes the repulsive wall of the atom-diatom interaction potential, and that this region is 
adequately described by a repulsive exponential potential. This gives a perturbation interaction of the form: 

17/    r>\ (-aR-t-YAr)      „ 
V(r,R) =a ev - s (14) 

where Ar=r-r , with r the equilibrium separation of the diatom, and £ is on the order of the depth of the attractive well 

of the atom-diatom interaction. 
Fortunately, the first-order distorted-wave elements t for this exponenetial potential can be evaluated 

analytically:" 

nf     16 
(1-5 f)-^

fH 
\ n.f/   V       \ V 

. i-0.5q(L) 
V    , /V      \ " 

n,f        n,n 

f.f  \     f.f/ 

,Jsinh(rrq(L)f) sinh(wq(L)|i) [(q(Df)2- (q(L)„) 

sinh|0.5 jt (q(L)f-t- q(L) J ; sinh ̂ 0.5 7t(q(L)f-q(L)n)] 

)q(L),q(L)n 

kfkn 

1 + 0.5i (q(L)f + q(L)n), 1 - 0.5i (q(L)f- q(L)n) ,2,1--^ 

f.f 

(15a) 
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where 

(15b) 

L(L-hl) ^-e^.^lll (15c) 

Rc(j,§) =a1(ln(-l-] + -yre) (15d) 

and 

c,   .        , He)        V"   r(a+n)r(bfn)z" 
F(a,b,c,z) =     >     — '—- - — (i5e) 

r(a)T(b)    *-■ Hctn) a' 
n = 0 

is a confluent hypergeometric function. Rc is essentially the collisional turning point. Because this solution is based 

on a distorted-wave solution of the Schroedinger wave-equation, it can be properly looked upon as a semi-quantal 
method. 

This hard-core simulation of vibrational changing collisions has proved to be very good at reproducing more 
elaborate quantal computations in a variety of systems, e.g., HF + He and CO + He. However, those tests were 
always at super-thermal collisional energies, typically on the order of electron volts. In the present study, we pushed 
the test to much lower energies. Because there is extensive theoretical information on the HF(n) + He collision 
system, it was chosen for initial evaluations of the methods and computer codes developed in this project. A very 
good double-exponential analytic fit to the ab initio breathing-sphere potential is available (in atomic units):11 

VHFHe(r,R) = 54.3723 e*"1-80R + °-23718*> - 33.3464e^1-70R + °21099*>     hartrees (16) 

A fairly accurate single-exponential fit to this is: 

Vexp(r,R) = 31.545 e'"2-20 R + °-340 ^ - 0.000926      hartrees (17) 

Numerical computations were conducted for vibrational excitation and relaxation in HF(n) + He from temperatures of 
300 K to 30,000 K. Since it has proved accurate in the past,11_13 the adiabatic distorted-wave approximation was 
employed for the quantal computations; these used the full double-exponential fit to the interaction potential. 
Analytic matrix elements and rates, based on the single-exponential model of Eqs. 15 and 17, were computed using 
the single-exponential fit to the ab initio potential.  Both utilized the expansion (9) in t to compute the S-matrix for 
several orders. 

The first thing observed was that the only significant term in the series expansion for the S-matrix came from the 
unique path from initial to final vibrational levels through single-quantum transitions, as discussed above; for 
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example, S,0 = - In1 t2, t,0, with the direct (-2rei t^) and all other multiple-quantum paths (e.g., 2rc3 i t^ tQ1110) 

comparatively insignificant. The second result noted was that the relaxation rate to the next lower level was always 
much greater than the rates to still lower levels. This latter result is easily explained by the fact that the rates for 
multi-quanta transitions are governed by products of single-quantum matrix elements (t^.,), that are all inherently 

much smaller than unity. Thus the transition to the next lower level is much larger than the others because only a 
single element appears, rather than a product of them as in the multi-quanta case. 

Since the main thrust of this report is the explication of accurate, practical scaling relations, we will cut to the 
additional approximations required without dwelling on the detailed numerics of these points. The energy of a 

vibrational level v is given by 

ev=*we(v + 0.5)[l-xe(v + 0.5)] (18) 

where coe is the fundamental spectroscopic frequency and xe = <axjü>t is the anharmonicity, both of which can be 

readily obtained from standard reference literature.14 In the context of this discussion, we have noted that 
single-quantum transitions from some initial level n to the next lower level n-1 dominates the relaxation process. 
Since the change in kintetic energy in the V-T process equals the change in vibrational energy, the change in kinetic 

energy is given by: 

UK I  =e -e    ,    ="nco (l-2x   n) 
n n       n- 1 e V c   / 

(19) 

The last major approximation is that the first-order T-matrix elements t(c,,L) are a smooth, uniform function of L 
that is fairly independent of the incident collisional energy at thermal temperatures, and can thereby be easily 
characterized by the s-wave (L=0) element: 

t(^,L).f = F(L).t(cJ,0).f (2°) 

This is actually quite reasonable, if one examines the analytic first-order distorted matrix elements. The angular 
momentum L will not have much of an effect until it gets large. However, at that time, the summation will be near 
termination because of the cut-off by the centrifugal barrier. In deference to compactness of presentation, we will 
now just note that extensive numerical computations were done on both the HF(n) + He and OH(n) + Ar systems that 
demonstrate the validity of this approximation. Furthermore the smooth function F(L) varied little over the partial 
waves that matter, typically by only tens of percent. 

This allows a very significant simplification. For the dominate single-quantum transitions to the next lower level, 
we achieve a simple expression for the partial wave summation in the rate: 

2(2L,l)(|S(^L)nin_1|)2=Ba-2[(|t(^,0)nn_i;)2   <F>   (E+0 (21) 

where B is a constant for given collision partners. The factor (E+Q arises from the approximation that the number of 
partial waves in the sum is cut off by the centrifugal barrier. 

The final issue to be dealt with is the evaluation of the vibrational coupling matrix elements Vn f.  Analytic 

5-8 



expressions are available for harmonic oscillator and for Morse oscillator basis sets. Generally, both basis sets 
produce coupling terms that are within a few percent of one another. However, computations undertaken in this 
project confirm an extensive study15 by Mies that the full distorted-wave matrix element t^ can differ significantly 

between harmonic and Morse oscillator sets, due to the extreme sensitivity of the confluent hypergeometric function 
to its last argument, 1-V   /Vf f. Since 7 is generally much smaller than unity, we would expect the diagonal elements 

to be nearly equal, making this argument very small. Indeed, it is. If it were zero, the hypergeometric function would 
be identically one. But the small differences in basis set produced nearly a factor of two difference in total rates 
between harmonic and Morse oscillator basis sets. Morse oscillators are much more natural to use than harmonic 
because the Morse-oscillator vibrational eigenenergies are identically (18). However, the relevant transitional 
coupling term V 7Vf   has a much more appealing approximate expression in the harmonic oscillator basis for 

single-quantum transitions: 

n,n- 1 

n-l,n-l 

= n 
2 m CO    1 2xen) (22) 

where m is the reduced mass of the diatom and co = co,. In this, the anharmonicity xe is accounted for by forcing the 

harmonic oscillator to have an vibrational energy spacing given by (18). Since we will produce scaling relations, the 
constant factor differences between harmonic and Morse oscillator basis sets will cancel out in the end by taking 
ratios. The harmonic oscillator coupling factor above allows the cancellation in ratio of the stretch-dependence 7 of 
the rates. 

One can achieve the main result of this paper with the simplifying approximations above, and noting that the 
arguments of the hyperbolic sines are much larger than unity. By taking the ratios of the analytic single-exponential 
rates, we can compute a predicted rate Rpre(E) for dominant single-quantum vibrational relaxation path from some 

initial level n, at a collisional energy E, if we know a single rate R(ES)S>S., ,at the same or a different energy Es, and 

the effective exponential slope a of the repulsive core for that collisional energy. Because of its handy simplicity of 
form, experimentalist colleagues affectionately dubbed the scaling relation as the Handy Relation, Rhdy. After much 
algebra, "one can show that": 

Rpre(E)   =Rhdy(n,E)  R(E) 
V        n    Rhdy(s,Es)    V s^ 

where 

(23a) 

-6                  /X(n.E) 
Rhdy(n,E) = A a    f(n,E) exp — - 

\    a 

(23b) 

E + tico (l- 2 xen) 
(23c) 

x(n,E) =-2TI p£ |jETc-jE+^hco(l-2xen) (23d) 
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where A is a constant for the collision system under study. 
To use this a priori, one would need to know the exponential slope a . This is not generally the case, though. 

However, if a set of data is available, such as experimental measurements of relaxation from several different initial 
vibrational states for the same collisional energy, then simple regression methods can yield a fit for the best values of 
a and A. To see how this is done, assume one has a data set of rates D =R(E )      .. (Generally, the collisional 

n n n->n-l J 

energies En will all be the same.) The exponential form of Rhdy(n.E) yields a simple linear expression to be fitted by 

standard least-squares routines: 

ID 
In 

f \   fit/      *n 
\   n 

fit 

w 
(24) 

where fn = f(n,En)  and xn = X(n'E„)- Th's is in the form y -ax + b. The least squares fit for a gives the 

exponential slope afit, which can in turn be used along with b to obtain the constant Af . (If one is using experimental 

data with error bars 8n, one can use standard expressions16 for the weighted least squares fit by approximating the 

standard deviations as on = 0.5[ln(Dn+8n) - ln(Dn-8n)].)  Once this is done, prediction of unknown rates can be made 

from the fit. 
The analytic scaling relation has a particularly appealing form if we only need to predict rates at a single 

temperature. (In all that follows we will assume the collisional energy for a gas at temperature T is given by E=3kT/2. 
Assume that we know the fundamental rate 1 --> 0, i.e., s=l. Because the well depth £ is generally small compared to 
the vibrational spacing, the scaling relation for n --> n-1 transitions reduces to: 

n(l-2xenj exp 

Rhdy(E) 

2n 

a 
2ji«B 

(n- 1) 

( »-2*e) 
R(E), (25) 

We only need to make a one-parameter (a) fit of rates known for only a few different initial vibrational states to 
obtain the exponential slope a. Once this is done, rates at the same temperature can be easily interpolated or 
extrapolated. 

TESTS ON WELL CHARACTERIZED SYSTEMS 

To test the efficacy of such handy expressions, extensive numerical tests were done on done on systems for 
which reasonable potentials can be exactly specified. The first is the HF(n) + He system cited above. Fully quantal, 
adiabatic distorted-wave calculations were made for n —> n-1 relaxation rates using the accurate double-exponential 

potential given above. The collisional energy was set to Elj. = 3 kT/2. Terms up to t4 of the expansion for S were 

included in the computation of these quantal rates. All rates are normalized to the fundamental rate at T = 300 K. 
This rate was computed to be R(300 K)j ^ = 1385 aQ

3/sec. These normalized rates are: 

RN   = 
n      R 

« n>n- 1 

(E30o)1>0 

(26) 
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Quantum mechanical rates were computed for n=l -6 at a variety of temperatures. The quantal results at T=300 
K normalized to the fundamental l-->0 rates, are displayed in Figure 1 below, as small squares. At this temperature, 
the local kinetic energy is about 10% of the vibrational spacing. Note that the rates increase by a factor of about 70 
as the initial level goes from n=l to n=6. Simple harmonic oscillator arguments predict only a factor of 6 increase. It 
is the anharmonicity (xe=0.0218 for HF), found in the exponentials of the Rhdy(n,E) scaling function, that generates 

this sensitivity to initial quantum number. The solid line is the least squares fit to the quantal points, using the 
procedure (24) outlined to obtain afit. At this thermal collisional energy, the fit gives a = 2.194 aQ-i. This is 

extremely gratifying, since the best fit to the potential (17) has an aaf) Mlio = 2.20 aQ-i. This is a strong indication that 

all the approximations that led up to Rhdy(n,E) are, at least, viable. 

Figure 1:    Normalized Quantal Rates RN for, and Rhdy Fit of, HF(n-->n-l) + He 
Relaxation Rates at T = 300 K 

1000 

RN 
a 

Rhdy 

a ft =2.194 

n. 
l 

However, the viability of Rhdy is more stunningly confirmed by calculations at higher kinetic energies. Figure 2 
below shows results for temperatures of T =1,200 K and 30,000 K. In the former case, the collisional energy is about 
30% of the vibrational spacing, while it is a factor of 7 larger at the higher temperature. All rates are normalized to the 
fundamental l->0 rate at 300 K. Note that the rates are many orders of magnitude larger than the fundamental one. 
Again most of this can be directly traced to the anharmonicity of HF; for harmonic diatoms, the rates should be 
approximately a linear function of collisional energy. Note that the solid lines showing the fits produced by Rhdy^ 

hit the quantal points right on. For a given collisional energy, each is essentially a one parameter fit, the parameter 
being the exponential slope afit. The fact that the value of afit is slowly decreasing with increasing collisional 

energy (2.19 at 300 K, 2.15 at 1200 K, and 1.90 ao-i at 30000 K) is probably just a reflection of the slightly different 

exponential slopes of the potential that the collision samples as the turning points progress in. It should be recalled 
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that the quanta! computations are based on the double exponential potential, and a single a cannot describe it 
everywhere. Again, it must be remembered that a is the effective exponential slope that the collision feels at a given 
collisional energy. 

The most gratifying results are those predicted at 1200 and 30000 K, based solely on afu=2.194 a -l obtained for 

T=300 K transitions. These predicted rates Rpren__>n_, are displayed as crosses in Figure 2. Consider the 6-->5 

relaxation at 30,000 K. The quantal normalized rate at 30000K is 2.68 x 1012 larger than the fundatmental l-->0 at 300 
K! Simple harmonic (as opposed to anharmonic) arguements predict only a factor of 600 larger, which is ten 
order-of-magnitude in error. However the rate predicted from the 300 K date is only off by a factor of about three. 
Thus the simple Rhdy(n,E) formula tracks the sensitivity of relaxation rates (to initial state vibrational state and 
collisional energy) accurately over twelve orders of magnitude. 

Figure 2:     Normalized Quantal Rates RN for, and Predictions of, HF(n) + He 
Vibrational Relaxation at Higher Temperatures 

T = 1200 K T = 30,000 K 
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To make sure this result was not just a quirk of the HF + He system, a similar range of tests were conducted on 
the OH(n) + Ar. Although not a significant player in the atmospheric IR problem, the interaction potential between 
these two should be somewhat similar to a much more important OH collision partner: 02 . Eposti and Werner have 

computed an ab-initio orientation-dependent potential surface for the rigid-rotor OH + Ar system;17 i.e., only for the 
equilibrium separation of the diatom (Ar = 0). From this, the spherically averaged potential surface, V(r , R) was 

determined, and to which a Morse potential was fitted. To get a breathing-sphere potential, the molecular stretch 
dependence needed for vibrational transitions was modelled by an exponential prefactor; i.e., VQ„ . (r,R)=V(r ,R) 

exp(YAr). Since 7 was not known for this system, it was simply set to 0.2 aQ-i, a typically value in molecular systems. 

However, it should be noted that the handy relationships imply that the value for 7 value should cancel out in the 
ratio of normalized rates. The numerical form of the potential is (in atomic units): 
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V(r.R), OH-Ar 
= (91.16exp(- 1.791-R)- 0.338exp(-0.896R)) exp(0.2 Ar) (27) 

Figure 3 below shows the nomralized rates for OH(n --> n-1) at a temperature of T=300 K, for n=l-9. Note that, 
as in the HF + He, the rates rise rapidly with initial vibrational excitation. And, as before, the exponential model 
approximations, inherent in Rhdy fucntion (25), produce a very satisfactory fit to the quantal points, with afu = 12.73. 

This value for the exponential slope is considerably larger than the one for the HF + He system. However, as we 
shall see, the experimental data on OH + 02 imply a similar result. 

Figure 3:     Normalized Quantal Rates RN for, and Rhdy Fit of, OH(n-->n-l) + Ar 
Relaxation Rates at T = 300 K 

aflt = 1.273.10l 

The ability of the simplified exponential model, as embodied in Rhdy(n,E), to mimic the quantal computations 
both in the HF + He and in the OH + Ar systems, and direct examination of products of T-matrix elements, confirm 
that virtual paths involving multi-quanta transitions are insignificant compared to the unique path involving 
single-quantum transitions. With confidence then, we can apply the Rhdy expressions to the fitting of experimental 
rates of interest for IR-active molecules in the atmosphere. 

RATES FOR VIBRATIONAL RELAXATION OF OH AND NO IN COLLISIONS WITH 02 

The LABCEDE group at the US Air Force Geophysics Directorate has measured the vibrational relaxation for 
OH(n) due to collisions with 02 at a temperature of T=300 K, for n=l-6.3 Other groups measure the OH rate for n=9, 

12.4'5 These are important processes in interpreting the level populations of OH and NO produced in the 
atmosphere. 
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Because the data is all at the same energy, the simplified version of Rhdy (25) could be used to fit the data. 
Figure 4 shows the OH(n) + O, results. Experimental data are indicated by small squares, along with their associated 

error bars. The dashed line is the "old" fit that would result if only the LABCEDE data (n=l-6) were employed, giving 
an ocold=l 1.82 aQ-i.   Note that it quite adequately predicts the "unknown" rates at n=9,12 . If the full set of data is 

used, the "new" least-squares fit (solid line) indicates an exponential slope of anew=14.15 aQ-l . Note that the "new" 

fit successfully goes through all the error bars, even though the rates increase over this range of vibrational levels by 
two orders of magnitude in a non-linear, non-exponential manner. Finally, the exponential slope obtained for the 
theoretical OH+Ar system (a0HAr = 12.73 aQ-i) is quite consistent with the value obtained for the experimental 

OH+02 system. 

Figure 4:   Rhdy Fit to Experimental OH(n) + O, Relaxation Rates at T=300 K 

(rates are in cm3/sec; dashed line is a„,H fit and solid line is a^ fit) 
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The final experimental system to be examined was the NO(n) + 02 collision. The experimental relaxation rates 

come from the USAF LABCEDE Group.6 These rates and the exponential-model fit is shown in Figure 5. The value 
for the exponential slope is ct^^ = 2.94 ao-'. As with the OH + 02 relaxation process, Rhdy generates relaxation 

rates that go through all of the error bars. 
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Figure 5:   Rhdy Fit to Experimental NO(n) + 02 Relaxation Rates at T=300 K 

(rates are in cm3/sec) 
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RELATIVE IMPORTANCE OF DOUBLE-QUANTA TRANSITIONS 

In analyzing experimental data, it is useful to know if the relaxation rate out of a particular vibrational level is 
dominated by the single quantum transion n -> n -1, or if multiple-quanta transitions (e.g., n --> n - 2) are significant. 
As already demonstrated, the dominate term is always the path through single-quantum virtual transitions in the 

perturbation expansion (9) for the S-matrix in terms of the first-order distorted-wave T-matrix (i.e., t). 
If the spirit of the handy relationships, the double-quanta rate can be shown to be related to single quantum 

rate by: 

R(Ec)n->n-2=RD(a)nR(Ec)„->n-1 
(28) 

where RD(a)n is the relative strength of the double-quanta transition given by: 

RD(a)n = 7I
2|t(^,L=0)n.1..>n.2]: (29) 

Note that this involves the single-quantum coupling from the next level down. The analytic evaluation of the s-wave 
matrix element will depend upon the value a chosen for the exponential slope.  Because this is evaluated at the 
common total energy £, = E   + e , this s-wave T-matrix element associated with an asymptotic exit collisional kinetic 

energy ofK   =^-e,=E+hco(l-2xn). Since the vibrational spacing is so large compared to thermal kinetic 

energies (E  « h co), we see that Kn » Ec for thermal collisions. 

If we give the stretch perturbation parameter 7 a conservative typical value of 0.5, we can produce an 
expression for the relative strength that depends only upon the a exhibited at the high kinetic energy Kn: 
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RD(a)    =—±\*J±   (n- l)ha»[l-2x-(n- 1)1 (0.5)2 

n    a4mU2/ L J 

x exp ■—  F7{JEc + 2*M(1-2xen+xe)-JEc + 1iu(1-2*en) 
a A| n 

(30) 

Alas, we do not typically know the value of a for high kinetic energies. But we do "know" that the effective 
exponential slope a(E) usually decreases with incident kinetic energy E. If we define al = a(E ) and cc2 = oc(E + hco), 

then we know that a2 < al. From this we can infer that the true strength for a double-quanta relaxation (n --> n-2), 
relative to the single-step relaxation to the next lower level (n --> n-1): 

RD = R(E )       ,/R(E ) v   c'n-->n-2      v   c'n-->n-l (31) 

will satisfy the condition RD <  RD(a2)   <   RD(al). Since we know  al   from our fit to the rates at a collisional 
energy Ec , RD(al) is an upper-bound estimate to the true relative strength of double-quanta transitions. 

This can be tested on the HF + He and OH + Ar systems at T=300 K. The results are displayed in Figure 6. 
Note that the relative strengths of the quantum mechanical double-quanta rates RD are very small. That is the reason 
that only vibrational relaxation to the next lower level needs to be considered in the analysis of experimental data. 
The expression for RD(al) gives a very good estimate for the double-quanta strength in HF + He. It is significantly 
less good in the OH + Ar case; the reason for this is still unclear. However, in each system the simple expression for 
RD(al) does a useful job in giving upper-bound values for the relative importance of double-quanta relaxation rates. 
Any laboratory investigator can employ this simple formula to check, in most applications, if he or she needs to 
consider the role of double-quanta transitions. 

Figure 6: Ratio of Double-Quanta (n->n-2) to Single-Quantum (n->n-l) Rates 
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SUMMARY 

The primary purpose of this project was to develop handy, yet accurate formulae to determine desired, but 
unknown vibrational relaxation rates from a limited set of experimental values or theoretical information. The major 
results of this effort are: 

1) Single-quantum transition paths are the only ones that need to be considered in relaxation computations. 

The scattering matrix can be written as a relatively straight-forward power series expansion in terms of first-order 
distorted-wave matrix elements of the transition coupling. Matrix elements that couple states differing by more than 
one vibrational quanta are much smaller than elements that differ by only a single quantum. In the series expansion 
for the S-matrix, the dominate term that determines the strength of transitions between any two real levels that differ 
by more than one quantum is the path through virtual states that is made of the minimal number of single-quantum 
first-order elements [e.g., see (10)]. 

2) Transitions to the next lower vibrational level dominate the relaxation process. 

Because of the result cited above, one can readily argue that transitions to the next lower level dominate the 
relaxation process out of a given excited vibrational state of the molecules of interest in this study. Products of small 
coupling single-quantum elements will always be less than the single one describing the direct transition to the next 
lower level. Thus, multi-quanta transitions (e.g., n~>n-2) will be insignificant compared to single-quantum relaxations 
(n->n-l) from the same excited vibrational level. 

3) Handy formulae that are easy to employ can accurately predict vibrational relaxation rates. 

Formulae for vibrational relaxation were derived that accurately track vibrational relaxation over many orders of 
magnitude. The one major parameter in the model is the exponential slope of the repulsive core of the atom-diatom 
interaction potential. Their simple form (23 and 25) make them handy expressions for fitting known experimental data 
(24) to interpolate or extrapolate to desired, but unknown or uncertain rates. The accuracy of these handy 
semiquantal formulae to describe vibrational relaxation were demonstrated in several collisional systems: HF(n) + He, 
OH(n) + AT, OH(n) + 02, and NO(n) + 02 . 
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CONCEPTUAL STUDY OF THE MARAUDER OPERATION 
IN THE NEUTRON PRODUCTION MODE 

by 

Jan S. BRZOSKO 
Department of Physics and Engineering Physics 

Stevens Institute of Technology 

Abstract 

The potential use of the MARAUDER facility, operational at 
SHIVA-STAR capacitor bank, for D-D and D-T neutron production were 
studied. Three schemes of neutron production were considered: (a) 
compact toroid (CT) collision against a solid target; (b) use of 
the CT as opening switch for the plasma focus action; and (c) 
MARAUDER operation in the plasma focus mode (without CT formation). 
All three schemes are promising a possibility of producing 
E (18)/shot of 14 MeV neutrons (for W=9 MJ) . This is the yield 
necessary for nuclear explosion simulation and advanced material 
technology. The above estimates were done keeping in mind the use 
of existing hardware at the PL/WSP. This opens an exciting 
opportunity to challenge the Russian projects presently on an 
advanced level of execution. 

Note: This report is a summary of concepts that the author 
developed during his 12-weeks stay at Phillips Laboratory. Many 
elements presented here were already "circulating" in the High 
Energy Plasma Division PL. Other concepts were developed following 
long hours of discussion with HEPD/PL colleagues, to whom the 
author is truly grateful. Special thanks are extended to Dr. James 
H. Degnan and Dr. Gerry Kiuttu for the introduction to MARAUDER 
physics and technology, Dr. Robert Peterkin and Dr.Norman F. 
Roderick for the explanation of CT-acceleration and target 
collision phenomena and to Maj. Allen Chesley for the computer 
visualization of PF/MARAUDER operation principles in the neutron 
mode. 
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CONCEPTUAL STUDY OF THE MARAUDER OPERATION 
IN THE NEUTRON PRODUCTION MODE 

by 
Jan S. BRZOSKO 

1. INTRODUCTION 

Recently, Phillips Laboratory had performed studies 
(experimental and theoretical) on the magnetized plasma structures 
known as Compact-Toroids (CTs). These plasmas are axially 
symmetric, donut-shaped low-beta configurations with both poloidal 
and toroidal magnetic fields. Due to field relaxation to its 
minimum energy state between concentric electrodes, CT is MHD 
stable and can be accelerated and compressed in a coaxial gun 
configuration. This research program with its facility installed on 
the 9.4 MJ SHIVA-STAR fast capacitor bank, has been named MARAUDER. 
Its goal is to compress toroids to high mass density and magnetic 
field intensity, and to accelerate the toroids to high speed [1-3] . 
So far, using 1 MJ of stored energy, CT (mass of 1-5 mg of H, N, Ne 
or Ar) was accelerated to 40 cm/us (speed defined at electrodes 
muzzle). Factor nine in simultaneous compression in radius and 
thickness each was achieved (40cm/us with factor3 compression at 1 
MJ operation; 15cm/us extraction with factor 9 compression at 1MJ 
operation). 

There are a variety of applications for compressed and 
accelerated toroids that are under vigorous studies at Phillips 
Laboratory. There are: X-ray sources, fast opening switches, 
radio-frequency compressors, charge-neutral ion beam sources and 
inertial confinement fusion option. In this report we discuss the 
potential use of the MARAUDER facility as a neutron source. We are 
also going to identify questions that should be answered before 
experimental program definition. 

The Goverment's demand for a neutron sources of high yield 
in fast neutrons ( > E18 neutrons/s of 2.5 MeV and/or 14 MeV ), 
required for advanced material technology and nuclear weapon 
simulation, has yet remained without a feasible solution. The 
review of the literature shows that existing (or almost existing) 
neutron sorces are based on the following concepts: 
(a) use of the electrostatic asccelerators (limited at Ell to E13 

n/s [4,5] depending on the design); 
(b) use of the Q-machines  ( promis of E(13) n/s), and 
(c) use of the plasma sources of plasma-focus type (capable of 

produceing E14 neutrons (14 MeV) in 200-500ns pulses with Hz 
frequency potentials [6]. 
The review of the conceptual designs of hyper-intense neutron 

sources (> E18 n/s) [7-9] reveal that this type of enterprise will 
cost at least 500 M$. Many of the proposed solutions will deliver 
fast neutrons (>10 MeV) distributed on a very broad energy range 
clearly limiting the material studies. The only proposal that tends 
toward less expensive solutions, while oriented on 14 MeV neutron 
production (with option for 2.5 MeV) is the CAPT-10 [10]. This is 
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the^advanced concept of what is known as plasma focus device. The 
projects of hyper-intense neutron sources which have passed 
prototype stage and are in the final design stage of machine are in 
Russia, e.g. 
(i)  Gas Dynamic Trap at Novosibirsk [11,12] which still has to 

solve problems with the superconducting magnet [13], and 
(ii) Filipov-type plasma focus using 1-GJ magnetic storage located 

in Troitsk (commom effort with Kurchatov Inst.At.En., and 
VNIIEF-Arzamas [14]. 

In present situation where some military research facilities 
are joining pro-industry effort in development of competitive 
technologies, it is legitimate to examine whether MARAUDER facility 
can be turned to hyper-intense neutron source prototype. In fact it 
may become useful for nuclear weapon simulations while 
simultaneously serve in material research (as an example see 
Refs.7-9) or serve as facility for the brain cancer treatment (as 
an example see Ref.15). 

2. BRIEF INTRODUCTION TO THE PRESENT SCHEME OF MARAUDER 
OPERATION 

The design concept and some details of the existing MARAUDER 
hardware are shown in Fig.l. A basic sequence of physical phenomena 
are as follows (also see Fig.2) : 

(1) A slowly rising magnetic field (radial) feed by external 
magnetic field coils is imposed in the coaxial gun electrode gap 
above the formation bank transmission line. 

(2) When the radial magnetic field reaches its peak value (see 
Fig.2a), neutral gas (mono- or multi- elemental) is injected into 
electrodes gap by a set of fast gas valves distributed evenly 
around the circumference. 

(3) Voltage from the formation bank is applied (between the 
inner and outer conductor) with controlled delay related to opening 
of the gas valves. 

(4) The breakdown in the injected gas develops, producing a 
highly conductive plasma. This "freezes" the radial magnetic field 
together with the toroidal (azimuthal) field, B, produced by the 
current flowing across the plasma (between electrodes). 

(5) The BxJ forces push the plasma and its embedded radial 
fields into the formation region. The initially radial magnetic 
field lines became stretched (see Fig.2b) and are given a twist by 
the toroidal field from the formation discharge. 

(6) A bubble of mass (l-5mg) and magnetic fields (poloidal and 
toroidal) moves from the gas injection region toward the expansion 
region. The stretched helical magnetic field lines reconnect at the 
neck of the toroidal bubble on a time scale that is short compared 
with that of classical diffusion. Thus a toroidal plasma with 
nonzero magnetic helicity, i.e. with closed poloidal magnetic field 
lines linked with closed toroidal magnetic field lines is formed. 
The object produced in this way relax to a minimum free energy 
state (Woltier-Taylor state) and is called "Compact Toroids" (CTs). 
The poloidal component of magnetic fields and mass distribution at 
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Fig.l. MARAUDER design concept (a) [see Ref.l] and some hardware 
details (b) [see Ref.3] relevant to the discussion of the operation 
principles. 

(a) (b) (d) (e) 

poloidal magnetic 
flux 

ion number density 

Fig.2. Sequence of physical phenomena occurring in MARAUDER 
facility operating with conical electrodes. Most of the pictures 
are copied from published papers. Some of them (when applicable) 
are adopted from the studies of coaxial geometry. The geometry 
corresponds to the right-hand side of Fig.l. Poloidal magnetic 
fields and mass density profiles shown here were calculated with 
2 1/2 dimensional magnetohydrodynamic code MACH2. 
(a) The initial bias magnetic flux distribution at the instant of 

gas injection. 
(b) Poloidal fields and atomic density before relaxation to 

equilibrium state. The iso-contur lines are at 0.1T step for 
the fields (Bmax=0.7T), and two contours per decade of ion density 
(Nmax=5 E(15)/cm3). 
(c) CT at the state of equilibrium. 
(d) CT at the beginning of acceleration/compression phase. 
(e) CT at arrival to the electrodes muzzle. 
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B J 

Fig.3. Comparison of the magnetic fields (left column; B) and 
current density (right column; J) for T=3.05 E(-5) s. (a) is the 
snap-shot of the whole interelectrode gap, (b) and (c) are 
magnification of the near muzzle and below Shiva-Star feed regions, 
respectively. Simulations [16] were done for 1.5 mg of neon formed 
CT at 0.6 MJ Shiva-Star feed. Poloidal field of about 0.6 T holds 
during the entire sequence of snap-shots. Arrows outside the 
electrodes point in the direction of current flow in the 
electrodes. Horizontal dashed lines show altitude at which diffused 
current flows between electrodes, and long/short dashed lines mark 
the position of current in the plasma sheath associated with the 
accelerating piston. 

\ 

T = 2.400E-05 2.S00E-05 2.800E-05 T = 3.000E-05 T = 3.0S0E-05 

Fig.4. Pattern of the magnetic fields in the formation region 
during acceleration/compression phase. Time T from the formation 
discharge is given in [s]. For other information see Fig.3. 
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this stage are shown in Fig.2c. 
(7) When the CT is formed, the SHIVA-STAR bank is fired. The 

discharge pushes the CT down stream, out of formation volume, 
accelerating and compressing it•(see Fig.2 d and e). The CT acts 
like a gasket, within the compression region, as it mantains 
contact with the conducting walls and keeps magnetic flux from the 
compression discharge behind it. The magnetic piston fields pushing 
the CT cannot exceed the CT fields, to avoid blow-by of piston 
field and enable self-similar compression of the CT. 

(8) The next step of operation (and fine tunning of CT 
parameters) depends on the considered application. Therefore it 
shall be discussed as part within the variety concepts pertaining 
to the neutron mode of MARAUDER operation. 

The current loop (see Fig.3) that supplies energy to the 
magnetic piston has a trajectory composed of the following paths: 
(i) from the SHIVA-STAR feed, via outer electrode to actual piston 
position, (ii) across the electrodes through a thin palsma sheath 
forminqCT-pushing piston, (iii) from the piston position returning 
via inner electrode to the altitude of radial fields injection, 
(iv) across the electrodes gap through diffused plasma, trapped in 
the region of maximum radial magnetic fields produced by coils, (v) 
to the SHIVA-STAR feed via the external electrode. 

One has to recognise that the current reconnecting electrodes 
at the level of the coils (source of poloidal fields) is diffuse. 
It is also well held in the same position through the entire time 
of the acceleration/compression and the utility (post compression) 
phases (see Fig4) . 

3. BRIEF INTRODUCTION TO FUSION PHENOMENON 
IN THE PLASMA FOCUS DEVICES 

When comparing different plasma fusion devices and 
accelerators, one can find that plasma focus (PF) machines are the 
most economically feasible source of neutrons (see Ref.10), 
provided that operation commences at MJ capacitor bank level. 
However, a draw back of PF-machines resides in their discharge 
being initiated on the insulator's surface, due to : (i) restrikes 
on the insulator during PF maximum compression; (ii) exposure of 
the insulator to large mechanical stresses during discharge 
formation; and (iii) exposure of insulator to high radiation doses 
during the nuclear reactivity phase. 

If one can initiate discharges in the gap between electrodes 
(without current flow at insulator surface) while preserving the 
formation of a thin, dense and impenetrable to  magnetic fields 
plasma sheath, then such a design will have potentials to become a 
hyper-intense neutron source machine. 

Design and operation concept of Plasma-Focus is shown in 
Fig.5. The discharge chamber is usually prefilled with D2 or D2+T2 
gas at p= 0.5-15 Torr depending on PF-mode of operation. For the 
neutron mode of operation this pressure is p>3 Torr, while for the 
beam mode p<2 Torr. The particular pressure interval is dependent 
on circuit-parameters of the energy supplying system. It is 
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Fig.5. Plasma focus design and operation concept. (1) - formation 
and take-off of the plasma sheath; (2) run-down phase; (3) radial 
compression phase followed by column formation and the nuclear 
phase. 
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Fig.6. Series of the Schlieren pictures (maximal gradients of 
plasma density) showing the development of plasma column after 
§1?cnvTnStaStn,and tTheir relation to the neutron emission signal. 
»^ vkJ:.p=7 T°rr SD2)- Uncertainty in the matching of Schlieren 
ana Yn time scale is ca. 20 ns. 
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important to recognise that in the neutron optimized mode the yield 
(Yn) dependence on the filling gas pressure is flat in the wide 
range of gas pressure &p/p (av) >0.5) and rapidly decreases outside 
of it. The following text refers mainly to the Mather-type PF, 
since neutron yield (from shot-to-shot) is relatively stable 
(10-25%) for long periods of operation [17]. 

The plasma focus operation can be divided into the following 
phases: 

(1) Initiation of the discharge i.e. breakdown, sheath formation 
and take-off. The breakdown occurs along a cylindrical insulator 
and is governed by a modified version of the Paschen's law [18,19] . 
Stable and unified plasma sheath (PS) is formed under conditions 
that: (a) driving magnetic pressure is sufficient to provide the 
necessary work for ionization and plasma heating 
[ B**2/2uo > 2No*(Qd+Qi) ]; and (b) surface energy density (on 
insulator) does not exceed the experimentally determined limit ( 
{NekTe+No(Qd+Qi)}*d < 100 J/cm2, [18] ), where Ne and No are the 
electron and filling densities respectively, Qd and Qi are the 
dissociation and ionization energies, respectively, and d is the 
sheath thickness. 

(2) Run-down phase of the plasma sheath (PS). After its 
formation, the PS begins a lift-off from the insulator surface due 
to the BxJ magnetic forces and accelerates in the direction of the 
electrode muzzle. The current sheath moving with the velocity ca. 
E(7) cm/s into unperturbed deuterium gas region generates a shock 
front (thickness typically < 1 mm corresponding to the free mean 
path of neutrals) as its Mach number at that point is of the order 
of 100. Deuterium molecules go through this front in about 1 ns. 
This time is about two orders of magnitude less then the ionization 
relaxation time. Therefore, a nonequilibrium transition region, 
with a temperature of several eV, exists. It gradually develops 
into a plasma layer, where 100% of ionization (kTe>20 eV, Ne~ 
E(18)/cm3) and equilibrium is established. The dynamics of the 
run-down (and compression) phase is pretty well described by the 
second Newton's law and the circuit equation. For a well operating 
system three conditions are fulfilled: (i) almost all momentum 
increase is allocated in the increase of the PS-mass, (ii) ohmic 
resistivities of the external circuit and plasma are negligible, 
and (iii) inductance of the electric circuit is comparable or 
smaller than plasma inductance. 

(3) Radial compression phase. When plasma sheath arrives at the 
end of the electrode muzzle it changes the direction of motion from 
axial to radial, forming an inward moving funnel type sheath. The 
radial compression is described well by the similar equations as in 
the rundown phase. Here however the driving magnetic force has B ~ 
1/r dependence instead of the position independent B occurring in 
the axial phase. This allows for a rapid acceleration (up to E(8) 
cm/s) of the funnel-shaped plasma sheath before the funnel itself 
reaches a radius comparable with the plasma sheath thickness (r < 
3 mm) . For r < 3 mm collision of sheaths have to be included in the 
description of the process. At the maximum of compression (pinch 
instant) plasma achieves density of n = 1 E(19)/cm3 and electron 
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temperature of kTe = 0.1 keV [20,21] but neutron emission is 
negligible as compared to the following phase i.e. plasma column 
formation and disruption phase. 

(4) Nuclear activity phase. Collision of quasi-cylindrical 
plasma sheaths on the PF axis leads to the heating of plasma and 
initiates its reverse movement. This soon (within 30 ns) stagnates 
due to magnetic pressure outside of the plasma, compensating the 
expansion momentum. The column itself may be 1-2 cm in dia. and 10 
cm long, remaining stable for 50-100 ns. After this time 
instabilities begin developing, leading to plasma decompression. 
The strong neutron and hard X-ray signal accompanies the disruption 
of the plasma column. At that point the plasma is characterized by 
kTe=0.3-0.6 keV and n=2-4 E(18)/cm3, only. Fig.6 shows the sequence 
of Schlieren pictures recording plasma evolution and the relation 
to neutron yield, Yn. It is well established [22] that Schlieren 
images and X-ray (1-3 keV) pinhole images, taken simultaneously, 
have the same pattern. Experimental data [25] reveal that ca. 75% 
of D(d,n)3He reaction yield in plasma focus is induced by D+ ions 
with average energy Ed = 100-200 keV trapped in the volume well 
represented by that recorded through Schlieren pictures. The 
remaining 25% of neutrons have their origin in submilimeter size 
plasma domains (PDERs) of solid state-like density and life time < 
10 ns. PDERs trap ions of energy (observed) up to 10 MeV [24,25] . 

The plasma fusion in the PF-device has an outstanding fusion 
efficiency. This is a consequence of the fact, that its fusion is 
based on subpopulation of fast ions embedded in moderately heated 
plasma target and not associated with the thermonuclear conditions 
(requiring high kT for high Yn) . In this 'scheme, the radiation 
loses do not play an important role. 

Present know-how in the PF-fusion allows  one to easily 
estimate theoretically: 
(a) sequence of plasma phenomena (in macro-scale) from the 

breakdown until the column formation, using existing MHD codes (2D- 
Potter-code, MACH-2, etc.) and 
(b) sequence of nuclear phenomena (in macro- and micro- scale) 

beginning with empirical plasma characteristics relevant for 
nuclear phase (spectra of fast ions, kTe, n) [26,27]. However, 
there is no satisfactory theoretical model linking development of 
the column instabilities with ion acceleration and trapping' 
process. 

Fortunately, the neutron yield produced in one PF-discharge, 
Yn, scales smoothly locally (i.e. for the same PF operating with 
bank charged to different energy W) as well as geographically (for 
PF build by different teams and with banks operating at different 
W) . Fig.7 shows compilation of published neutron yields (average) 
from different PF devices operating with D2 and T2+D2 gas 
mixtures. Fig.7a shows engineering scaling 

Yn(En=2.5MeV)) = 1.2 E(7) * W* ;   [W] = [kJ]       (la) 
that holds for PF-devices operating in 5kJ<W<500kJ capacitor bank 
energy range for D(d,n)3He reaction and confirms that the scaling 
for T(d,n)4He neutrons is similar, however with the scaling 
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constant two orders of magnitude higher. Fig.7b shows the 
scientific scaling: 

Yn(En=2.5MeV) = 1 E(ll) * Ik ; 3.3<k<4 ; [I] = [MA] (lb) 
where: I is the current flowing through plasma at the pinch 
instant. One can notice that not all laboratories listed in Fig.7a 
appear in Fig.7b, this is because pinch current diagnostics were 
not installed on every device or were not used for the whole 
operational regime or particular PF-device. In addition, the FWHM 
of the neutron signal, t, can be approximated as: 

t = 16 * W0-6 . [t] = [ns], [W] = [kJ]       (lc) 
The scientific scaling is the one to be considered if we (as in 
this study) search for PS-delivery to the compression phase in the 
scheme different from classical. 

4. SOME OPTIONS OF MARAUDER OPERATION 
IN THE NEUTRON PRODUCTION MODE 

Brief presentation of MARAUDER and Plasma-Focus features, 
point towards challenging opportunities of using MARAUDER facility 
as technologically reliable system for delivery of plasma sheath to 
the electrode muzzle and then using the plasma focus scheme for 
acceleration/trapping of ions in dense plasma with outstanding 
efficiency of fusion (neutron production). 

In the present report we shall briefly discuss the following 
schemes of MARAUDER facility operation: 
(a) CT composed of neon/deuterium mixture colliding against solid 

target, 
(b) CT (composed of neon or deuterium) working as a switch for 

D-plasma compression at the muzzle, and 
(c) use of MARAUDER hardware in the plasma-focus mode with D2 gas 

differential filling. 
Presented study are based on the knowledge and current 

understanding of MARAUDER performance, general schemes of plasma 
fusion and on know-how of PF focalized discharges. Conclusions have 
the character of preliminary selection of the different options. As 
such they can be considered as reference point to quantitative 
studies and toward-prototype projects. 

4.1. CT COLLISION AGAINST A SOLID TARGET 

One of the present MARAUDER program goals is the production 
of intense X-ray radiation by the process of CT stagnation. The 
broad calculations [28], based on the nonequilibrium radiation 
diffusion model (performed with MACH-2 [29]) show that: for the 
nominal 1 cm diameter of the CT and 10 mg of Ne mass at velocity 
of 100 cm/us (equivalent to 5 MJ of kinetic energy), collisions 
with a solid target will lead to the emission of 4.6 MJ 
electromagnetic power in 10 ns period. 

Ref.28 shows that by changing the CT velocity, mass, Z, and 
its ratio of direct to magnetic field energy one can manipulate the 
efficiency of the ion-ion, ion-electron and electron radiation 
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coupling. Therefore manipulating the conversion of kinetic energy 
of ions into ion thermal energy. Additionally, by decreasing Z the 
material experiences "burn through" and the electron-radiation 
coupling drops significantly. 

The goal of this chapter is different from the aim of Ref.28. 
Present study does examine the upper limit and the consequences of 
D+ (or D+ and T+ mixture) heating. In that sense, we are interested 
in cases of inefficient ion-electron and electron-radiation 
coupling while at the same time efficient transfer of direct energy 
to D+ with long deuterium burning time. Assuming that proper 
conditions (mass, HZ/D mixture, compression ratio, velocity; HZ is 
the high Z element) of MARAUDER operation were established, 
allowing us to consider a 100% of kinetic energy to ion temperature 
conversion, then the D-D neutron yield will be expressed in the 
following way: 

Yn = 0.5*[(M/Md)2 ]*V*t * F(kT) / (1+^z)2 (2) 
M=Md*Nd + Mz*Nz; n=Nz/Nd; Z=Mz/Md; F(kT)=<Sv> (2a) 

kT=1.05E(-15)*(v2 )*(i+n*Z)/(l+n) ; [kT] = [keV] ; [v] = [cm/s] (2b) 
where: Md, Mz and Nd, Nz are masses and atomic densities in the 
stagnated plasma of deuterium and high-Z atoms; V is the volume of 
the "hot" plasma where fusion occurs in the time interval "t"; kT 
is the ion temperature assuming 100% efficiency of kinetic to 
thermal energy conversion; <?v> is the nuclear reactivity taken 
from Ref.30 (average product of fusion reaction cross-section and 
ion velocity). 

Reviewing trends of the CT-plasma [28] in the high density 
stage, where directed kinetic to thermal energy conversion occurs, 
one can note that the plasma density peak, of compression is near 
proportional to the initial plasma density.' In the mean time FWHM 
of the plasma density time dependence is near-inversely 
proportional to the initial directed-velocity. This leads us to 
conclude that it is fairly sufficient to consider the (V*t) term in 
Eq. 2 as a constant. Additionally, for constant CT directed- 
velocity, the peak density of plasma also increases near 
proportionally with its initial CT-mass. 

For estimates of Yn in CT-stagnation fusion-scheme one can 
take mass of the CT m(CT)=10 mg and V*t=2E(-8) cm3*s to be good 
representation of the future experiment. Thus leaving only the task 
of optimizing the composition ratio for different initial CT 
directed velocities (Yn ~ F(kT)/(l+n*Z)**2). Fig.8b shows the 
dependence of expected neutron yield on the composition ratio of 
plasma n=Nz/Nd (for D+T fusion n=Nz/(Nd+Nt) ). In result, for low 
CT-velocities the 50%/50% mixtures give the maximum neutron 
production. This is because the gain in deuteron temperature from 
high-Z ions is more important than the decrease of D+ density 
associated with it. For high velocities, where < 6 v> becomes 
saturated with the increase in kT, the governing factor in Yn 
becomes D+ density and there is no need anymore for high-Z 
admixture. 

In summary one can expect for present hardware and 1MJ SHIVA- 
STAR operation (20cm/us$. v jlOcm/us) : 

7.2*E(11)> Yn(2.5MeV) $4* E(8), and 
8*  E(13)> Yn(14MeV)  $.2.3*E(10). 
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Fig. 8. (a) The design of the muzzle for the CT stagnation 
experiment and sequence of the CT positions, and (b) dependence of 
the neutron yield (Yn) on the CT composition n=Nz/Nd (CT-mass=10 
mg, V*t=2E(-8)cm3*s) for the CT-velocity v=10-20 cm/us (1MJ SHIVA- 
STAR operation) and v=100 cm/us (expected for 9.6 MJ); arrows show 
Yn maximum. 

High Capacity 
Gas Puff 

Puffed Gas 

Fig.9. The main concept of the CT/DPF MARAUDER operation mode and 
the sequence of main events leading to neutron production. 
Alternation of the external electrode (at the muzzle) shows the 
concept of efficient reconnection of the current carrying plasma 
sheath from CT to the axially injected D2 gas. (a) CT run-down (CT 
shown at three consecutive positions), current ramp-up phase, 
(b) Current transfer and beginning of radial compression phase, 
(c) Instability of plasma column enhancing D+D fusion. 
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All estimates for this scheme rely on calculations done in Ref.28 
that are based on theoretical model not yet proven. One can 
consider that these obtained values give us the upper limit of the 
estimated Yn, and it would be a mistake to disregard other options 
based on solid empirically proven schemes. 

It is in fact reasonable to consider the CT collision with a 
grid-type target. Passing through a grid, CT-plasma will induce 
strong instabilities that may, as it happens in the PF, strongly 
enhance the acceleration of ions subpopulation and result in the 
increase of the fusion yield. 

4.2. CT AS OPENING SWITCH FOR PLASMA FOCUS ACTION 

The main concept in the CT/DPF mode of MARAUDER operation and 
its sequence of events are shown in Fig.9. One can see some 
alteration of the external electrode (at the muzzle) and the 
installation of fast D2-gas puff-valve. 

As it was shown in Ch.2 (see Figs.la nd 2) the CT is driven 
into compression stage by the magnetic piston, generated due to the 
compression discharge current. The CT acts like a gasket as it 
maintains contact with the conducting walls and keeps magnetic flux 
from the compression discharge behind it. When CT leaves the 
central electrode muzzle, the current sheath switches from the 
inner electrode to the gas column and compresses it radially in a 
conventional plasma focus fashion (see Ch.3). From now on one can 
expect a classical sequence of events leading to efficient neutron 
production. The numerical simulations (confirmed by experimental 
data) for 1MJ SHIVA-STAR load, predict a maximum current of 3 MA 
that can be translated to following neutron yields: 

4* E(12) ^Yn(2.5MeV) < 8*E(12)    for D2 puffed gas, and/or 
4* E(14) <Yn(14.7MeV) ^ 8*E(14)   for D2+T2 puffed gas; 

see Fig.7 and Eq.2. 
Coincidence of CT arrival at the muzzle of electrodes with the 

maximum current (from the SHIVA-STAR) instant can be easily 
obtained by choosing properly the CT-mass and the capacitor bank 
voltage. Proper D2-gas distribution is the issue that has to be 
taken care of empirically and will depending on the valve 
performance. 

As it was stated previously we have the know-how in driving 
CT up to the muzzle as well as the know-how of driving compression 
once plasma funnel is formed. The major numerical studies have to 
be devoted to the transient phase when the current sheath switches 
from accelerating the CT to compressing the plasma funnel. At this 
transient phase, it is very important that the rearranging plasma 
sheath does not incorporate the magnetized plasma of the CT 
fragments into the funnel formation. If it does occur, then 
compression of the D2-plasma funnel will become inefficient. One 
can anticipate future solution by taking into account the existing 
studies on "magnetically-confined plasma opening switch", McPOS 
[2]. Using findings of Ref.2 one can consider an increase in the 
radius of the cylindrical external electrode part at the muzzle 
(see Fig.9). Also a choice of the proper ratio of compressing to 

6-15 



self-field of the CT at the muzzle should be considered. The 
toroidal field of the magnetic piston is a function of the 
cylindrical radius and discharge current: B ~ I/r. Hence, the field 
is larger near the inner electrode than near the outer one. In 
properly chosen scenario, as the CT approaches the muzzle, the 
magnetic piston field will push the CT aside to the outer electrode 
- a process that is called "blow-by". The phenomenon occurs when 
the compression field exceeds the self-field of the 
CT and supports the CT decompression due to shallow outer 
electrode. 

The gas injected axially at the muzzle has to be composed of 
deuterium or deuterium/tritium mixture since the goal of the 
analysis is to produce fusion neutrons. CT works as a gasket, its 
mass and composition has to be numerically verified to assure 
optimum of the McPOS operation. However, one has to remember that 
if Ne composed-CT is considered, the neon component will mix itself 
with the PF-pinch and may influence the nuclear phase. From recent 
study [25,30] done with conventional DPF it is known that admixture 
of different gases (Z>=6) into deuterium decreases neutron yield in 
the following way: 

Yn ~ (Nd/Ntot)        for Nd/Ntot > 0.85 (3) 
where: Nd and Ntot are deuterium and total atomic densities in the 
plasma, respectively. Admixture larger than 20% of heavy gases 
introduces a severe cut in Yn. This is due to rapid increase in 
slowing-down of fast-D+-ions (0.1-0.3 MeV) that in quasi pure 
deuterium plasma (Nd/Ntot>0.85) is insignificant during the short 
fast-ions confinement time. It is therefore very probable that a 
deuterium-CT should be considered as a solution to this problem. 

4.3. MARAUDER OPERATION IN THE PLASMA FOCUS MODE 

One can consider using the MARAUDER hardware as a coaxial 
plasma gun without initially injecting the radial fields (see Ch.2 
phase-1). This will in consequence prevent CT-forming. In such a 
scenario, the injection of gas (deuterium) and a sequential 
application of the formation voltage from the SHIVA-STAR banks will 
allow us to initiate the run-down phase of the deuterium plasma 
sheath, PS. 

4.3.1. Design of the Electrodes and Axial Distribution 
of Filling Gas 

Design of MARAUDER operation in the plasma focus mode should 
be performed under guidance derived from the MACH-2 simulations. 
At  the  conceptual  level  of  these  studies  the  simplified 
(analytical) model of the run-down phase was used. The parameters 
were similar to those of the Frascati PF (operated at 0.5 MJ energy 
level). It was also taken into consideration to use the existing 
sets of MARAUDER electrodes. The resulting design, as shown in 
Fig.10a, is supposed to fulfil the basic requirements for the 
efficient delivery of PS to the muzzle and the execution of the 
compression phase. To assure proper conditions for the PS-forming 
discharge and the following run-down (based on SHIVA-STAR 
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Fig.10. MARAUDER alternation for PF-mode of MARAUDER operation, 
(a) The modified electrodes and the main current path during the 
run-down phase, (b) Beginning of radial compression phase, 
(c) Instability of plasma column enhancing D+D fusion. 

discharge) two sets of gas injectors are considered (see Fig.10a). 
They should produce the required gradients of the deuterium 
density. The length adjustment of the cylindrical external 
electrode (in form of rods) should be chosen experimentally. This 
will have as its function the proper shaping of the plasma funnel 
during the compression phase. 

The run-down phase is well described by two equations: 
(a) The second Newton's principle: 

£h^-*2># y.i2, nb 

( 2ji 
2nrdr = ~*— n-r- 4n  a (4) 

where: O is the mass-density of filling gas, a and b are radiuses 
of inner (outer dimension) and outer (inner dimension) electrodes, 
respectively, I is the current flowing in the interelectrode gap 
and z is the axial coordinate of the PS. 
From experiments we do know that, soon after its take-off, the PS 
maintain a constant velocity (dz/dt) of order of E(7) cm/s. This 
translates to the allocation of the momentum increase via increase 
of the PS mass. t 
(b) The circuit equation: 

TtKL+htL>y] 
jidt 

v -• Yo (5) 

where: Lp, Lex and L are the inductances of plasma, adjusting 
element and the electrical circuit of SHIVA-STAR, respectively, Vo 
is the voltage to which SHIVA-STAR capacitor bank (Co) is charged. 
In circuit analysis the resistivities of an external circuit and 
plasma are neglected (R < 5 mohm, Rp < 1 mohm) . The Lex element is 
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installed to control the coincidence of compression phase 
initiation with the occurrence of maximum current delivery to PS. 

To create PS run-down with the existing MARAUDER electrodes 
and create similar conditions to those of 1 MJ Frascati [31,32] it 
seems that, the best compatibility would be attained for the 
electrodes used in the nine-times-compression mode (M9) with 
shortened electrodes at the muzzle. Indeed, when one compares 
geometrical parameters relevant for Eqs. 4 and 5 the following is 
observed : (i) ln(b/a) is 0.3 for PF and 0.39 for M9, (ii) 'a' is 
8 cm for PF and 8 cm for M9 at the muzzle and (iii) the electrode 
length is 56cm for PF and 67cm for M9. Electric characteristics of 
both installations are comparable also: the capacitance of bank Co 
is 1.25 mF for PF-Frascati and 1.31 mF for M9-Phillips while 
inductance of electric circuit and vacuum for both installations is 
about 100 nH. So to make Eq. 5 almost identical (for both devices) 
one has to assure that, for both installations, terms 
y *(b**2-a**2) have the similar value, i.e. swept mass of deuterium 
per unit of trajectory in z-direction is the same. For PF, o , 'a' 
and 'b' are constant, for M9 constant value of 
o   *(b**2-a**2) term will be achieved by gradient of deuterium 
density along z-direction: 

O  (z) = O    *[Bo2 -Ao2 ]/[(Bo-z*ctgB)2 - (Ao-z*ctgA)2 ]      (6a) 
J > for z < Zo = 67 cm 

(z>Zo) =   (Zo) (6b) 
where: q0 , Ao and Bo .are the density, radius of inner electrode 
and radius of outer electrode at the base of the conical 
electrodes, respectively. A and B are the slopes of the inner and 
outer electrodes, respectively; "z" is measured from the cone base 
to the PS position. Depending on capacitor bank energy fired, RHOo 
has to be adjusted to give Q (Zo) at the muzzle as required for PF 
operation. For example when W is about 1 MJ then 0 (Zo) =10-20 Torr 
has to be considered. J 

4.3.2. Phases of Marauder Operation in the 
Plasma Focus Mode 

The following phases of operation should be considered: 
(1) Injection of neutral gas (deuterium). Injection should take 

place at two different z-altitudes. One being at the level of the 
coils, exactly as for the MARAUDER. The other one can be at the 
altitude of the muzzle from the external electrode. It must be 
arranged however in such a way as to insure that a very particular 
z-distribution of pressure will be achieved (see comments above for 
the proper development of the run-down phase. 

(2) Application of voltage from the formation bank (between the 
inner and outer conductor) with controlled delay related to the 
opening of MARAUDER gas valves. 

(3) The breakdown in the injected gas, producing a highly 
conductive plasma. The BxJ forces pushing the plasma along the 
axis, form two diverging plasma sheaths PS. At the time when PS 
moving in the direction of the muzzle passes the SHIVA-STAR feed 
(the other PS moves in the direction of a lower baffle) a slowly 
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rising magnetic field (fed by external magnetic field coils) is 
injected into PS, near the lower baffle. This will cause a 
stagnation of the diffuse discharge for the whole duration of the 
PF operation, same as during classical MARAUDER discharge (see Ch.2 
and Fig.3). 

(4) When PS passes Shiva-Star feed (PS arrives to the altitude 
at which normally CT was formed) the bank is fired and a regular 
run-down phase of plasma focus begins. 

(5) From now on one has to assure discharge conditions close to 
those of the PF (see Ch.3). We expect regular compression phase. 

(6) In the following nuclear activity phase (see Fig.10c) for 
1 MJ operation one can expect a plasma target of kTe=0.3-0.6 keV 
and n=2-4 E(18)/cm3, and neutron emission (due to trapped 0.1-0.3 
MeV D+ions) signal of t= 500 ns with total yield of 

Yn(2.5MeV) = 2*E(13) for D2 puffed gas, and/or 
Yn(14.7MeV) = 2*E(15) for D2+T2 puffed gas; 

see Eqs.1 and 2. 

5. SUMMARY 

We analyzed here three schemes of neutron production. One 
based on the CT stagnation and two variants of the PF phenomenon. 
The most challenging one is the operation of MARAUDER in the plasma 
focus mode CH.3.3). This however would give, for nominal energy of 
the capacitor bank W=9MJ, a E(18) yield of 14 MeV neutrons per 
shot i.e. yield required for nuclear weapon simulation and advanced 
material technology. All estimates have the meaning of the 
conceptual study. They are based on the use of rational analogies 
and common sense therefore should be considered as initial stage 
for quantitative analysis with available MHD codes. Extremely 
important advantage of the presented results is that all schemes do 
consider the use of modified MARAUDER hardware. It means that 
parallel to numerical studies one can make current experimental 
cross-checks of the theory and adapt hardware accordingly. Author 
of this report believes that initiating this line of research will 
allow us to compete with already advanced Russian projects. 
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DETERMINATION OF THE INTERFACIAL HEAT TRANSFER COEFFICIENT 

IN A REGENERATOR OFACRYOCOOLER 

Ping Cheng 

Professor and Chair 

Department of Mechanical Engineering 

University of Hawaii 

Abstract 

Correlation equations for the interfacial heat transfer coefficient, the effective axial 

thermal conductivity, and the pressure drop of an oscillating and reversing flow through 

a stack of screens are needed for an optimum design of a regenerator in a cryocooler. At 

the present time, the design of these regenerators is based on the correlation equations 

obtained for steady flow in a compact heat exchanger.   In this report, relevant literature 

on the transport processes occurring in the regenerator, heat exchangers, and the pulse 

tube of an orifice pulse-tube refrigerator is reviewed.   Experimental work initiated at 

the Phillips Laboratory in cooperation with the University of Hawaii for the 

determination of the correlation equations of the heat transfer and fluid flow 

characteristics in a regenerator under periodically reversing flow conditions is 

discussed. A method for the analysis of the experimental data is described. 
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DETERMINATION OF THE INTERFACIAL HEAT TRANSFER COEFFICIENT 

N A REGENERATOR OF A CRYOCOOLER 

Ping Cheng 

1. Introduction 

A basic pulse-tube refrigerator, consisting of a compressor, heat exchangers, a 

regenerator and a close end tube, was invented by Gifford and Longsworth in 1964 [1]. 

During the ensuing twenty years, however, not much interest has been given to this type 

of refrigerator because of its small refrigeration capacity and low thermal efficiency 

compared to Stirling refrigerators.   In 1983, an improved design of this refrigerator 

was made by Mikulin et al. [2] who installed an orifice at the closed end of the basic 

pulse tube that greatly increases its thermal efficiency.  This new design has attracted 

immediate attention and has been referred to as the "orifice pulse tube (OPT) 

refrigerator" in the literature.   Recently, a great deal of effort has been devoted to the 

development of miniature orifice pulse tube (OPT) cryocoolers for military and space 

applications.   Because of their high reliability and relatively free of vibration and noise, 

the miniature orifice pulse tubes are ideal devices for cooling of infrared detectors in 

night vision and missile guidance systems, as well as for infrared sensors aboard 

satellites [3].   The orifice pulse tube cryocoolers are also currently being considered 

for the cooling of superconducting devices and micro-chips in electronic devices. 

At the present time, transport phenomena occurring in an orifice pulse tube cryocooler 

are poorly understood.   In particular, correlation equations for heat transfer and 

pressure drop under oscillating flow conditions such as those occurring in a regenerator 

and a pulse tube have not yet been obtained. For this reason, the design of regenerators 

and the pulse tubes is based on steady-flow correlation equations.  In this report, we 
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shall review the literature pertinent to the transport phenomena occurring in an orifice 

pulse-tube cryocooler.   Research work currently being carried out at the University of 

Hawaii and at the Phillips Laboratory on the determination of the interfacial heat 

transfer coefficient and the effective axial thermal conductivity of a regenerator under 

periodically reversing flow conditions will be described. 

2. Survey of Literature 

In this section, we shall review relevant literature on the fluid flow and heat transfer 

processes occurring in the regenerator, the heat exchanger, and the pulse tube of an 

orifice pulse tube cryocooler. 

2.1       Regenerator 

The regenerator in a cryocooler acts as a heat storage device that absorbs energy when 

the hot fluid enters at one end during the first half cycle and gives up energy when the 

cold fluid enters from the other end during the second half cycle. A regenerator is 

usually made of a stack of stainless steel screens which can be considered as a special 

form of porous media.  Thus, a qualitative behavior of transport phenomena in a 

regenerator can be inferred from existing literature for heat and mass transfer in 

porous media. 

2.1.1   Fluid Flow in Porous Media 

Fluid flow and heat transfer characteristics in a porous medium have been the subject of 

intensive studies during the past forty years because of its important applications in the 

recovery of oil [5], the development of geothermal energy [6], and chemical processing 
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industries.   However, most of the investigations in this field are limited to a steady 

incompressible (or a slightly compressible) flow in a packed-sphere bed.   It has been 

well established that the pressure drop in a packed-sphere bed for a steady flow at low 

Reynolds numbers obeys the Darcy law, which states that the pressure drop is linearly 

proportional to the velocity [5,6].   At higher Reynolds numbers where inertia force 

becomes important, the pressure drop in a packed-sphere bed is proportional to the 

velocity square that is known as the Forchheimer equation [5,6].   Recently, a number of 

investigators have attempted to derive Darcy's law and the Forchheimer equation from 

the Navior Stokes equations by a spatial averaging process [7] akin to the time- 

averaging procedure in the turbulent flow.  This leads to a number of closure problems 

that require modeling at the pore level.   For example, the interfacial drag force term in 

the momentum equation for flow past a packed bed can be obtained within a constant 

factor by considering a steady flow over a sphere. Using this model, it can be shown that 

the skin friction gives rise to the Darcy frictional term while the form drag gives rise to 

the Forchheimer frictional term [7].  Although the Reynolds number dependency of the 

interfacial drag force term can be determined by such a model, the undetermined 

constant in the drag force term (which reflects the effect of interference of spheres) can 

only be determined by a comparison of the model with experimental data obtained for a 

packed bed.   Tanaka et al.  [8] have shown that by suitably defining the permeability, 

the pressure drop in a steady flow at low Reynolds numbers through a stack of screens is 

also governed by Darcy's law. 

2.1.2   Heat Transfer in Porous Media 

Since a stack of screens can be considered as a special form of porous media, knowledge 

gained in the research work on heat transfer in porous media can also be applied to the 

heat transfer process occurring in the regenerator.   For example, the effective thermal 
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conductivity of a porous medium is known to be consisting of the stagnant thermal 

conductivity of the solid phase and the fluid phase (£*) plus the dispersive thermal 

conductivity (fc£), the latter is due to the deflection of fluid owing to the presence of 

solid particles.   Thus, the dispersive thermal conductivity in a porous medium is akin to 

the eddy thermal conductivity in the classical turbulent flow.   The axial dispersive 

thermal conductivity of fluid in a packed-sphere bed is known to be linearly 

proportional to the Reynolds number as 

4 = CPr Re, (1) 

where Pr is the Prandtl number of the fluid, Red is the Reynolds number based on the 

particle diameter, and C= 0.7 is an empirical constant for steady flow in a packed- 

sphere bed. It is anticipated that Eq.(1) can also be applied to flow passes a stack of 

screens if a different value of C is used to take into consideration of the difference in the 

geometry.   It has been established that the thermal dispersion effect is important in 

forced convection in porous media at high Reynolds numbers. 

Another concept that is of special importance to oscillatory flow in a porous medium is 

the interfacial heat transfer coefficient between the solid phase and fluid phase of the 

medium.  However, most of the previous research work on heat transfer in porous media 

focuses on steady flow problems where the temperature of the solid phase equals to that 

of the fluid phase.  In other words, the interfacial heat transfer coefficient between the 

solid phase and the fluid is infinite.  As a result, the energy equation for the fluid phase 

can be added to that of the solid phase to give a single energy equation for the study of the 

heat transfer process in a porous medium.   In the catalytic reactor's community, 

however, it has been recognized for some time that the temperature of the fluid phase 

may not be equal to that of the solid phase. Therefore, a separate energy equation for 
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each phase is needed.  This is the so-called two-temperature model where the interfaciai 

heat transfer coefficient is finite.   This interfaciai heat transfer coefficient is usually 

measured by the so-called single blow technique in the compact heat exchanger 

literature   [9]. 

2.1.3   Fluid Flow and Heat Transfer in a Regenerator 

Transport phenomena occurring in a regenerator are much more complicated than those 

discussed in the porous media literature because of the following reasons: (1). the flow 

is periodically reversing and not steady unidirectional, (2) the flow is undergoing rapid 

pressure fluctuations and it can no longer be considered as incompressible, and (3) the 

porous medium is made of a stack of screens rather than spherical particles, the former 

is much more complicated from a geometrical point of view. 

To investigate whether the Darcy law is valid in an oscillating flow in a regenerator, 

Roach and Bell [10] designed and constructed a test facility for the study of pressure 

drop through a stack of screens under the condition of a rapidly reversing flow. They 

found that the frequency of oscillation has no effects on the pressure drop. A similar 

conclusion was reached recently by Gedeon and Wood [11]. However, Tanaka et al. [8] 

found that the frequency of oscillation does increase the pressure drop in a regenerator. 

In a recent paper, Huang and Lu [12] show numerically that a phase difference between 

the inlet and outlet mass flow rates does exist in a compressible flow if the mesh size of 

the screens in the regenerator is greater than 100. 

Early theoretical study on heat transfer in a regenerator is based on a thermodynamic 

analysis of enthalpy flow [13].  Recently, a number of computer codes have been 

developed to solve the transient one-dimensional partial differential equations of heat, 
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mass, and momentum for the design of a regenerator [14] and an orifice pulse-tube 

refrigerator [15]. In these computer codes, however, the correlation equations for 

pressure drop and the interracial heat transfer coefficient are based on steady flow. 

Furthermore, the effect of thermal dispersion is neglected in these models. 

2.2      Heat Exchanger 

Oscillatory and reversing flow in an empty pipe has been a subject of investigation for 

the past fifty years because of its important bioengineering applications to human 

airways.    Richardson and Tyler [16] were among the first ones to observe the so-called 

annular effect in a pipe where the maximum velocity.is not at the center of the pipe as in 

the case of steady flow but occurs near the wall of the pipe when the frequency of 

oscillation is high.   Subsequently, Uchida [17] obtained an analytical solution for 

velocity profiles in a fully-developed oscillating flow.   Early experimental work focused 

on the critical Reynolds numbers for the occurrence of turbulence in an oscillatory and 

reversing flow [18].   Recently, Simon and Seume [19] measured velocity profiles in an 

oscillating and reversing flow, and observed that turbulence occurs only during the 

deceleration stroke at high Reynolds numbers.  Isabey et al. [20] found that oscillation 

has no effect on the pressure drop at a frequency less than 10 Hz; however, the effect of 

oscillation increases the pressure drop at a frequency greater than 10 Hz. 

Relatively little research work has been performed on the corresponding problem of 

oscillatory heat transfer in a pipe.   Iwabuchi and Kanzaka [21] investigated oscillatory 

heat transfer in a heat exchanger for a specific prototype Stirling engine.  They 

presented their heat transfer data in terms of rpm, mean pressure and phase difference 

between the opposing pistons but did not attempt to correlate the data in terms of 

dimensionless parameters.   Hwang and Dybbs [22] presented their experimental data 
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graphically in terms of Nusselt number versus Reynolds number at selected oscillating 

amplitudes.  Wu et al. [23] investigated oscillating flow resistance and heat transfer in a 

gap heat exchanger of a cryocooler; they found that the value of the cycle-averaged 

Nusselt number is constant and is independent of the oscillatory frequency over a wide 

range of Reynolds numbers. 

2.3      Pulse Tube 

Gifford and Lonsworth [24] discussed the surface heat pumping effect in a pulse tube. 

Lee et al. [25] used a visual smoke-wire technique to observe flow patterns in a pulse 

tube; they also obtained an analytical solution for a two-dimensional incompressible 

oscillating flow in a diverging tube to approximate the compressible flow problem in the 

limit of very small pressure ratios.   Huang et al. [26] developed a simplified one- 

dimensional analysis for the performance of a pulse tube by assuming the convective 

heat transfer between the gas and the pulse-tube wall as the controlling heat transfer 

mechanism.   Steady state forced convection correlation equations between the gas and the 

walls were used in the mathematical formulation of the problem.    By integrating the 

transient one-dimensional conservation equations of mass and energy over a half-cycle, 

Huang et al. [25] solved the resulting ordinary equations analytically. 

3. Determination of Pressure Drop and Heat Transfer in a Regenerator 

As mentioned earlier, no correlation equations have been obtained so far for the 

interfacial heat transfer coefficient and the friction factor in a regenerator under 

periodically reversing flow conditions;  these correlation equations are needed for an 

optimum design of Stirling or pulse-tube cryocooiers.   In the remaining of this report, 
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we shall discuss the research work to be carried out at the University of Hawaii and at at 

the Phillips Laboratory to obtain these correlation equations. 

3.1.     Drag Force and Heat Transfer about a Sphere in a Periodically Reversing Flow 

As discussed earlier, the functional dependency of the Reynolds number for the 

interfacial drag force term (within an undetermined constant) in the momentum 

equation for a steady flow through a packed-sphere bed can be modeled as steady flow 

over a single sphere.  Similarly, we shall use the same approach to obtain the interfacial 

drag force term in the momentum equation and the interfacial heat transfer coefficient in 

the energy equation for a periodically reversing flow through a stack of screens.  To this 

end, a finite difference solution will first be carried out at the University of Hawaii for 

an oscillatory and reversing flow past a sphere.   Correlation equations will be obtained 

for the friction factor and Nusselt numbers as a function of oscillatory frequency, 

Reynolds number, and dimensionless time.  These correlation equations multiplied by an 

unknown constant will be used as the correlation equations for friction factor and 

Nusselt number for an oscillating flow passes a stack of screens. The unknown constants 

in these correlation equations can then be determined by a comparison of theory and 

experiments that will be described in the following paragraphs. 

3.2      Friction Factor of a Periodically Reversina Isothermal Flow Through a 

Regenerator 

The test facility at the University of Hawaii's Thermal Engineering Laboratory will be 

used for the experimental investigation of pressure drop in an isothermal periodically 

reversing flow through a regenerator with a length I* and a diameter D'. The 

regenerator is made of a stack of stainless steel screens. The experimental set-up 

consists of a double-acting piston and a long tube that contains a regenerator. Air, 
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driven by the piston, oscillates periodically and reversibly in the tube.   The pressure 

drop across the regenerator will be measured by a pressure transducer while the mass 

flow rates at the inlet and outlet of the regenerator will be measured by a hot-wire 

anemometer. Temperatures at the inlet and outlet of the regenerator will be measured 

by thin thermocouples with a fast response time.  Data for dimensionless pressure drop 

versus Reynolds number will be plotted. The magnitudes and phase differences in the 

mass flow rates at the inlet and outlet of the regenerator will be examined. Any deviation 

from the Darcy law will be examined in the light of the correlation equations obtained 

numerically in Sec. 3.1. 

3.3      Interfacial Heat Transfer Coefficient in a Periodically Reversing Incompressible 

Flow Through a Regenerator 

After the pressure drop experiment has been completed, the same apparatus will be 

modified to perform the heat transfer experiment in a regenerator under atmospheric 

pressure. A heater and a cooler will be added to the two ends of the regenerator. 

Temporal variations of temperatures, pressures, and mass flow rates at the inlet and 

outlet of the regenerator will be measured.  The interfacial heat transfer coefficient can 

be determined by a simplified model if an incompressible plug flow is assumed.  Under 

this assumption,  the energy equation for the fluid phase is 

f 

Ptc* 
•     • ♦^+"T*I-^|5+*-(I:-I;) <2> at ox J dx x ' 

where T*f and V, are the temperatures of the fluid phase and solid phase respectively; 

0 is the porosity of the matrix screens; h* is the interfacial heat transfer coefficient 

between the fluid and the matrix screens that is an unknown function of velocity for an 
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oscillatory flow; r* is time and x* is the distance measured from left-hand side of the 

regenerator.  The velocity u   in Eq.(2) is given by 

u ^^cosfar' + v) (3) 

where u^ is the maximum Darcy velocity during a cycle, CO is the frequency of 

oscillation, and y is the phase angle between velocity and inlet temperature variations. 

The energy equation for the solid phase is 

(i-^)p;c;ff=(i-^;|^-HA-(7;-7:) (4) 

where p*f and c^ are the density and specific heat of the fluid while p] and c^, are the 

corresponding properties of the solid phase.   Boundary conditions for Eqs.(2) and (4) 

depend on whether the fluid enters from the left-hand side (x* = 0) or from the right- 

hand side (x' = U) of the regenerator as follows: 

(i).     During the first half-cycle when the hot fluid enters from the left-hand side 

( x' = 0), the boundary condition for the fluid phase is 

r,(t')=rfi(t-) (sa) 

where r^(f') is fluid temperature at x* =0 obtained from the experiment (see Sec. 

3.4). The boundary condition for the solid phase at the hot end is 

j;(o,/*)=r;.(f-) (5b) 
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where T'u(t') is temperature of the screens of the regenerator at x' = 0 obtained from 

the experiment. The boundary conditions for the fluid and solid phases at the exit 

(x' = C) are: 

dTt 

dx 
f(r/) = 0, T;(L*,t') = Ti(t*) (6a,b) 

where T^Jt*) is temperature of the screens of the regenerator at x* = L* obtained from 

the experiment. 

(i i)     During the second half cycle when the cold fluid enters from the right-hand side 

(x* = Ü) of the regenerator, the inlet boundary conditions are 

rf(L\f) = rfo(f) (7a) 

where Tfi (r*) is fluid temperature at the cold end obtained from the experiment. The 

boundary condition for the solid phase at the inlet is 

rt(L-s)-rJt-) (7b) 

where T*0(t') is the temperature of the screen at the cold end obtained from the 

experiment. The outlet boundary conditions at x' = 0 are: 

dx 

* 

f(o,r')-0, Ts*(0,t*)-T*(t') (8a,b) 
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where T*(t*j is the temperature of the screens at the hot end obtained from the 

experiment. 

Numerical solutions for the outlet fluid temperature variations for each half cycle can 

be obtained if the values of h' and k*T are known. Conversely, the values of /i'and k'T can 

be determined simultaneously by matching the predicted and experimentally determined 

outlet fluid temperature variations. 

3.4      Interfacial Heat Transfer Coefficient in a Regenerator of an Orifice Pulse Tube 

The design of an experimental setup for the determination of the interfacial heat transfer 

coefficient in a regenerator of an orifice pulse tube was completed during the summer of 

1994.  The experimental setup, currently under construction at the Phillips 

Laboratory, is shown in Fig. 1. It consists of a MTI compressor, heat exchangers, a 

regenerator and a pulse tube that is connected to a reservoir through an orifice. Helium 

gas will be used as a working medium. Temporal variations of temperatures of the gas 

and the screens at the inlet and outlet of the regenerator will be measured by a cold wire 

T 

Fig. 1 Schematic diagram of the experimental setup 
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anemometer. Temporal variations of mass flow rates and pressures at the inlet and 

outlet of the regenerator will be measured by a hot-wire anemometer and by pressure 

transducers. Effects of the screen mesh size, mean pressure in the system, swept 

volume and oscillatory frequency of the MTI compressor, and the opening of the orifice 

valve will be examined. 

For data analysis, the model presented in Section 3. 3 will be extended to take into 

consideration of the compressibility effect of the gas. The conservation equations of mass 

and momentum for a compressible fluid are: 

#-^.-)-o 

1   d ( •  A     l    d ( •  *\      III    ^k Mf^ 

where D*fi is the interfacial drag force that is given by Darcy's law for a steady flow. 

This term may be suitably modified after the analysis of experimental data obtained from 

Section 3.2 has been completed. The energy equation for the gas phase is 

while the energy equation for the solid phase is 

(i-*)p;c;,^=(w)*;^+A*(r;-7:) 02) 
at ox 
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The ideal gas law gives 

p;=-^- (13) Hf  Ecrf 

where /?* is the gas constant.   Substituting Eq.(13) into Eqs.(9)-(11), the resulting 

equations together with Eq.(12) constitute four equations for the four unknowns, 

T'f(x' ,t'),T'(x' ,t'), p*f[x\t"), and u[x',t'). Boundary conditions for these equations 

are also given by Eqs.(5)-(8). The model described above differs from Radebough et 

al's third order model [14] in the following aspects: 

1. The interfacial heat transfer coefficient is a function of time, Reynolds 

number and the kinetic Reynolds number with an unknown constant. 

Thus, the interfacial heat transfer coefficient is to be determined rather 

than assumed to be given by the steady flow correlation equation. 

2. The effective axial thermal conductivity is not assumed to be negligibly 

small, but is to be determined by matching the predicted and measured 

outlet temperature variations. It is relevant to note that Sarangi and 

Baral [27] found that the axial heat conduction of the gas phase in a 

regenerator is not negligibly small. 

3. Different thermal boundary conditions at the two ends of the regenerator 

are specified which was discussed in Section 3.3. 

Solutions for the above four nonlinear transient partial equations and boundary 

conditions can be carried out by the finite different method if the values of h* and k*T are 

known. The numerical solution is expected to be more difficult than the corresponding 
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incompressible flow problem discussed in Section 3.3. The procedure for the 

determination of the values of /z'and k'T in this problem is similar to those discussed in 

Section 3.3 for the corresponding incompressible flow problem. 

4.        Concluding Remarks 

In this report, research work performed during the summer of 1994 on the 

determination of the interfacial heat transfer coefficient of a regenerator is presented. A 

new method is proposed for data analysis in order to obtain the correlation equations for 

the interfacial heat transfer coefficient and effective axial thermal conductivity in a 

regenerator under periodically reversing flow conditions. These correlation equations 

are needed for an optimum design of a regenerator in a cryocooler. 
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CONCURRENT COMPUTATION OF ABERRATION COEFFICIENTS 

Meledath Damodaran 
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Abstract 

The method of Phase Diversity is useful to measure the aberrations caused by 

distortions by atmosphere and other media. Two images are taken: one at a 

focused position and the other at a defocused position. By minimizing the Gon- 

salves metric, the Zernike aberration coefficients are estimated and thus the aberra- 

tion that produced the distortion in the original image is obtained.   Being a 

nonlinear optimization technique involving several variables, the method is very 

compute intensive. We introduce a method using nonlinear optimization involving 

only a single variable to independently, hence potentially concurrently, evaluate 

the different Zernike coefficients. The method of independent evaluation of 

Zernike coefficients can be further speeded up by using parallel processing and 

neural network techniques. Our method works both for point source objects as 

well as extended objects. 
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CONCURRENT COMPUTATION OF ABERRATION COEFFICIENTS 

Meledath Damodaran 

1. INTRODUCTION 

The presence of aberration in an optical system can be represented by a gener- 

alized pupil function 

P(x,y) = P(x,y)exp[ikW(x,y)] 

where P is the pupil function which is 1 inside and 0 outside the aperture, and W is 

an effective path length error at (x,y) in the exit pupil [Goodman 1968].     The 

Zernike decomposition provides a simple way to include in W the effects of higher 

order aberrations in an orderly fashion [Kim 1987].  The Zernike polynomials are 

usually described in terms of the radial variable and the angular variable in the 

pupil. For the purpose of correcting atmospheric aberrations it may be necessary 

to estimate sevaral coefficients in the Zernike decomposition of the wave front 

function. In [Carreras 1994] a method using Phase Diversity to extract higher 

order Zernike coefficients is introduced, along with a laboratory implementation. 

The method makes heavy use of nonlinear optimization involving several vari- 

ables. 
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The Phase Diversity method may be summarized as follows.  Two images are 

acquired: one at the focal plane and the other with some known aberration (typi- 

cally focus aberration). The first image is corrupted by the unknown aberration, 

whereas the second image (known as the diversity image) is much more corrupt, as 

it contains not only the unknown phase errors of the system but also the additional 

diversity phase error.   Using the optical transfer functions of the system with and 

without the added defocus, and the Fourier transform O of an estimate of the 

object, an error metric is set up between the measured and diverse images. This 

error metric, originally due to Gonsalves[Gonsalves 1982 ]is independent of the 

original object estimate. An excellent source of derivation of the Gonsalves metric 

is [Miller 1993]. A non-linear optimization technique such as the gradient descent 

method is then used to estimate the Zernike coefficients that would minimize the 

above error metric. Carreras et al [Carreras 1994] used the conjugate gradient 

method for non-linear optimization, using finite difference methods to calculate 

the gradients. 

Even though the above method is attractive, it is computationally a very formi- 

dable task to calculate the several Zernike coefficients for a given system. In order 

to get a reasonably accurate approximation of the coefficients, a large number of 

iterations have to be carried out. Each iteration involves time-consuming calcula- 

tions of the error function and its gradients. These could not be done in real time, 
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to correct images on the fly. Therefore, it is natural to consider ways to speed up 

the computational task. 

In this paper we show that all the Zernike coefficients may be computed in 

parallel. Our method uses nonlinear optimization of a single variable only. The 

advantages of such a method are self-evident. Independent evaluation of the coef- 

ficients implies the possibility of using a parallel processor or a network of proces- 

sors to speed up the computation. The number of iterations needed with our 

method are significantly less than what was required in [Carreras 1994] in the case 

of gradient descent involving several variables. Also, each iteration in our case 

took a fraction of the corresponding duration of time for the multivariate algo- 

rithm.   The possibility of independent evaluation of the aberration coefficients 

also opens up other possibilities for their efficient evaluation, the prominent being 

the method of neural networks. This will be the subject of our future investigation. 

2. METHOD 

We start with a pupil function P in the form of a 64 X 64 matrix representing 

a circle. The circle itself is contained in a 32 X 32 submarrix. We then compute 

the generalized pupil function P 

P = P exp( i(ax. Zj + a2. Z2 + a3 . Z3 + a4. Z4 + a5 . Z5)), 
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where alv...,a5 are given values of Zernike coefficients representing simulated 

aberrations, and Zj, ,Z5 are Zernike polynomials, defined as follows and repre- 

senting focus error, astigmatism in the x-direction, astigmatism in the y-direction, 

coma in the x-direction, and coma in the y-direction respectively: 

Z, = 2 r2 -1 

Z2 = r2cos2( 

Z3 = r2sin2e 

Z4 = (3 r2 - 2) r cose 

Z5 = (3 r2 - 2) r sine 

It may be noted that for this experiment, we chose to use these five aberrations, but 

the method may be applied with any number of aberrations. We ignored the piston, 

x-tilt, and y-tilt aberrations, the first three aberrations, because they were not 

needed for our application. 

We compute the optical transfer function H as 

H = P * P, 
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where * denotes 2-D convolution. 

Similarly we compute the generalized pupil function and the transfer function 

for the diverse image as follows: 

Pd = Pexp(ikZ1) 

Hd = Pd*Pd 

Here, k is the coefficient of defocus in the diversity term. 

Next, a computer-generated test object was chosen. This pristine object is 

also of size    64 X 64.   The object is next blurred using the transfer function cal- 

culated for the optical system (H) to generate the in-focus measured image. In 

addition, an out-of-focus image was generated by using the transfer function Hd 

Let us call these images I and Id. Then 

I = OH 

Id = OHd, 

where O is the Fourier transform of the object o. 

The non-linear optimization can start now. For each separate aberration we 

compute a PA and a Pd
A as follows: 
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PA = P exp(i ajA Zj) 

Pd
A = PA exp(i k Z{) 

where j = 1,....5, and A denotes estimates. We then take the 2-D convolutions of 

these to get the estimated transfer functions HA and Hd
A: 

HA = PA * PA 

HdA = pdA*pdA 

To estimate the unknown aberrations (along with estimating the object), we 

minimize an error metric: 

E = I II - HA OM2 + IId - Hd
A C^l2, 

where the summation is over all the matrix elements But the object is unknown 

and difficult to estimate. Gonsalves used Parseval's theorem to perform this calcu- 

lation in the spatial frequency domain. Following this suggestion, we can mini- 

mize E by choice of O* as: 

0A = (I HA* + Id Hd
A*) / (IHAI2 + lHd

Al2) 
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where * denotes conjugates. Substituting this into the above, we get the Gonsalves 

error metric 

E = I [II Hd
A - Id HA I2] / [IHAI2 + IHd

Al2], 

where the summation is over all the matrix elements. 

The function E can be seen as a function of ajA alone, and is independent of 

the object. It is, furthermore, a smooth function.. In order to determine the value 

of a;A for which E is minimum, we used a quadratic interpolation method due to 

M. J. D. Powell, from the IMSL library of mathematical subroutines.  We chose 

this routine as it uses only function evaluations and because it gave satisfactory 

results when we used double precision arithmetic. We found that the algorithm 

provides fast convergence. With single precision arithmetic, rouding errors in the 

calculations caused the existence of, and convergence to, other local minima 

nearby the sought-out minimum point. 

3. RESULTS 

The results of a typical run with an extended object are given in Table I 
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Actual aberration coefts. Estimated aberration coefts.    Gonsalves metric 

-1.25                                -1.23 .le-4 

.66                                 78 .7e-4 

1.5                                -1.74 .66e-4 

.44                                 .43 .77e-4 

-.33                               -.21 .77e-4 

Average percentage error: 14.7 

TABLE I 

An average of 12 iterations was all that was required for convergence in the 

five instances of single variable optimizations of our experiment. The average per- 

centage error of the computed values (ajA) from the given values (ap was no more 

than 15 percent. This error may be attrinuted to the effect of round-off errors, and 

is unavoidable in minimization routines that use only function values [IMSL, 

1989]. The error, however, is no more than similar runs in the multivariate case 

[Carreras 1994] and are well within expected norms. In fact, the image reconstruc- 

tion with this level of accuracy is quite satisfactory, as illustrated in [Carreras 

1994]. Explicit derivative evaluation is not practical, as the dependence of E on 
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a;A is via a convolution; hence, optimization routines that explicitly require the 

derivative to be made available to the routine, cannot be employed. 

However, when we used a point spread image instead of an actual image, the 

estimated Zernike coefficients were near perfect; the average error in this case was 

just 1.7 percent. 

4. CONCLUSION 

We were able to show that the estimation of the aberration coefficients may be 

done independent of each other using the same Gonsalves metric as in the normal 

case. That the accuracy of these estimates was comparable to, if not slightly better 

than, when they were calculated by the straightforward method of non-linear opti- 

mization involving several variables, demonstrates that the method of independent 

evaluation using a non-linear optimization of the Gonsalves metric with a single 

variable, is experimentally valid. It would be good to prove this theoretically as 

well. It is remarkable and somewhat surprising that when we consider only one 

aberration in the calculation of the Gonsalves metric, the terms I and Id contain 

contributions from all the aberrations, whereas the estimates HA and Hd
A only have 
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that one aberration under consideration, and still it does not seem to affect the min- 

imum point. 

The advantages of independent evaluation of the Zernike coefficients are 

many. The total amount of time required to calculate all the coefficients is dramat- 

ically shorter than in the multivariate case, as (i) the total number of iterations 

needed is less, and, more importantly, (ii) each iteration in our algorithm takes only 

a fraction of the time for the multivariate case, it being the case that it is easier for 

the function to move towards a minimum in the case of a function of a single vari- 

able.   The fact that the calculation of the coefficients may be done independently, 

also means that we may easily partition the task into several nodes in an intercon- 

nected network of processors or in a parallel computer of the right type. Another 

case in point is the application of neural networks.   If we have to compute n aber- 

ration coefficients, we may use n simpler neural networks rather than one compli- 

cated network that computes all the coefficients. The neural network 

implementation may also be a parallel one. It would then be possible to apply this 

method in a real-time image reconstruction scheme.   We have already started 

looking into these possibilities. 
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Abstract 

The low frequency, preliminary analysis of a simplified model of a space craft sensor has been accomplished using 

CARLOS-3D™ (Code for Analysis of Radiators on Lossy Surfaces), a general purpose computer code using the 

Method of Moments (MoM.) Resonances of a cavity region have been identified by determining the cavity quality 

factor (Q) as a function of frequency. The Q is proportional to the total energy stored in the cavity and inversely 

proportional to the power lost from the cavity due to lossy materials and apertures. Even though this measure does 

not give an exact value for power density at a specific point in the system, it does give an indication of the 

representative power levels one will find in a similar system. An analysis approach for the high frequency range 

includes using GEMACS (General Electromagnetic Model for the Analysis of Complex Systems) which incorporates 

the geometrical theory of diffraction, MoM, and the finite difference method for multiple region problems. A 

comparison of the two methods (CARLOS-3D™ and GEMACS) at an intermediate frequency (~3 GHz) is proposed. 
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ANALYSIS TO DETERMINE THE QUALITY 

FACTOR OF A COMPLEX CAVITY 

Ronald R. DeLyser and Peyman Ensaf 

Introduction 

Determining the effects of high power microwaves (HPM) to satellite systems and subsystems is one of the missions 

of the Phillips Laboratory Satellite Assessment Center (SAC). HPM tests can not always be performed on these 

systems so that analytical techniques are necessary. One such analytical technique has been proposed [1] for the 

analysis of large complex cavities.1 However, when the systems are not large, numerical techniques have to be 

used. When analyzing a single system or subsystem, it can be considered large at high frequencies and not large 

at the lower frequencies. One therefore has to use different analytical procedures depending on the frequency of 

interest. 

We were tasked with analyzing a simplified model of a typical sensor over a frequency range of several hundred 

MHz to tens of GHz. Figure 1 shows a skeleton drawing of the model generated by GAUGE (Graphical Aids for 

Users of GEMACS) [2] which is discussed below. The model of the sensor consists of a lower mirror assembly, 

and an upper cavity region. 

The ultimate goal of any analysis would be to find the power density incident on a particular part in the cavity. 

However, due to non-uniformity in the manufacturing process or changes in the internal configuration which 

accompanies field modifications or maintenance, all such sensors will not be alike. Therefore, any analysis of a 

specific system would be futile. So what should our calculated quantity be? We decided on the quality factor (Q) 

of the upper cavity region.  As discussed in detail below, Q is proportional to the total energy stored in the cavity 

1   "Large" is to be taken in the sense that the dimensions of the cavity or object is large when compared to 
the wavelength of the radiation. 
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Figure 1.   The symplifed model of the sensor. 

and inversely proportional to the power lost from the cavity due to lossy materials and apertures. Even though this 

measure does not give an exact value for power density at a specific point in the system, it does give an indication 

of the representative power levels one will find in a similar system. 

The Software 

The programs available at the SAC which are appropriate for this project are CARLOS-3D™ (Code for Analysis 

of Radiators on Lossy Surfaces) [3], a general purpose computer code using the Method of Moments (MoM) and 

GEMACS (General Electromagnetic Model for the Analysis of Complex Systems) [4], which solves electromagnetic 

radiation and scattering problems using MoM and Geometrical Theory of Diffraction (GTD) for exterior analysis, 

and a Finite Difference (FD) formulation for solution of interior problems. 
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CARL0S-3D™ 

The CARLOS-3D™ software utilized in this project implements the method of moments (MoM) solution for fully 

arbitrary three-dimensional complex scatterers. These solutions are obtained for perfectly electrically conducting 

(PEC) bodies as well as fully or partially penetrable ones. The electromagnetic scattering formulation used in this 

software (hence in this project) is based on surface integral equations (SIE) spanning the entire external surface of 

the body and the internal boundaries between penetrable and PEC regions. The analysis and software are extended 

to boundaries (or surfaces) which may be characterized by resistive or magnetic sheets as well as impedance 

boundary conditions. 

CARLOS-3D™ operates on a triangularly-faceted body that may be composed of the following types of surfaces: 

(1) Conducting (PEC) 

(2) Conducting/Penetrable 

(3) Multi-Region Penetrable 

(4) Resistive Boundary Condition (RBC) 

(5) Magnetically Conducting Boundary Condition (MBC) 

(6) Impedance Boundary Condition (1BC) 

(7) Global or Local RBC and IBC 

CARLOS-3D™ implements the MoM solutions for a variety of SIE formulations associated with the classes of 3-D 

geometries described above. A combined-field formulation is available to overcome the ill-conditioning with the 

electric and magnetic field integral equations (EFIE and MFIE) for closed conducting bodies at internal resonances. 

The following options are available in this code: 

(1) EFIE/PMCHW (after Poggio, Miller, Chu, Harrington, and Wu) formulation for coated conductors 

(symmetric system matrix) 

(2) EFIE, MFIE and CFIE (Combined Field Integral Equation) on closed conductors 

(3) PMCHW on dielectric boundaries 
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(4) CFIE for combination of open/closed geometries 

The analysis and the implementing software permits the following specific options to be considered for the foregoing 

classes of 3-D problems: 

(1) Mono- and bistatic scattering, 

(2) far field calculation, 

(3) body symmetry option to minimize storage and execution time, 

(4) automatic modeling of junctions where two or more surfaces intersect, 

(5) infinitesimally thin conducting, resistive, and magnetic surfaces, 

(6) surface current computation, 

(7) infinite ground plane, adjacent to or intersecting the body, 

(8) analytical green's function evaluation using singularity extraction, 

(9) near field calculations, 

(10) radar cross-section, 

Specifics of the use of CARLOS-3D™ for this project 

For penetrable bodies the boundary conditions are generally complicated and depend on geometry and material 

composition. Integral formulations of Maxwell's equations provide an attractive formulation for these problems, 

since the necessary boundary conditions are easily incorporated. The resulting equations can then be solved by the 

Method of Moments technique. 

The EFIE and MFIE exhibit an internal resonance phenomenon that is due to the non-uniqueness of the solution in 

these integral equations at and near the resonance frequencies of the interior problem [5J. These non-unique 

solutions arise from the fact that the resonant frequency can be achieved in the absence of an excitation source. 

Therefore, at these particular frequencies, the EFIE and MFIE formulations can lead to non-physical, spurious 

results. The CFIE remedies this non-uniqueness in results by adding a supplementary integral to eliminate spurious 
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solutions. In this method it is recognized that at interior resonance frequencies an electric current on the surface 

that produces no tangential electric field on the surface can exist. This is overcome by placing both an electric 

current Js and a magnetic current Ms on the surface S. In this case the combined field integral equation can be 

written as [5], 

ax[Ei+EB{Jg,MB)]=0 (1) 

where ES(JS,MS) denotes the electric field E3 radiated by the sources Js and Ms and n is the unit vector. The CFIE 

formulation results in a well-posed problem and provides robust solutions at resonances. Therefore in accordance 

with this approach, a set of calculations will be conducted using the EFIE technique in parallel with a set conducted 

using the CFIE at these particular internal resonances. Hence, the results obtained from both approaches will be 

compared and any discrepancies will be acknowledged. 

Application of Mathematica to the problem. 

CARLOS-3D™ requires an input file in which one or more geometrical data fdes are incorporated. The input file 

along with the geometrical data fdes need to be prepared in accordance with the CARLOS-3D™ code. This consists 

of a descriptive title line followed by the frequency of operation, number of dielectric regions (if any) and then the 

name of each data file under study along with indications of whether a particular data fde represents a perfect 

electric conductor or a dielectric and also whether it's a closed or an open structure. CARLOS-3D™ recognizes 

a few different data fdes such as 

(1) ACAD-facet 

(2) AGM 

(3) IGES 

Of many different interfaces compatible with CARLOS-3D™, the one avadable at the Satellite Assessment Center 

was Mathematica [6]. Mathematica is not necessarily the best user interface software (this will be discussed below), 

however, it has some features that made it unique. Mathematica enables the user to write a program generating 

input data fdes that incorporate triangular surfaces along with nodal values that describe each triangular surface and 

also identifies the X,Y,Z coordinates accordingly, providing compatibility with the CARLOS-3D™ code. In order 
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to generate these structures, Mathematica uses functions such as Surface Of Revolution and Parametric Plot3D. A 

particularly useful feature in Mathematica is its ability to create a complicated structure by generating sub-structures 

and ultimately joining each of those together, forming the desired composite structure. In generating the structure 

of the sensor, it was necessary to keep in mind that the body of each structure must be segmented into a number 

of cells in which each cell side is taken to be at most one-tenth of the operating wavelength. Therefore, using 

Mathematica the appropriate number of segmentations was calculated and implemented for each operating frequency 

range (wavelength). 

Calculation Of The Quality Factor (01 

Once the geometry of the sensor was fully generated using the above techniques, the appropriate data files were 

formed into a compatible input file. At lower frequencies below internal resonances, namely 0.6 GHz-1.6 GHz, 

the input files dictated the EFIE technique. The next step was to create a grid of points in the interior of the upper 

cavity of the sensor for the calculation of the near fields.   A rectangular grid was chosen. 

In general the fields inside the chamber are nonuniform. However, in this analysis, uniformity was assumed for 

individual cubic cells of 1.5 cm (<0.1Ä.) in each dimension. These grid points (a total of 963) were prescribed in 

the input file to CARLOS-3D™ for near-field calculations. Ultimately, CARLOS-3D™ calculated the near fields 

and the Z-directed power at each declared grid point. The power calculations of interest were those into and out 

of the inlet to the upper chamber of the model. CARLOS-3D™ provides the X,Y,Z components of the fields at 

each grid point.  Knowing these field values, the electric and magnetic energy at each point are calculated using [2] 

e = ±fjje\E\2dxdydz (2) 

m=±[fj\L\H\2dxdydz (3) 
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The integrals in equations (2) and (3) are quite trivial to solve. Since it is assumed that the fields within each cell 

are constant, the E and the H terms along with the corresponding material properties can be brought out of the 

integrals leaving only a volume integral with respect to the dimensions of the cell. Keeping in mind that the 

dimensions of each cell are 1.5 cm on each side, equations (2) and (3) become 

e =—€\E\2{.015m)3 (4) 

m=-\i\H\2(.Q15m)3 (5) 

Equations (4) and (5) correspond to the electric and magnetic energy for one cell. Now, the same calculations 

for each cell corresponding to each grid point must be done and then sum the total for both electric and magnetic 

energies and the sum of their total would be the total energy for each of the 9 and <|) polarizations. The chosen 

incidence angles were 9 and 6 at 90° and 0° respectively (figure 1). Once the fields are calculated, the power [2] 

going out from the chamber can also be calculated, using the Poynting theorem.  Hence, power is calculated using 

P=f[(ExH*).ds (6) 

Since the outgoing power is in the negative Z- direction, we can calculate the power using 

P=-[J [ {äxEsäyEy+äzEj x (äA^A+äA> 1 ■ dxdy. äz (7) 

P=-ff [äjEJIy) -äz{EyHx) ] dxdy (8) 

We are only concerned with the power out of the chamber so power calculations at a height of 0.075 m, which is 

at the inlet of the chamber, were accomplished. Once again, since the fields within each designated cell are 

constant, equation (8) can be modified to 

P=- {EJly-EyHj (0 . 015) 2 . az (9) 

Once the energy and power are calculated, Q is given by 
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Q=W 
U (10) 

where U and P are the total energy stored and power exiting the cavity calculated separately for 0 and <J) 

polarizations. 

Summary Of Results 

Recall that the extent of these calculations is to a high frequency of 1.6 GHz. Calculations at higher frequencies 

will be conducted at a later time. Figures 2, 3 and 4 are plots of Q, energy, and power versus frequency for both 

polarizations. At aperture 1 of figure la, the 6 polarized electric field will be more easily maintained because the 

field lines will terminate on the top and bottom edges of the aperture.   However, the (!) polarized electric fields (in 

Quality Factor 
5,000 

3,000 

2,000 

1,000 

0.8 l l.: 
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8 polarization  <P polarization 

-©- -*- 

1.6 

Figure 2.   Q of the upper cavity region. 
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Figure 3.   Energy in the upper cavity region. 
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Figure 4.   Power leaving the upper cavity region. 
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the low frequency domain) create 6 directed currents on the surfaces and hence the aperture fields are not as 

pronounced. Therefore, as observed in Figure 3, the energy values due to the 0 polarized fields are much higher 

than those for the <|) polarized fields. In Figure 3, one can also observe that at some higher frequencies increases 

in energy due to the <]) polarized fields occur. Table II provides resonant frequencies for a frequency sweep over 

the range of 0.5 GHz - 1.6 GHz. Table II also compares the measured resonant frequencies with those analytical 

calculations assuming a cylindrical cavity of 8.6 cm supporting TM modes. 

The TE,,^ and TM^ modes provided in Table II are given respectively by, 

FTEZ 

-mnp 
27cv^ie \ mm 777=0,1,2,3, 

J2=l,2,3, . . 
p=l,2,3, . . 

(11) 

pTMz 

-mnp 
27ivTie \ frf'K 777=0,1,2,3, 

72 = 1,2, 3,  .  . 
p=0,l,2,3, 

Table II.   Resonant frequencies. 

(12) 

Resonant 
Frequency (GHz) 

Quality 
0 polarization 

Quality 
<J> polarization 

Analytical for the 
upper Cavity Region 

1.06 4392.108 

1.126 TEM(X) 

1.275 872.1293 

1.30 1337.026 

1.33 TMoio 

1.38 2433.935 

1.42 1659.651 

1.496 1566.211 

2.127 TM„0 

2.639 TEo„ 

9-12 



Where x',^ represents the nth zero of the derivative of the mth order Bessel function. According to equations (11) 

and (12), the lowest mode is the TMo,0 proceeding with TMU0 which are well below the first TE mode (TE011). The 

subscript p in equation (12) will remain zero for the lowest TM modes, therefore, guarantee the TM modes to be 

independent of the height of the cavity. Therefore, the analytical values in Table II are for the TM,^ modes. Also 

due to the presence of the coaxial like structure below the chamber, there may exist TEM modes, and hence these 

are also presented in Table II. The remaining data provided in Table II correspond to CARLOS-3D™ calculations. 

Differences with the numerical results are due to the fact that we have a much more complex cavity. 

Radar cross-section (RCS) for the model was also calculated and is shown in figure 5 as a function of frequency. 

It was hoped that there would be a correlation between resonances and this quantity. Other than a small indication 

in the region of the 1.3 GHz resonance, there is no correlation.  Evidently this is due to the fact that a much greater 

RCS (tf A,2 dB) 
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5 

J^ .-     ... IÜMMM® 
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-5 ^ - 
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1                               : 1               ,               1 

■e- 
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Figure 5.   Radar cross-section for the sensor. 
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amount of energy is scattered than is stored in the cavity.  Any dip in the RCS versus frequency graph would have 

to be due to a much greater amount of energy stored in the cavity relative to that which is scattered. 

Problems using CARLOS-3D™ and Mathematica 

A list of some problems encountered with Mathematica and CARLOS-3D™ follows: 

a) Generating complicated structures using Mathematica, requires many tedious operations which could most 

likely be avoided with a well designed interface. 

b) As the measurements escalate to higher frequencies, the cell sizes become much smaller. For problems 

of circular symmetry, the cells near the center of circles become exceedingly small. Mathematica only allows a 

symmetric griding like that shown in Figure 6a. Since in this geometry, at a radius of half the outer radius the cells 

have sides half as large, a simple transition such as that shown in Figure 6b can be used to maintain reasonable cell 

Figure 6.   Alternate gridding scheme for circular geometry. 
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sizes.  This is not now possible with the software available at the Phillips SAC. 

(c) The largest input files used for calculations were for a frequency of 1.6 GHz. At this frequency, there 

exists a total of 3990 unknowns. This corresponds to approximately 16 million complex numbers in the impedance 

matrix. Each complex number requires 8 bytes, which means that at a frequency of 1.6 GHz, the user requires 

approximately 128 Mbytes of random access memory (RAM). The work station that we were using has this much 

RAM, but a larger problem will require that the work station do disk swapping. It has been our experience that 

this slows down the process significantly. Without disk swapping, this large problem has an approximate running 

time of 1 hour on an IBM RS6000 570 Powerstation. As a test at 3 GHz and approximately 8000 unknowns, CPU 

time was reduced to 25% of the total process time and it was anticipated that a time of 16 hours to run CARLOS- 

3D™ at one frequency would be necessary. 

(d) Calculation of near fields using CARLOS-3D™ is possible, even though the user's manual [3] does not 

state this. However, this option is only available with the bistatic scattering selected. The bistatic scattering option 

does not allow an incidence angle sweep. This feature (incidence angle sweep with near fields calculations) would 

allow more efficient generation of data since the excitation vector in the numerical formulation is the only change 

that needs to be made from one incidence angle to the next. The impedance matrix (which takes most of the cpu 

time) does not have to be changed. Because of this deficiency in CARLOS-3D™ investigation of the effect of 

varying incidence angle would have been too time consuming for this study and thus was not accomplished. 

(e) In an effort to extend our analysis of this model to 3 GHz, we decided to use the plane of symmetry 

option. This allows input of data for only half of the problem and CARLOS-3D™ reduces the matrix size to two 

matrices of 1/4 the size of the full matrix. These are then solved in sequence. Our model, which was segmented 

assuming a frequency of 3 GHz, produced matrices of 4982 and 5024 elements and a cpu time of a little more than 

four hours with no disk swapping. The only problem with using this feature is that the calculated fields at 1.5 GHz 

in the upper cavity region differed significantly from the same fields calculated with the model used without the 

plane of symmetry option. This problem needs to be corrected in order to extent this type of analysis to higher 

frequencies. 

(f) New features that should be incorporated into CARLOS-3D™ include: 
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(1) magnitude and phase of far and near fields, 

(2) dynamic memory allocation to relieve some of the memory problems presented above, 

(3) a figure of merit for the triangulation such as calculations of accumulated charge on patches, 

(4) multi-wire junctions should be handled automatically, 

(5) optional output of the unit vectors in the direction of each current, 

(6) storage and retrieval of filled and/or solved matrices, 

(7) and, capability to read wire geometry from a file. 

GEMACS 

The GEMACS program (version 5) supports the solution of electromagnetic radiation and scattering from complex 

perfectly conducting objects using MoM solution of the EFIE, MFIE, and CFIE formulation. It also uses GTD for 

large perfectly conducting and impedance surfaces and combines GTD and MoM (called MoM/GTD hybrid) for 

problems where small radiators near large scatterers are modeled. A FD solution is used for closed cavities which 

when combined with the MoM, GTD or MoM/GTD hybrid can be used for multiple region problems. This code, 

because of the efficient use of memory in the FD formulation and the availability of the GTD formulation for the 

high frequency solution of the exterior problem, is the code of choice for this type of study at frequencies where 

use of CARLOS-3D™ is prohibitive. 

Unfortunately, versions of GEMACS for a workstation or one which could access memory above the DOS limit for 

the PC were not available at the SAC for this study. However, an ongoing effort to make one of these versions 

available before the end of this study prompted us to use GAUGE [2] to generate input files for our problem. 

Hopefully, we will use these input files with GEMACS for the higher frequencies in a follow on study. 

The analysis of the simplified model of a sensor using GEMACS begins by dividing the problem into three regions 

(see Figure la): (1) an exterior region that includes the excitation source (a plane wave) and the outer shell of the 

entire sensor plus aperture 1, (2) an intermediate region containing the lower mirror assembly with apertures 1 and 
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2, and (3) the interior region of the upper cavity. At the higher frequencies of interest (> 3 GHz) the outer region 

is a GTD problem where energy is coupled into the intermediate region through aperture 1. The intermediate region 

is an FD problem with energy coupling into the interior region through aperture 2. Finally, the interior region is 

an FD problem where we want to calculate the fields. Once the fields are known in the interior region and in 

aperture 2, we can calculate Q in the same manner as we did using CARLOS-3D™. 

Summary of Work to be Done 

The following is a list of work to be done in a follow-on study: 

(1) The use of GEMACS to extend the range of frequencies in this investigation should be the primary 

focus of a follow-on study. 

(2) Variations in incidence angle and the resulting effect on Q, energy stored in and power exiting the 

cavity should be studied. 

(3) Even though we think that the grid size inside the cavity to determine the accurate value of Q is 

adequate, it should be investigated because of the shapes involved. Preliminary study of the variations of the fields 

indicate fairly smooth changes with the grid used for this study. 

(4) In the transition region of approximately 3 GHz (assuming the problems with the symmetry plane 

option addressed above are corrected), results from CARLOS-3D™ and GEMACS should be compared. 

(5) Segmentation size for both codes should also be studied. The rule of thumb is to have cell sides 

smaller than 0.1 X. Since computer memory is at a premium for high frequency excitation, this rule of thumb is 

well worth investigation. 

(6) Incorporation into CARLOS-3D™ of the new features mentioned above should be accomplished and 

validated. 

(7) Development or search for a more friendly graphical user interface for CARLOS-3D™ should be 

accomplished. 

(8) Finally, comparison of numerical results with experimental results is necessary. 
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ABSTRACT 

Very thin (compared to the wavelength) gain and dielectric layers have similar reflection properties, except for 

a phase factor of w/2. This particular difference makes it possible to design non-reciprocal elements, having a zero 

reflectivity from one direction, and a finite reflectivity from the other direction. This non-reciprocity is exploited to 

design unidirectional lasers. 
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UNIDIRECTIONAL RING LASERS AND LASER GYROS 

WITH MULTIPLE QUANTUM WELL GAIN MEDIA 
Jean-Claude Diels 

Objective 

The short term objective is to demonstrate a unidirectional ring laser with asymmetric reflection properties. 

The long term objective is to demonstrate gyro response of a dual ring laser operating on a small cube of semicon- 

ductor material. 

The non-reciprocal element 

A single quantum well has a thickness d much smaller than the wavelength. Let us consider an inverted single 

quantum well. An electric field of amplitude £, incident from the left, will, after transmission through the layer, 

become a transmitted field £t = (1 + a)£. The reflected field will be £t = a£. This result is consistent with a simple 

argument that the emitting layer being much thinner than the wavelength has no information on the direction of the 

field, hence has equal probability of emission in forward and backward directions. 

The single amplifying quantum well can also be represented by a layer of purely imaginary index of refraction 

Tig    —   —IK. 

Let us thus consider a thin dielectric layer, and the combined reflection from both interfaces. It can easily be 

shown [1] that, in the limit of zero thickness (thickness negligible compared to the wavelength), for an incident field 

Ei, the reflected field is Er = irEi, where r is a real quantity, proportional to the discontinuity in index An. This 

result is consistent with the previous one: for a gain medium, An = -iK, and the reflected field should be of the form 

Er = ocEi. 

The pairing of a thin gain layer with a dielectric reflecting layer leads to a structure that is non reciprocal. Let us 

consider, from left to right, a thin gain layer (transmission Et = {l + a)Et\ reflection Er = a/,-) followed at a distance 

E = 3 A/8 by a dielectric layer (reflection Er = irE{; transmission Et = y/1 - r2E{). The round trip between the two 

layers corresponds to a phase factor exp{-2ik£} = i. Let us neglect for simplicity multiple reflections. The combined 

reflection from both interfaces, for a beam incident from the left, is: Er = (a - r)Et, which is zero if a = r. For a 

beam incident from the right: Er = i(a + r)Et, which is finite if a = r. It is important for gyro related applications 

that this finite reflectivity has a phase factor of TT/2 with respect to the transmission from left to right. Other cases 

are possible. For instance, if the spacing between the layers is (. = A/8, then it is the reflection from the right that 

can be made equal to zero.  But the non-zero reflection from the left is then in phase (or ir out of phase) with the 
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material thickness inmi l  index 1 r 1 index ii) comment 
air 1. 0.000 boundary 

ZrO-i 116.25 1.344 0.000 AR coating 
Alo 3 Gao 7 As 80.00 3.400 0.000 stop etch layer 

AlAs 30.00 3.000 0.000 
Alo sGao 7 As 106.94 3.400 0.000 

AlAs 23.02 3.000 0.000 reflector 
Alo iGao.7 Ai 106.94 3.400 0.000 

AlAs 23.02 3.000 0.000 (2 layers) 
Alo iGao 7 As 111.95 3.400 0.000 spacer r — a 

GaAs 9.61 3.64 -0.028 Quantum well 
Gao.7nAlo.12As 115,28 3.45 0.000 pump layer 

GaAs 9.61 3.64 -0.028 Quantum well 
Gao. 7i Alo. 22 As 115,28 3.45 0.000 pump layer 

16 pairs 
GaAs 9.61 3.64 -0.028 Quantum well 

Gao.7»Alo22As 115,28 3.45 0.000 pump layer 
GaAs 9.61 3.64 -0.028 Quantum well 

Gao.7» Alo.22 As 115,28 3.45 0.000 pump layer 
GaAs 9.61 3.64 -0.028 Quantum well 

Alo.iGaorAs 111.95 3.400 0.000 spacer 
AlAs 23.02 3.000 0.000 (1 layer) 

Alo iGao.rAs 106.94 3.400 0.000 
AlAs 23.02 3.000 0.000 

Alo.3Gao.7As 80.00 3.400 0.000 stop etch layer 
ZrOi 116.25 1.844 0.000 AR coating 

Table 1: Detailed composition of a non-reciprocal structure, free standing, bounded by a GaAs to air AR vacuum deposited 

A/4 coating. 

transmission from the right, which is an undesirable situation for laser gyro applications. 

If such a pair of elements is used as a gain medium for a ring laser, the finite reflection will re-inject energy from one 

sense of rotation into the other, which will dominate, make the ring laser nearly unidirectional. Calculations showing 

the contrast ratio between the two directions of circulation in the cavity will be presented following a description of 

some specific structures. 

The properties of non-reciprocity in reflection can be generalized to more complex multiple quantum well structures. 

In the calculations that are presented below, a standard matrix calculation is used to calculate the transmissivity and 

reflectivity of a multiple quantum well structure. 

Layer structure 

Using standard matrix multiplication techniques, we calculate first the reflection and transmission from both directions for 

the multilayer structure detailed in table 1. The transmission of the structure outlined in the table above is 1.095 from both 

directions in the wavelength range from 855 nm to 865 nm. The reflection coefficient drops to 10~6 at 860 nm in one direction, 

while it is roughly constant at 0.8 % for the whole wavelength range in the other direction. 
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The thickness of the individual (optically pumped) quantum wells is choosen for the wavelength of 860 nm. The larger 

the gain/quantum well, the larger the non-reciprocity. We have choosen 2 values of gain, and designed accordingly 2 layer 

structures. 

Structure with grown AR coating 

It is preferable to have the AR coating included in the multilayer structure grown by MBE or MOCVD, rather than to have an 

additional manufacturing step. The single ZrÖ2 AR coating layer of the table 1 above has been replaced by a multilayer AR 

coating in the layer design shown in the following two tables (tables 2 and 3). 

Phase on reflection The performances of a laser gyro at low speed are affected by backscattering. at each round trip, some 

small fraction of the radiation of — for instance — the clockwise propagating beam cix exp{i[ut-kz]} is reflected into the cavity 

of the counterclockwise propagating beam. If the phase <t>c of the backscattering coefficient e is such that the reflection has a 

component in phase with the counterclockwise field £2 exp{i[wt + kz]}, the latter will be "injection locked" by the backscattering. 

There is no injection locking if the backscattering is 90° out of phase with the field £>. 

For use in a ring laser, it is essential that the phase of the reflected wave be at 90° from that of the transmitted wave. This 

phase relationship will prevent locking of the laser gyro. 

Let us consider a structure such as detailed in tables 2 or 3 inserted in a ring cavity, with the clockwise beam incident first 

upon the face of zero reflection. Let <pt be the phase shift upon transmission, and ipr the phase shift upon reflection of the 

second surface. The resonance condition for the ring cavity is that the phase shift for the light path outside the MQW structure 

be -varphit. The condition that counterclockwise wave reflected at the right interface be 90° out of phase with the transmitted 

phase is: 

(-<Pt) + <Pr      =      ft + - 
X 

(fir - 2(fl, = -. 

(1) 

For the high gain structure of table 2, <pt = -1.13915; «p, = -0.70910; and the difference tpr - 2<pt = 1.5692, or an excess of 

-0.0016. For the low gain structure of table 3, <pt = -1.11669; <pt = -0.65876; and the difference <pr - 2<pt = 1.5746, or an 

excess of 0.0038. 

The overal intensity transmission versus wavelength is plotted in Fig. 1. The peak at 857.64 nm does not match exactly 

the minimum reflectivity wavelength of 858 nm seen in the plot of Fig. 2. From the other direction, the minimum reflection is 

0.024, at an even longer wavelength (854.3 nm) as shown in the plot of Fig. 3. 

These plots do not reflect the bandwidth of the laser in operation. As the gain saturates, the values of the transmission 

(gain), and reflection change. As a result, the relative intensities between both direction also change. A complete simulation of 

the ring laser has to be made to evaluate the gain bandwidth in a ring configuration. 
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material thickness i nml index i ri index i i i comment 
ail 1. 0.000 boundary 

•■I/o 25 Gao .75 As 126.30 3.3967 0.000 stop etch layer 
AlAs 71.90 2.9835 0.000 

Alo 25 Gao 75 As 63.15 3.3967 0.000 
AlAs T1.90 2.9835 0.000 AR 

Alo2$Gao.7iAs 63.15 3.3967 0.000 
AlAs 71.90 2.9835 0.000 AR 

Alan Gao nAs 63.15 3.3967 0.000 
AlAs 71.90 2.9835 0.000 AR 

Alo js Gao 75 As 35.50 3.3967 0.000 reflector 
AlAs 33.80 2.9835 0.000 reflector 

Alo.2iGao.TiAs 73.73 3.3967 0.000 spacer r — a 
AlAs 59.85 2.9835 0.000 (2 layers) 

Alo.2iGao.riAs 73.73 3.3967 0.000 spacer r — a 
AlAs 59.85 2.9835 0.000 (2 layers) 

Alo 2j Gao.75 As 116.00 3.3967 0.000 spacer r — a 
GaAs 10.00 3.6470 -0.028 Quantum well 

Gao»oAlo2oAs 115.00 3.4130 0.000 pump layer 
GaAs 10.00 3.6470 -0.028 Quantum well 

Gao.toAlo 2QAS 115.00 3.4130 0.000 pump layer 
19 pairs total between  

GaAs 10.00 3.6470 -0.028 Quantum well 
Gao.toAlo.2oAs 115.00 3.4130 0.000 pump layer 

GaAs 10.00 3.6470 -0.028 Quantum well 
Gao »oAlo.2oAs 115.00 3.4130 0.000 pump layer 

GaAs 10.00 3.6470 -0.028 last Quantum well 
Alo2sGao.7iAs 116.00 3.3967 0.000 spacer 

AlAs 59.85 2.9835 0.000 (1 layer) 
Alo2iGao.TsAs 73.73 3.3967 0.000 spacer 

AlAs 59.85 2.9835 •' 0.000 reflector 
Alo.2iGao.nAs 121.80 3.3967 0.000 reflector 

AlAs 71.90 2.9835 0.000 AR 
Alo 2iGao7i As 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Ak.2iGao.7iAs 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Alo.2iGao.7iAs 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Alo.2iGaoTiAs 126.30 3.3967 0.000 2nd stop etch 

AlAs 10.00 2.9835 0.000 1st Stop etch 
GaAs         1 | 3.6470       1 0.000 1 substrate 

Table 2: Detailed composition of a non-reciprocal structure, free standing in air. An antireflection stack of layers is incorporated 

in the structure. This structure is optimized for a high gain a = 4000 cm-1 (imaginary part of index = 0.028). 
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Figure 1: Transmission versus wavelength for the structure presented in table 2. 
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Figure 2: Reflection (left to right) versus wavelength for the structure presented in table 2. 
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Figure 3: Reflection (right to left) versus wavelength for the structure presented in table 2. 

Smaller gain The smaller the gain, the smaller the non-reciprocity. This tendency is obvious from the formulae for the two 

layer approximation: the smaller the gain, the smaller the reflectivity from right to left i(a + r). The next table is for a MQW 

structure optimized for a smaller gain factor. 

Figure 4 shows the reduced minimum reflectivity from right to left for the lower gain structure. 

The unidirectional laser structure 

The first elements will be made with the GaAlAs structures grown on a GaAs wafer. The substrate, which absorbs the laser 

radiation, will have to be etched away. 

The laser itself will be the simple ring configuration sketched in Fig. 5, pumped by a Ti:sapphire laser. 

The next step will be to grow similar structures with InGaAs. Since the substrate is transparent to the laser ratiation, it 

will not have to be etched away. 

The laser cube 

The laser cube consists of two GaAs 90° turning prisms (Fig. 6a). A nonreciprocal gain layer structure is grown on the 

hypotenuse face of one prism (InGaAs). The two prisms are thereafter optically contacted to form a cube (Fig. 6b). Depending 

of the location of the pump spot (pump radiation around 900 nm), the lasing will be clock-wise or counterclock-wise in the 

cross-section of the cube. With two pump spots at different height in the prisms, lasing can occur in opposite direction in 

adjacent planes. Since there is no coupling between the cavities, the beat frequency between the two lasing planes should 

exhibity a perfect gyroscopic response. 
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material thickness ■ nmi index 1 n index i.i) 1                 comment 
air 1. 0.000 boundary 

.4/0.25Gao 73 As 126.30 3.3967 0.000 stop etch layer 
AlAs 71.90 2.9835 0.000 

Alo 25 Gao rs As 63.15 3.3967 0.000 
AlAs 71.90 2.9835 0.000 AR 

Alo 2sGao.75.4s 63.15 3.3967 0.000 
AlAs 71.90 2.9835 0.000 AR 

Alo.a Gao.7i As 63.15 3.3967 0.000 
AlAs 71.90 2.9835 0.000 AR 

Alo.2iGao.7iAs 48.90 3.3967 0.000 reflector 
AlAs 29.50 2.9835 0.000 reflector 

Alo.2iGaonAs 54.00 3.3967 0.000 spacer r — a 
AlAs 82.35 2.9835 0.000 (2 layers) 

Alo 25Gao.75A4 54.00 3.3967 0.000 spacer r — or 
AlAs 82.35 2.9835 0.000 (2 layers) 

Alo 25Gao 7iAs 106.70 3.3967 0.000 spacer r — a 
GaAs 10.00 3.6470 -0.014 Quantum well 

Gao io Alo 20 As 115.00 3.4130 0.000 pump layer 
GaAs 10.00 3.6470 -0.014 Quantum well 

Gao.to Alo.20 As 115.00 3.4130 0.000 pump layer 
19 pairs total between  

GaAs 10.00 3.6470 -0.014 Quantum well 
Gao.to Alo.20 As 115.00 3.4130 0.000 pump layer 

GaAs 10.00 3.6470 -0.014 Quantum well 
Gao.to Alo.20 As 115.00 3.4130 0.000 pump- layer 

GaAs 10.00 3.6470 -0.014 last Quantum well 
Alo.2iGao.TiAs 106.70 3.3967 0.000 spacer 

AlAs 82.35 2.9835 0.000 (1 layer) 
Alo.2iGao.7iAs 54.00 3.3967 0.000 spacer 

AlAs 82.35 2.9835" 0.000 (1 layer) 
A lo.2i Gao. 75 As 110.60 3.3967 0.000 reflector 

AlAs 71.90 2.9835 0.000 reflector 
Alo.2i G ao.7i As 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Alo.2iGao.TiAs 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Alo.2iGao.7i As 63.15 3.3967 0.000 AR 

AlAs 71.90 2.9835 0.000 AR 
Alo.2iGao.7iAs 126.30 3.3967 0.000 etch layer 

AlAs 10.00 2.9835 0.000 1st etch 
GaAs 3.6470 0.000 substrate 

Table 3: Detailed composition of a non-reciprocal structure, free standing in air. An antireflection stack of layers is incorporated 

in the structure. This structure is optimized for a low gain a — 2000 cm-1 (imaginary part of index = 0.014). 
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Figure 4: Reflection (right to left) versus wavelength for the structure presented in table II. 

Figure 5: ring laser configuration 
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*vp 

Figure 6: The cubic laser gyro, (a) the two 90° turning prisms that constitute the two halves of the cube. The nonreciprocal 

layer structure is grown on the hypothenuse plane of one of the cubes. The two prisms are optically contacted. The laser (b) is 

pumped at two different heights, resulting in unidirectional operation in opposite direction in two parallel planes. 

Gyro Properties 

Is the ring laser truly unidirectional? The asymmetry is not in transmission, but in a (passive) reflection. In one direction (let 

us call it (+), the intensity increases because intensity from the other direction (-) is fed into that direction. There may be a 

large difference between the intensities V+Z and /_, but the waek beam (/_) will never vanish completely. Some of that weak 

beam is coupled back into the strong beam by the reflection at the dielectric-gain interfaces. Could such a coupling injection 

lock the stronger beam, eliminating all possibility of gyro response? there is one more fortunate property of this gain-dielectric 

interface that prevents locking: the coupling of the weak field into the strong one is of the form: i(r + a)E- and is thus 90° 

out of phase with the strong field. Injection lock-in does not occur for this particular angle of coupling. 

Figure 7 show the evolution with time of the two intensities I- (a) and /+ (b) in the cavity. The time is in units of cavity 

a        0.080     unsaturated gain factor 

otioss     0.040     loss/pass 

T        0.038     dielectric reflectivity 
roundtrip-time. the parameters are: 

hat      0.100     saturation intensity 
With this choice of parameters, in steady-state, the saturated gain is equal to 0.038 (r). 
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Figure 7: Intensity versus round-trip index for the weak beam /_ (a) and the strong beam 7+ (b). 
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AN INVESTIGATION OF HYDROXYLAMMONIUM DINITRAMIDE: 
SYNTHESIS, STABILITY, AND COMPATIBILITY 

Vincent P. Giannamore 
Assistant Professor 

Department of Chemistry 
Xavier University of Louisiana 

Abstract 

Hydroxylammonium dinitramide (HADN) was prepared from ammonium dinitramide 
(ADN) by means of an ion exchange reaction to produce dinitramidic acid followed by an acid-base 
reaction with hydroxylamine yielding HADN. The procedure is, effectively, a one step process. It 
has several advantages over previously used methods. The stability of the compound and its 
compatibility with various substances were also examined. 

12-2 



AN INVESTIGATION OF HYDROXYLAMMONIUM DINITRAMIDE: 

SYNTHESIS, STABILITY, AND COMPATIBILITY 

Vincent P. Giannamore 

Introduction 

Increasing environmental awareness, as well as related public relations and political 

concerns, have lead the propellants community to consider the environmental impact of its activities. 

Hazardous waste from manufacturing processes, toxic exhaust, and disposal are all areas of potential 

concern. A propellant's entire life cycle, from initial research and deveopment through eventual 

demilitarization, must be considered. Hawkins and Wilkerson [1] have discussed the issues related 

to environmental propellant. 

A principal area of interest is the presence of hydrogen chloride among the exhaust gases. 

While the total amount of hydrogen chloride vented to the atmosphere in this manner is not large 

compared to other sources, it is prudent to avoid any such emission where other options are 

available. This is consistent with EPA priorities which rank reduction of hazardous waste 

generation ahead of treatment and disposal of waste. Thus, one focus of research in the propulsion 

industry is the discovery and development of new oxidizers to replace chlorine-containing 

compounds such as ammonium perchlorate (AP). Another benefit of replacing chlorine-containing 

oxidizers with chlorine-free oxidizers would be to minimize the signature caused by the propellant 

exhaust This makes missile launch harder to detect. However, it is critical that replacement of a 

hydrogen chloride generating oxidizer with more environmentally benign and lower signature 

species not involve an unacceptable sacrifice of performance. 

One of the most promising chlorine-free oxidizers in development is ammonium dinitramide 

(ADN). ADN has the advantage of having reduced signature and less environmental impact than AP 

while having a higher predicted lift capacity. It is also relatively stable. Another dinitramide salt, 
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potassium dinitramide (KDN), is being investigated as a phase-stabilizer and performance enhancer 

for ammonium nitrate (AN) [2]. Several other dinitramide salts have been investigated as well. 

Another chlorine-free oxidizer under study is hydroxylammonium nitrate (HAN). HAN has been 

known for many years. However, the development of a stabilized form, S-HANS, for use as an 

oxidizer in clean propellant formulations is a recent development. 

This paper reports on an investigation of a chlorine-free oxidizer related to ADN and to 

HAN. Propellants formulated with hydroxylammonium dinitramide (HADN) have been predicted 

by theoretical calculations to have higher specific impulse values than identical propellants 

formulated with S-HAN5 [3]. The subject of the current report is primarily the synthesis of HADN. 

There will also be some discussion of its stability and its compatibility with other materials. 

Discussion of Problem 

The goals of this study may be conveniently divided into two categories: those associated 

with the synthesis and those associated with stability and compatibility. The first synthetic goal was 

to develop an efficient, high yield method for preparing HADN. We also sought to reduce the level 

of water contaminating the product while using conditions for water removal which did not promote 

decomposition. Finally, it was considered desirable to avoid the production of barium salts. 

Prior to the present work, synthesis of HADN involved two reactions carried out in separate 

steps. In the first reaction, ADN is treated with barium hydroxide to form barium dinitramide. The 

barium dinitramide is then reacted with hydroxylammonium sulfate to produce HADN. The 

equations are shown below: 

2 NH4N3O4 + Ba(OH)2        ►   Ba(N304) + NH3 + 2 H20 

Ba(N304) + (NH3OH)2S04    ►    2 (NH3OH)N304 + BaS04 
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Notice that water is a byproduct of the first reaction. It is also the major component of the solvent 

for the second reaction. The intermediate barium dinitramide must be isolated for use in the second 

reaction. Thus, the synthesis requires two reactions to be worked up. The work-up of the second 

reaction involves a centrifugation step, followed by a difficult filtration to remove the unwanted 

barium sulfate. Finally, water was removed by rotary evaporation at 60°C. 

There were three goals associated with the stability and compatibility portion of this study. 

One of these goals was to develop a screening method for predicting stabilizing and destabilizing 

effects of additives.   It was anticipated that changes in the onset temperature of the DSC exotherm 

of the oxidizer-additive mixture compared to that of the pure oxidizer would be the basis of such a 

screening method. Another goal was to study the stability of HADN under various conditions and 

with various additives by empirical observations of small quantities. The third goal was to 

determine whether addition of certain chemicals, such as buffers, would enhance the stability of 

HADN. Compounds related to HADN, such as ADN, have been reported to be incompatible with 

heat and/or light. There is a long list of substances with which S-HAN5 is incompatible. 

Conversely, it is stabilized and its performance is enhanced by the addition of certain other 

substances. Since some of these factors might also apply to HADN, the discovery of stabilizing or 

destabilizing effects is important. 

Experimental 

Caution: Explosive reactions have been reported to occur when nitric acid and other strong 

oxidizing agents are mixed with ion exchange resins [4]. Equipment must be designed to prevent rapid 

build-up of pressure when oxidizers are used with ion exchange resins. Consult knowledgeable sources 

for information about handling these materials. 

Synthesis of Hvdroxylammonium Dinitramide 
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1. Safety trial (Synthesis 1). Dowex 50Wx8 resin (strong acid, proton form, 0.4134 g) was 

mixed with 10 mL of water. The mixture was stirred and 0.1255 g of ADN dissolved in 10 mL of 

water was added. About 10 mL of water was used as a wash. The mixture was stirred for 30 

minutes. No evidence of any reaction was observed. One milliliter of a 50% aqueous solution of 

hydroxylamine was added and stirring was continued for another 1.5 h. No evidence of reaction was 

observed. 

2. Synthesis 2. A column was packed with Dowex 50Wx8 resin to the 100 mL mark. The 

resin was washed with water and then the column was charged with 3.7267 g of ADN (30.040 mmol) 

in 30 mL of water. The solution was allowed to elute, using water as the eluent, into a stirred 

solution of 0.9938 g of hydroxylamine (30.086 mmol) in 30 mL of water. Total volume of water in 

the beaker after elution was ~375 mL. The pH of the resulting solution was 4.14. The mixture was 

placed on a rotary evaporator at 60 °C for 3 days. The solution was then stirred overnight in a hood 

under a stream of nitrogen. Portions were then removed periodically and placed on the rotary 

evaporator. This required 7 more days to complete the process. The product weighed 3.8457 g 

(91%). Karl Fischer titration showed that it contained 1.6154 % water. All operations after 

column packing and washing were carried out in the dark or in vessels protecetd from exposure to 

light. 

3. Synthesis 3. The main purpose of this run was to test the feasibility of using methanol as 

a solvent. A column was packed with Dowex 50Wx8 resin to the 20 mL mark. The resin was first 

washed with water and then with methanol. Washing with methanol caused the volume of resin in 

the column to shrink slightly. The remaining operations were carried out in the dark. The column 

was then charged with 3.7215 g of ADN (29.998 mmol) in 30 mL of methanol. The column was 

eluted with an additional 60 mL of methanol with the eluent passing into a stirred solution of 0.9858 

g of hydroxylamine (29.846 mmol) in 30 mL of methanol. The methanolic solution of hydroxylamine 

had been prepared by adding a 50% aqueous solution of hydroxylamine to the methanol. The 
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reaction mixture was allowed to stir overnight and then stirred for a full day under a flow of 

nitrogen. At this point Karl Fischer titration revealed it to contain 4.6371% water. The sample was 

then placed on a rotary evaporator for 6.5 hours. For the first half hour, the temperature of the 

water bath was maintained at 30 °C. It was then raised to SO °C for the remaining time. Karl 

Fischer titration showed it to contain 1.2290% water. Mass of this product was not obtained. 

4. Synthesis 4.   The column was packed and washed with water and methanol as described 

for synthesis 3. It was then allowed to stand overnight with the resin covered in methanol. The bed 

volume was 18 mL. All subsequent operations were conducted in the dark. The column was 

charged with 3.7180 g of ADN (29.969 mmol) in 30 mL of methanol and was eluted, using an 

additional 100 mL of methanol into a stirred solution of 0.9929 g of hydroxylamine (30.061 mmol) in 

30 mL of methanol. The methanolic solution of hydroxylamine had been prepared by adding a 50% 

aqueous solution of hydroxylamine to the methanol. This reaction mixture was left stirring under a 

nitrogen flow overnight and for an additional day. It was then stripped of solvent on a rotary 

evaporator using a warm water bath for four hours. The yield obtained was 3.0187 g (72%). Karl 

Fischer titration showed the product to contain 0.9164 % water. 

5. Synthesis 5. The column was packed and washed with water and methanol as described 

for synthesis 3 except that the resin was measured by mass. The mass used was 26.67 g. This was 

based on the listed "total exchange capacity" of the resin and its moisture content [4]. It is more 

than twice the amount calculated for a 1:1 ratio of H+ to NH4
+. This approach was used in all of the 

remaining synthesis although the scale of the reaction was increased. The column was charged 

with3.7214 g of ADN (29.997 mmol) in 300 mL of methanol. The large increase in solvent volume 

compared to previous synthesis was because of a literature recommendation that the concentration 

of the solution charged to the column be 0.1 N or less [4]. This was abandoned after the next run 

because such a large volume of solvent was required and the reaction appeared to be no better than 

it was using higher concentrations and less solvent. The 0.99185 g of hydroxylamine (30.0288 mmol) 
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was dissolved in 30 mL of methanol as previously. Because of the volume involved, an overnight 

interruption in the elution of the column was required. An additional 100 mL of methanol was used 

to wash the column. Solvent was stripped on the rotary evaporator. Because of the volume of 

solvent involved and the desire to keep the water bath temperature at ~ 30 °C, solvent stripping 

required several days. It was done in several portions. Originally, as solvent was stripped, more of 

the solution was added to the original material. However, this was discontinued when it was 

realized that this would expose that material to heat for a prolonged period. Nevertheless, this 

product was darker than others and appeared to decompose more rapidly than others. The 

prolonged period of exposure to heat may have been the cause of its color and relatively short 

lifetime. The yield was 2.8101 g (67%). 

6. Synthesis 6. The column was packed with 26.61 g of the resin in the usual way. It was 

charged with 3.7214 g of ADN (29.997 mmol) in 300 mL of methanol. The mass of hydroxylamine 

was 0.9911 g (30.006 mmol). It was dissolved in 100 mL of methanol. Solvent was stripped on a 

rotary evaporator. At first, the large volume of solvent was reduced in two portions. Then, these 

portions were combined and the remaining solvent stripped. This was done to avoid the problem of 

prolonged heating and multiple transferring which occurred in synthesis 5. However, the process 

had to be interrupted for several days to allow others access to the rotary evaporator. It was 

stripped for one day at 30 °C before the interruption. After the interruption, it was stripped for an 

additional hour at the same temperature. Karl Fischer titration showed it to contain 5.1736% water 

at that point It was stripped further at 60 °C for 2.S hours. This resulted in 3.2956 g of product 

(78%) containing 3.8495% water. 

7. Synthesis 7. The column was packed with 63.5312 g of resin in the ususal way. It was 

charged with 8.8569 g of ADN (71.392 mmol) in 100 mL of methanol and eluted into a stirred 

solution of 2.3587 g of hydroxylamine (71.411 mmol) in 100 mL of methanol. An additional 100 mL 

of methanol was used to elute the solution at a slow rate and 50 mL more was used to wash the 
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column at a faster rate. The resulting solution was allowed to stand overnight in an open beaker 

under a flow of nitrogen gas. On the following day, it was stripped of solvent on the rotary 

evaporator. This required six hours. The water bath was initially at 45 °C from previous use. It was 

used at that temperature, but allowed to cool during the run. After three hours it was at room 

temperature. The temperature was then set to 30 °C for the remainder of the time. The product 

obtained weighed 9.7180 g (97%) and contained 4.0410% water. 

8. Synthesis 8. The column was packed with 63.3980 g of resin in the usual way. It was 

charged with 8.8788 g of ADN (71.569 mmol) in 100 mL of methanol and eluted into a stirred 

solution of 2.3577 g of hydroxylamine (71.379 mmol) in 100 mL of ethanol. It was carried out 

exactly as described for the previous run except that the column was washed with two 80 mL 

portions of methanol instead of one 100 mL and one 50 mL portion. After the elution and washings 

were completed, the solution was stirred, under nitrogen, for 1.75 hours. The bulk of the solvent 

was then stripped on a rotary evaporator at room temperature. The remainder was transferred to a 

smaller flask and stripped at 30 °C.   This process had to be interrupted several times and took 

longer than expected. A yield of 9.2065 g (92%) was obtained. The sample contained 4.2866% 

water. 

9. Synthesis 9. This was done as in the previous two runs using 64 g of resin, 8.8572 g of 

ADN (71.394 mmol) and 2.3610 g of hydroxylamine (71.481 mmol). The column was washed with 

100 mL of methanol in one portion. This was done at a slow rate for the entire portion. Solvent was 

stripped on the rotary evaporator leaving 9.2585 g of product (93%) containing 4.8050% water. 

10. Synthesis 10.   This was done as in the previous three runs using 63.3 g of resin, 8.8584 g 

of ADN (71.404 mmol) and 2.3714 g of hydroxylamine (71.794 mmol). After rotary evaporation, the 

product weighed 9.2622 g (93%) and contained 0.9151% water. The major difference between this 

and the other runs was that after the bulk of the solvent had been stripped on the rotary evaporator 
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and the remainder transferred to a smaller flask, the remaining solvent was stripped in a continuous 

process without interruption for 5.25 hours.. 

11. Synthesis 11. This was done as in the previous runs using 8.8594 g of ADN (71.412 

mmol) and 2.3687 g of hydroxylamine (71.714 mmol). After completion of the reaction, the mixture 

was allowed to stir overnight under nitrogen. By morning, most of the solvent had evaporated. The 

remainder was transferred to a smaller flask and stripped of solvent on a rotary evaporator for 7.25 

hours. The yield of product was 9.6089 g (96%). It contained 1.1063% water. 

Results 

A new synthetic method for production of HADN was developed. This method also requires 

two reactions to transform ADN into HADN. However, the two reactions take place in the context 

of a single physical procedure. The equations are given below, where P-H* and P-NH,+ refer to the 

strongly acidic cation exchange resin Dowex 50Wx8 in the original proton form and after exchange 

of protons with ammonium ions, respectively. 

NH,Nj04 + P-H+      ►      HNj04   +   P-NH/ 

HN3O3 + NH2OH     *" (NH3OH)N,04 

Details of this procedure, including several modifications made in the course of the 

research, are given in the experimental section. The current procedure can be summarized as 

follows. First, a column is packed with a slurry of the resin in water and the column is then rinsed 

with a sufficient volume of methanol to replace the water. Second, a methanol solution of ADN is 

passed through the column and eluted into a stirred solution of hydroxylamine in methanol. The 

mixture is then .placed on a rotary evaporator. When left on the rotary evaporator for several 

hours at 30 °C, all of the methanol and most of the water can be removed. The water content of the 

product can be reduced to approximately 1%. Except for packing and washing the column with 

methanol, all of the above procedures are carried out in low light. 
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While on the column, the first reaction takes place and ADN is converted to dinitramidic 

acid. In the receiving flask, the second reaction, an acid-base reaction between the dinitramidic 

acid and hydroxylamine, occurs producing the HADN.   In the five experimental runs done on the 

larger scale the average yield was 94.11% with water content averaging 3.03%. The last two runs 

averaged 1.02% water while yielding 94.34%. These were achieved without any systematic effort to 

determine the optimum flow rate through the column or the optimum stirring time. So, it is likely 

that higher yields can be achieved. It appears that a relatively fast flow rate is beneficial and little 

or no extra stirring time is needed after elution is completed. 

This procedure involves no water as solvent. The main source of the water found in the 

product is from the 50% aqueous solution that is used as the source of the hydroxylamine. There 

may also be some traces left on the column from the packing step, the solvent, or the ADN. In any 

event, this procedure, by eliminating the water byproduct and allowing the easily removable solvent 

methanol to be used in place of water, allows the water to be removed at lower temperatures over a 

shorter time period than the prevous method. This, in turn, appears to prolong the lifetime of the 

HADN. 

This method also has the advantage of needing a work-up procedure only after the second 

reaction. That work-up is very simple involving only the rotary evaporation of methanol and water. 

As can be seen from the above, no barium salts are involved. The only waste, other than the 

methanol, is the spent resin. However, this spent resin can easily be regenerated by treatment with 

either hydrochloric or sulfuric acid using established procedures [4]. The only byproduct, therefore, 

is the ammonium salt corresponding to the acid. 

Attempts were made to characterize the reaction by following its course using a pH meter 

and plotting the results similarly to a titration curve. The curve is reproduced below: 
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Our interpretation of this curve is as follows. The initial, relatively fiat portion, represents 

elution of mcthanol from the column. The pH is basic due to the hydroxylamine in the receiving 

beaker where the electrode is placed. The pH then begins to drop sharply as the methanol is 

displaced and dinitramidic acid begins to elute into the hydroxylamine solution. The slope decreases 

as an equivalence point is apparently reached. At this point in an ordinary titration the pH would 

continue to drop as dinitramidic acid continued to elute into the beaker. However, in this case, a 1:1 

ratio of hydroxylamine to ADN (and, hence, to dinitramidic acid) was used. Therefore, the curve 

levels off again as no further dinitramidic acid elutes. All of this appears to be consistent with the 

ideas about the reaction presented above. 

The identification of the product as HADN is based principally on ion chromatography. 

Both cation and anion analysis were done on several samples. The cation analysis showed a large 

peak at a retention time known to be that of hydroxylammonium under the conditions. A trace of 

ammonium was also detected. The concentration of the ammonium in the samples was in the range 

of 500 ppm. No other cations were detected. The anion analysis showed only dinitramide peaks. 

Neither nitrate nor nitrite anions, which are common decomposition products of the dinitramide ion, 

were detected. The samples absorbed at both 214 and 285 nm in the UV. This is typical of 

dinitramides [3]. 

Certain quantitative data obtained by ion chromatography, namely the percentages of 

hydroxylammonium and dinitramide ions in HADN, do not agree completely with the theoretical 
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values. Presently, there is no explanation for this discrepancy. As stated above, the only other ion 

present apparently was ammonium. It was not present in sufficient concentration to cause the 

discrepancy, however. Solvation by water, methanol, or hydroxylamine was considered. However, 

none of these explain the data correctly. Furthermore, Karl Fischer titration seems to rule out the 

presence of so much water. The NMR does not show the presence of methanol or hydroxylamine. 

Work is continuing in this area.   It is now suspected that most of the discrepancy may be due to 

problems with the quantitative analysis rather than with the product 

Proton nuclear magnetic resonance spectra were obtained on a sample of the product and 

on a sample of ADN. The first spectrum of ADN showed a singlet at 6.3 ppm. The only other peak 

was the peak due to residual protons in the solvent (CD3CN). This is consistent with the fact that all 

protons in ammonium should be equivalent (one singlet). The signal is probably located downfield 

because the cation's protons are deshielded. A spectrum obtained on the same sample a few days 

later showed evidence of exchange between the protons of the ammonium cation and the deuterium 

of the solvent. Both peaks appeared broader, the ammonium signal appeared at a slightly lower 

position (6.1 ppm) and the relative ratio of ammonium to "residual" protons had decreased 

considerably. Hydroxylammonium can be expected to show similar behavior upon standing in 

CD3CN. The product's proton NMR showed a sharp solvent peak and a slightly broad singlet at 8.9 

ppm. There is also a slight "wiggle" in the baseline at 6.3 ppm. This is undoubtedly due to the 

ammonium ion detected to be present in trace amounts by ion chromatography.  Addition of ADN 

to this sample enlarged the size of this peak The broadness of the peak at 8.9 ppm probably 

indicates that exchange is taking place. This exchange is probably between the proton on oxygen 

and those on nitrogen in the hydroxylammonium ion. This exchange probably prevents seeing 

separate signals for the two types of proton under the conditions of the experiment. The peak 

became broader when the ADN was added to the sample. This probably indicates additional 

exchange between protons on the two cations. The position of the signal further downfield than the 
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ammonium of ADN is consistent with the electron withdrawing effect of the oxygen causing 

deshielding of the protons. On the whole, the NMR data appears consistent with the presence of 

hydroxylammonium cation in the sample. Taken together with the IC data, it helps confirm the 

identification of the cation portion of the product. Furthermore, there is no evidence of any other 

proton containing species between -4 and 15 ppm, except for the trace of ammonium discussed 

above. 

An FT-IR was also obtained. It appears consistent with a hydroxylammonium compound. 

The samples prepared by the current method appear similar to those prepared by the previous 

method, but no data from the other method is available for comparison except DSC which appears 

similar. Density and index of refraction were obtained on a single sample. They are 1.7324 g/mL 

and 1.582S, respectively. 

Screening for stability and compatibility by the use of differential scanning calorimetry 

(DSC) was the subject of the research of high school apprentice Chris Amos. Details of this work 

may be found in his report [5]. The DSC results were mixed. The onset temperature of the DSC 

exotherm for ELADN in the absence of any additives varied slightly between runs. The value 

appeared to cluster about two temperatures. No explanation for this was discovered. Therefore, 

slight changes in the onset temperature caused by additives would not be detected. Nevertheless, 

significant changes should have been apparent. None were detected. Thus, if the method is valid, 

none of the additives tested appeared to destabilize HADN, but none stabilized it either. 

Systematic empirical studies are still in progress. It appears that elevated temperatures 

hasten the eventual decomposition of HADN. Those samples worked up at ~ 60 °C on the rotary 

evaporator did not last as long as those worked up at ~ 30 °C. Samples stored in a freezer at -34.4 

°C have not yet decomposed. However, storage of samples in the freezer was not done early in the 

project, so all of the data is relatively recent. More time is needed before any definite statement can 

be made about temperature effects on stability of HADN. Since ADN is reported to be sensitive to 
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light, especially sunlight and fluorescent light, we have treated HADN as if it were also. This needs 

to be shown systematically also, and the study has been started. Because the emphasis was placed on 

the DSC studies earlier, these empirical studies were not started until relatively late. Regular 

laboratory personnel will complete them. 

Conclusion 

An efficient, high yield synthesis of HADN has been developed. Although some questions 

may yet have to be answered concerning the quantitative ion chromatography data, it appears that 

this should allow the production of good quality samples of HADN for further study. Questions 

about the compatibility of HADN with other substances and the effects of those substances on 

HADN's stability are among the studies that need to be pursued. When these studies have been 

sufficiently advanced, concerns such as propellant formulation and testing can be pursued. 
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A NEW MISSION FOR THE 
AIR FORCE PHILLIPS LABORATORY MALABAR TEST FACILITY 

James E. Harvey, Associate Professor 
The Center for Research and Education in Optics and Lasers (CREOL) 

Department of Electrical and Computer Engineering 
The University of Central Florida 

Abstract 

In spite of a long history of valuable support to a wide variety of DoD and 
NASA programs, the Air Force Malabar Test Facility in Palm Bay, Florida is 
currently suffering from a rather serious decline in funded technical activity, 
and therefore in manpower and capability. This applied research and 
strategic planning project provides an assessment of the Malabar Test 
Facility and identifies a new mission related to the commercialization of 
space in the United States. Four significant opportunities for future Malabar 
participation include: a major role in the Eastern Range Modernization and 
Automation Program, an enhanced role in dual-use research and operations, 
technology transfer to the commercial space launch business, and as a major 
participant in a University Center of Excellence in Space Education and 
Research. 
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A NEW MISSION FOR THE 

AIR FORCE PHILLIPS LABORATORY MALABAR TEST FACILITY 

James E. Harvey 

Introduction 

In spite of a long history of valuable support to a wide variety of DoD and NASA programs, 

the Air Force Malabar Test Facility in Palm Bay, Florida (see Appendix for brief description) is 

currently suffering from a rather serious decline in funded technical activity, and therefore in 

manpower and capability. Civil government positions are down from nine(9) a few years ago to 

five(5), site contractor positions are down from approximately fifty (50) to thirteen (13), and 

military personnel (A. F. Officers) are down from four (4) to zero (maybe one). Funding from the 

Ballistic Missile Defense Organization (formerly SDIO) is down from $2-3 Million/year a few 

years ago to a negligible sum. Tasking from NASA to monitor Space Shuttle launches has 

dropped to zero. The Atlantic Laser Ground Station (ALGS) program was canceled. The Nuclear 

Detection System (NDS) was transferred to AFTAC. There is still some support of Titan rocket 

launches and minimal visiting experiments. 

Due partially to the virtual shut-down of the U. S. Space Program for the three years 

following the Space Shuttle Challenger disaster, the United States, who pioneered the 

exploration of space with the phenomenally successful Apollo Program, currently has only 

approximately fifteen percent (15%) of the world "market in commercial space launches. 

France has captured a fifty-five percent (55%) market share, and both China and Russia are 

pursuing aggressive space launch programs. 

The severe decline in the traditional role of the Air Force Malabar Test Facility in 

supporting classified DoD programs coincides with the recognition by both government and 

industry leaders that the commercialization of space should be a national priority. The 

current status of the commercial launch industry in the United States is summarized in 

Figure 1 as a collage of headlines and articles recently published in Space News . 

Significant developments include the new government policy that provides for the 

commercialization of remote-sensing imagery. This specialized market is expected to grow 

from the current $400 Million/year to $2 Billion/year by the turn of the century. However, this 

will be dwarfed by the space communications business as the information highway becomes a 

reality. As you can see from the headlines in Figure 2, investors are growing bullish on space, 

and four states have formed commercial spaceports to promote the commercialization of space 

and the local economic growth it promises.  Critical issues include launch cost and schedule 
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dependability, with  emphasis upon schedule   dependability.    User friendliness of the 

government facility is also extremely important to commercial users. 
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Figure 1 Current status of the space launch industry in the United States. 

The 45th Space Wing of the U.S. Air Force Space Command is currently involved in a major 

multi-year Range Automation and Standardization Program to modernize the Eastern Range. 

This program is intended to up-grade the facilities on the Range to permit cost effective 

commercial and military launches of space vehicles. Approximately $1 Billion will be spent 

on this effort over the next decade. 

Figure 2 illustrates that both NASA and U. S. industry realizes that education is crucial to 

the successful commercialization of space. 

It is in response to these and other national needs that we propose the formation of a 

University Center of Excellence in Space Education and Research which will utilize Malabar as 

an operational laboratory for pilot programs involving the test and evaluation of new 

technologies on actual launch vehicles. 
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Figure 2. Education is crucial to the successful commercialization of space. 

Space-related National Needs 

In addition to previously mentioned need to upgrade the national launch facilities, the Air 

Force also has a requirement to develop facilities and techniques to identify space objects 

orbiting in space. These objects may be small pieces of debris or malfunctioning vehicles and 

satellites. 

Other national needs related to space is the need to develop stand-off surveillance systems 

for civilian and military applications including drug interdiction and theater missile defense. 

The nation also needs to develop technology for beaming energy to orbiting satellites, 

possibly using laser beams from the ground. This would permit communication satellites to 

have a significantly longer life -time, thereby being more cost-effective. 

These national needs are summarized below: 

• Upgrade National Launch Facilities 

• Space Object Identification (USAF) 

• Stand-off Surveillance Systems (BMDO) 

• Laser Power beaming to Space Vehicles (NASA) 

• Small Satellite Development (Commercial Industrial) 

• Education and Research in Launch Technology and 

Space Science and Technology 
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If the above needs are to be satisfied, there will be a continuing requirement for technical 

manpower trained in the areas of electro-optic sensors, precision tracking and imaging radar, 

space-launch technology, and the fabrication of mechanical structures in space. 

The Spaceport Florida Authority 

The Spaceport Florida Authority (SFA) was established by the Florida State Legislature in 

1990 for the expressed purpose of promoting economic growth and space-related industry in 

the State of Florida. Their main charter is to develop launch technologies for commercial 

applications using Pad 46 at Cape Canaveral Air Station (CCAS), and to interface with private 

industry and the public in promoting commercial applications of space. A second charter is to 

increase the state's involvement in space science and research. The University of Central 

Florida (UCF) can aid in the accomplishment of this mission by joining forces with the SFA 

and forming a Center of Excellence in space-related research and education. 

The Florida Space Center 

The Florida Space Center (FSC) will be a synergistic consortium of Florida universities and 

colleges, government laboratories, and state agencies. As illustrated schematically in Figure 3, 

the FSC will be hosted at the University of Central Florida some 30 miles west of Kennedy 

Space Center. The other university and colleges participating in the FSC will be the Florida 

Institute of Technology (FIT) for space sciences and engineering, Brevard Community College 

(BCC) for space technology for undergraduates; and Bethune-Cookman College for 

undergraduate science education. The State agencies participating will be Spaceport Florida 

Authority, Enterprise Florida, and the Technological Research and Development Authority 

(TRDA). Other Florida universities will participate through the Florida Space Grant 

Consortium. 

The FSC will be an education and research center. The emphasis of the work will be to test 

concepts and technologies in the field with real assets in the normal operations of the Eastern 

Range. The FSC will work to support the surveillance and sensor development mission of 

BMDO; development of technology for the Air Force mission of space object identification and 

space debris tracking; the development of technology for the commercial, DoD, and NASA 

space-launch industry; and the development of engineering launch technologies for the 

Eastern Range. 

The objectives of the Florida Space Center will be to provide a practiced-based education 

and experience for students in actual projects involving space technology.    The space 
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community at Kennedy Space Center and the Cape Canaveral Air Force Station is the world's 

premiere space launch facility. The students will have the opportunity to be involved in the 

actual work of launching this nation's space vehicles and to work with the people who conduct 

this nation's space business. 

Figure 3 The  Florida Space  Center,   a synergistic  consortium  of Florida 
universities and colleges, government laboratories, and state agencies. 

Initially the Florida Space Center will work to develop new space and atmospheric sensing 

technology and space-launch technology for dual-use commercial and defense applications. 

The FSC will also serve as a technology transfer conduit from formerly classified programs 

and national laboratories to industrial applications, exercising a measured and disciplined 

approach to transferring formally classified technology into the industrial marketplace 

through the education and research programs of the center. 

In addition to the Spaceport Florida Authority which has a charter from the State of 

Florida to promote space-related industry, there are a number of other elements and assets 

already in place which promise to make the formation of the Florida Space Center a success. 

The Center for Research and Education in Optics and Lasers ( CREOL) at UCF is a world class 

research center in the area of electro-optics and lasers. Currently there are some 40 faculty, 85 

graduate students, and 30 visiting scientists and post-doctoral students working at CREOL. 
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The Space Education and Research Center ( SERC) at UCF is a collection of faculty and 

academic departments at UCF that have developed a classroom curriculum for space 

technology. This Center also promotes space related research primarily through NASA. UCF 

also participates in the Florida Space Grant Consortium ( FSGC) which is a consortium of 

Florida universities that sponsor small space related research projects for students and 

faculty. Space-related education and training degree programs also already exist at Brevard 

Community College (BBC) and the Florida Institute of Technology (FIT). 

The Florida state Technological Research and Development Authority (TRDA) receives 

funds from the Florida Department of Education and from the sale of Challenger license 

plates. The TRDA supports space-related educational and research projects at universities 

throughout Florida. 

BMDO has a laser-optical tracking facility on Merrit Island at Kennedy Space Center (see 

Figure 4). The facility is part of BMDO's Innovative Science and Technology Office and is called 

the Innovative Science and Technology Experimental Facility (ISTEF). The mission of ISTEF 

is to provide a field laboratory where the equipment and systems developed under the funding 

from BMDO can be integrated and field tested with real rockets and space objects. The world's 

premier adaptive optical instrument with a one-meter beam director, built by Thermo Trex 

Corporation of San Diego, is to be installed at ISTEF in 1995. Over $20 Million has been 

invested in it by BMDO and ARPA Approximate value of physical assets at ISTEF is $60 

Million. UCF has had a contractual relationship providing technical expertise in the area 

laser radar technology to the ISTEF facility for approximately seven (7) years. 

The Malabar Test Facility of the U. S. Air Force Phillips Laboratory, some 40 miles south 

of Cape Canaveral (see Figure 4), is an optical tracking and telescope station at Palm Bay, 

Florida. This facility has been in place for some 30 years and has conducted some of the first 

experiments on laser tracking of launched rockets and space satellites as well as optical 

communications from ground to space. The primary resources Malabar Test Facility includes 

two optical trackers (a 48 inch Itek wide FOV telescope and a 24 inch Itek telescope with support 

instruments), two laser transmitters, major computer facility to handle data and control the 

telescope sensors, and image and data processing capabilities to support such missions as 

launches from KSC and the Eastern Range, offshore operations, and on-orbit observations. 

See the Appendix for a more complete description of the Malabar Test Facility. The value of 

physical assets is approximately $120 Million.   FIT has conducted research at the Malabar 
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Facility for several years, with both faculty and students benefiting from "hands-on" research 

projects. 

AKANTlC OCEAN 

O PATRICK AFB 

Figure 4. Area map showing the strategic location of ISTEF and Malabar relative the 
U. S. launch facilities at Kennedy Space Center and Cape Canaveral Air Station. 

A New Mission for Malabar 

Malabar is ideally positioned to provide an extensive remote sensing capability for launch 

vehicle health monitoring, space object identification, and atmospheric studies. 

Since the Eastern Range is now an operation and no longer has a charter to do test and 

evaluation, Malabar can serve a valuable function as an operational laboratory for pilot 

programs involving the test and evaluation of new technologies on actual launch vehicles. 

Technical support to Malabar can be provided by the Florida Space Center which is less than 
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an hour drive from Malabar. The Florida Space Center can also serve as a conduit for 

technology transfer to the commercial launch industry through its relationship with the 

Spaceport Florida Authority. 

Phillips Laboratory technology applicable to the range modernization program includes: 

Hyperspectral Imaging 

Laser Radar 

Local Wind Velocity Monitoring 

Precision Optical Tracking 

Adaptive Optics 

Unconventional Imaging 

Figure 5 illustrates how the Air Force Material Command can fulfill its responsibility to 

satisfy the Eastern Range modernization and automation requirements by transferring newly 

developed technologies from the Phillips Laboratory to Malabar for test and evaluation at 

Malabar (by Florida Space Center Personnel) before being delivered to the Eastern Range as 

operational turn-key instrumentation. 

Figure 5 Eastern Range modernization and automation requirements provide 
research and development opportunities for the Phillips Laboratory 
as well as a mission for Malabar as an operational laboratory for the 
test and evaluation of new remote sensing instrumentation. 

With faculty and student participation in these test and evaluation operations at Malabar, 

technology transfer to the commercial launch industry will occur through the close 

relationship of the Florida Space Center with the Spaceport Florida Authority and its 

commercial customers at Launch Complex 46. Also the educational charter will be fulfilled by 

having university students actively involved and getting hands-on experience in the test and 
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evaluation operations at Malabar. The transfer of technology from Phillips Laboratory 

research and development programs will be complete and highly effective as these students 

graduate and join the technical work force in the commercial launch industry. 

Specific needs in the area of launch vehicle health monitoring include 

• Early Detection of Launch Anomalies 

• Recording and Archiving Anomalous Behavior 

• Verification of Launch trajectory and Orbit Insertion 

• Verification of Satellite Orientation and Stabilization 

• Monitoring Rocket Exhaust for Environmental Studies 

• Providing a Database for Potential Commercial Users 

Hyperspectral imaging is a good example of a new technology currently under development 

at the Phillips Laboratory1 that could be combined with the new developments in laser radar at 

ISTEF2 to achieve a truly revolutionary remote sensing capability. The basic remote sensing 

functions include the following: 

• Target Search, Acquisition, and Tracking 

• Radiometry (Intensity Measurements) 

• Spectroscopy (Spectral Measurements) 

• Imaging (Spatial Measurements) 

• Laser Radar (Position and Velocity Measurements) 

The combination of a radiometer and a spectroscope allows one to make spectral 

radiometry measurements as illustrated in Figure 6. Similarly, the combination of 

spectroscopy and imaging has been utilized for years to obtain multi-spectral images3'51 

however, with state-of-the-art mosaic focal plane technology the field of hyperspectral 

imaging6'8 is rapidly being developed. And finally, the field of coherent laser radar (ladar) 

array receivers9-10 allows one to do high resolution image reconstruction from the amplitude 

and phase measurements from sparse arrays. Thus we have imaging ladar. 

If we combine all of the basic remote sensing functions with the new hyperspectral imaging 

technology, we could create the new field of radiometric hyperspectral imaging ladar which 

results in a hyperdimensional data set. This data set would include one dimension of intensity 

information, one dimension of spectral information, two or three dimensions of imaging 

information, three dimensions of information concerning the position of the target, and six 

dimensions (three translational and three rotational) of information concerning the target 
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velocity.   This hyper-dimensional remote sensing capability is illustrated schematically in 
Figure 6. 

Spectral 
Radiometry 

Hyperspectral 
Imaging 

RADIOMETRIC HYPERSPECTRAL IMAGING LADAR 

T 
ll 

Hyperdimensional Data Set 

Figure 6.    Hyper-dimensional remote sensing for launch vehicle health monitoring. 

This significant advancement in remote sensing technology is merely one example of a 

specific project that could be carried out by collaboration between the academic participants of 

the Florida Space Center and the Air Force Phillips Laboratory using Malabar as the 

operational laboratory for test and evaluation of these advanced systems on real launch 

vehicles. 

Clearly this type of remote sensing capability would be applicable to a wide range of 

applications in addition to launch Vehicle health monitoring 

Launch Vehicle Health Monitoring 

Space Object Identification 

Earth Resource Surveys 

Weather Analysis and Forecasting 

Reconnaissance and Surveillance 

Environmental Monitoring 

Search and Rescue Missions 
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•    Atmospheric and Ocean Sciences 

Florida Space Center Funding Plan 

All of the participants will share in the cost and benefit from the results of the Florida 

Space Center. The Florida state university system (SUS) will contribute to the cost by funding 

tenure-track faculty lines and recruiting and hiring the best people in the industry to lead the 

research and teaching activities of the FSC. They will benefit by becoming recognized for the 

best academic program in the country in space-related technologies. The local launch industry 

will share in the cost by funding graduate student stipends and research projects of specific 

interest. They will benefit by staying at the cutting edge of technology and by taking advantage 

of the highly qualified manpower labor pool generated by the experience-based academic 

program. The Spaceport Florida Authority will provide FSC infrastructure support. The 

BMDO and Air Force Phillips Laboratory will contribute Facilities and Equipment (i.e., the 

ISTEF and Malabar Sites) and some contract funds for specific projects related to their 

particular missions . The Air Force 45th Space Wing and NASA will provide operational 

launch support. The federal government will provide TRP funds to get the FSC established. 

And after some initial period of time the FSC should become self-supporting through a variety 

of federal and private industry contract support. 

SUS  --   Faculty Lines 

Launch Industry    Graduate Student Stipends 

Spaceport Florida Authority - -   FSC Infrastructure Support 

TRDA--  FSC Infrastructure Support 

BMDO/Phillips Lab     Facilities and Equipment 

45th Space Wing    Operational Launch Support 

Federal Government - TRP Funds 

NSF, DOT, AFSOR, NRAD Contract Support 
NASA, ARMY, Private Industry 

Summary 

We have performed a preliminary assessment of the Air Force Malabar Test Facility and 

identified a new mission related to the commercialization of space in the United States. Four 

significant opportunities for future Malabar participation include: 1.) a major role in the 

Eastern Range Modernization and Automation Program. 2.) an enhanced role in dual-use 

research and operations, 3.) technology transfer to the commercial space launch business, and 

4.) a major participant in a University Center of Excellence in Space Education and Research. 
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We have also described a synergistic consortium of universities, state agencies, government 

laboratories, and private industry that will all benefit from the formation of the Florida Space 

Center (FSC). This academic research and educational center of excellence in space-related 

technologies will help to upgrade our national launch facilities and capture a major market 

share of the burgeoning commercial launch business. Malabar would become an operational 

laboratory for pilot programs involving the test and evaluation of new technologies on actual 

launch vehicles. A hyper-dimensional remote sensing capability for launch vehicle health 

monitoring has been identified and described as one particular technical project with high 

potential pay-off. A preliminary funding plan for getting the FSC established has been 

outlined . 
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Appendix: Brief Description of Malabar Test Facility 

FACILITIES 
AVAILABLE FOR 

EXPERIMENTAL USE 

U.S. AIR FORCE 
PHILLIPS LABORATORY 

OL-AG 
MALABAR TEST FACILITY 

PALM BAY, FLORIDA 

PHILLIPS LABORATORY 
MALABAR TEST FACILITY 

The Malabar Test Facility in Palm Bay, Florida is 
a remote site of Phillips Laboratory (headquar- 
tered at Kirtland Air Force Base, New Mexico) 
one of the Air Force's largest research and de- 
velopment organizations. The research and de- 
velopment areas supported by Phillips Labora- 
tory encompass geophysics, propulsion, space 
and missile technology, lasers and imaging, ad- 
vanced weapons and survivability, and space 
experiments. The Malabar facility is part of the 
lasers and imaging branch. 

Mission: Malabar conducts optical and electro- 
optical research and development activities in 
support of Air Force space programs and other 
government organizations. Malabar can provide 
space and launch vehicle imagery, on-orbit cali- 
bration of space sensors, and support of anomaly 
investigations. In addition, Malabar can provide 
software development, image processing and 
analysis, and optical design services to custom- 
ers. Malabar's resources consist of proven 
equipment, qualified personnel, and excellent 
geographical location for customer's experi- 
ments. Some of Malabar's customers are DoD 
agencies, commercial agencies, and foreign 
governments. 

Centaur Upper Stage and Skylab 

Location: Malabar's geographical location on 
the space coast provides unique chances for ob- 
serving over 20 launches per year as "targets of 
opportunity." Malabar is located 30 miles south 
of Cape Canaveral launch sites and 55 miles east 
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of Orlando. In conjunction with a sister facility 
(the Maui Optical Site), Malabar can provide 
unique resources and coverage through a net- 
working of optical sites. 

Equipment: Primary optical systems available 
are shown in Table 1. The optical systems in- 
clude two receivers and one laser beam direc- 
tor. 

Rl 

R2 

T1 

48-Inch telescope 
Four main focus points 
3.5-degree WFOV 20-inch LATS 

24-Inch telescope for UV and IR 
3-5 micron MW1R 
10-inch LWIR telescope 

24-Inch afocal beam director 
6X beam expander 

Table 1 Malabar Optical Systems 

The lasers available for active illumination in- 
clude a kilowatt continuous wave YAG (Yttrium 
Aluminum Garnet) laser, two pulsed frequency- 
doubled YAG lasers (500 millijoules and 100 
millijoules), and a 100-microjoule modulated 
YAG laser. 

Sensors available for collecting data are shown 
in Table 2. The visible sensors (excluding the 
photometer and the spectral imager) can be 
used at various focal positions (120, 240, 480, 
480 to 4800-inch) of the 48-inch receiver. The 
ultraviolet and infrared sensors share the prime 
focal position (96-inch) of the 24-inch receiver. 
The intensified CID and CCD cameras are used 
to support night time imaging operations. These 
cameras are equipped with adjustable expo- 
sures and fast gating circuits to capture special 
events and backscatter light from laser-illumi- 
nated space objects. 

Ultraviolet: CCD, .32 - .36 umeters 

Visible: 

Infrared: 

isrr 
3-chIp color CCD 
Single-chip color CCD 
Megapixel (1024 X 1024) CCD 
Slow scan megapixel CCD 
40 mm ICID 
25mmICID 
Photometer 
Spectral Imager 

InSb, 3.0 - 5.2 umeters 
SIAs, 9.5- 11.5 umeters 

Table 2 Malabar Sensors 

Other supporting equipment includes two Rec- 
ognition Concepts realtime recording image 
processors, one Silicon Graphics image proces- 
sor, three microVAX Ill's, three Sun workstations, 
and general purpose calibration equipment. 

Tracking Capabilities: The tracking mounts are 
elevation-over-azimuth types that use 25-bit ab- 
solute position encoders. The mounts are com- 
puter driven in realtime to give a pointing ac- 
curacy of less than 2 arcseconds, a tracking ve- 
locity of 15° per second, and an acceleration of 
2° per second 2. The realtime program that 
drives the mounts has been refined over many 
years to produce highly reliable tracking. Track- 
ing may be performed by hand, digital tracker, 
radar drive, or vectors generated on-site. 

Present Programs: 

1) Supporting classified space experiments 

2) Tracking and recording commercial and 
government launches 

3) Laser illuminating and tracking space ob- 
jects for developing and refining laser 
ranging and laser communications capa- 
bilities 
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Past Programs: 
1) Tracking space debris for classifying space 

objects 
2) Tracking, video taping, and transmitting 

video and critical data on specific space 
objects for space object identification 

3) Developing and testing a digital tracker 

4) Autonomous tracking of boosting and 
thrusting space vehicles 

5) Collecting data for plume phenomenol- 
ogy and discrimination studies in support 
of the Ballistic Missile Defense Organiza- 
tion 

6) Building and testing a mount control sys- 
tem to replace systems at other Air Force 
installations 

Personnel: In addition to the civilian group at 
the Malabar facility, the following contractor 
groups provide on-site operational and engi- 
neering support: 

Orion International Technologies 

United Technologies 

Florida Institute of Technology 

For more information on the Malabar Test Facility, contact: 

Branch Chief 
OL-AG, Phillips Laboratory 
Malabar Test Facility 
5600 Minton Road 
Palm Bay, FL 32907 
Phone:(407)723-3100 
Internet. info@malabar.fl.us 

info@malabar.mlb.f1.us 

Laser Illuminating a Vehicle 
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HIGH RESOLUTION RANGE DOPPLER DATA AND IMAGERY FOR 
SPACE OBJECT IDENTIFICATION AND ANALYSIS 

James M. Henson 
Assistant Professor 

Department of Electrical Engineering 
University of Nevada 

Abstract 

The following pages describe the raw data available from radar sites such as HAYSTACK, ALCOR, and MMW as 

well as several data processing and presentation options including Range Time Intensity (RTI) and Doppler Time 

Intensity (DTI) strips and Range Doppler (IS AR) imagery. Several image sequences are provided to demonstrate the 

effects of a) Angular Sampling Interval, b) Angle of Integration, c) Zero Padding of signals in the Range and Doppler 

Dimensions, d) Center or Operating Frequency, and e) Signal Bandwidth. These variables represent a minimal set of 

parameters necessary for both site characterization and image understanding. A thorough understanding of the image 

formation process represents a necessary and prerequisite step to automated or manual object identification and anal- 

ysis. 
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HIGH RESOLUTION RANGE DOPPLER IMAGERY AND DATA FOR 

SPACE OBJECT IDENTIFICATION AND ANALYSIS 

James M. Henson 

Introduction 

It is the goal of Phillips Laboratory WSAT to develop a multispectral, workstation based, image/data fusion and 

analysis tool for automated Space Object Identification (SOI), mission characterization, and health assessment. The 

radar frequency regime of interest includes operating frequencies in the 10 to 95 GHz range with bandwidths ranging 

from 500 to 1024 MHz. Also of interest is Narrowband data available from geographically diverse sites at similar 

operating frequencies. Due to the relative importance of two-dimensional range Doppler imagery much of the fol- 

lowing discussion is dedicated to a presentation of such imagery and those radar and signal processing parameters 

that control image fidelity. A well engineered automatic SOI system must accept both narrowband and wideband 

input data at range resolutions commensurate with various system bandwidths and at Doppler resolutions related to 

angular sampling rate, object dimensions, operating frequency, and angular period of integration. The current study, 

made possible by the AFOSR and Phillips Laboratories, serves as necessary and critical to the development of the 

radar related portion of the planned ASOI system. 
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Range Doppier Data 

As shown below, the raw data signal from a wideband radar is a continuous waveform due to a single target aspect. 

As the target moves with respect to the fixed radar position additional aspect sensitive signals, Vj(t), are received. 

The data is processed to achieve resolution in the range dimension as shown in Figure 1. 

\ o 
\ 
\ 
\ 
\ 

Vj(t) 

Object Motion 

/ 
/ 

/ 

/ Wideband time 
\ / resolved return 

\ • pulse from object 
^    + aspecti 

Radar 

I 

I 
SAMPLE & FFT 

The result of the FFT is a range resolved signal at a single aspect At this point it is possible to 

enhance the range resolution if bandwidth extrapolation techniques are employed 

I 
I Vi(n) I or Angle V^n) 

0     12    3 
► n~ range 

range resolution = c/2B 

Figure 1 
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V. (n)    may be thought of as the range 'signature' of the object when illuminated at aspect angle i. 

This discrete signal can be displayed graphically as a function of n or as an image intensity strip. Discrete range 

resolved signals displayed in this fashion are called Range Time Intensity (RTD strips. 

As the object rotates some incremental amount, A9 , to aspect i + 1, a second signal V. 1 (n) may be gener- 

ated. If these strips are stacked vertically, grey level intensity at a set of constant ranges may observed in the vertical 

(aspect) dimension as shown schematically in Figure 2. Phase Time Intensity plots (strips) may also be created using 

phase rather than magnitude data. 

A spect DATA SET A 

Stacked RTI Strips 

 Magnitude or Phase Value 

Range is constant in the 
vertical direction 

L    i+2 

i+1 

l 

•^     Rancrp. 

Figure2 

In this way a complex valued high resolution range signal is generated for each target aspect. The number of distinct 

angles available for further processing depends on the motion of the object as well as the true pulse width and PRF of 

the radar system used to collect the data. 

Let's define this information, V^n), i = l,2,...,m, as Data Set A. It is a complex set of values - one complex value 

for each range, R, and aspect angle, 0 

Vc(R,e) = (a(R,Q)+jb(R,e)) 

Now suppose that we repeat this data collection process using a Narrowband Pulse, that is, a pulse with 

C      CT AR = — = —     on the order of the dimension of the object Then at each aspect we will have only one return. 
LB        1 

V. (0 = acosf (at + 4* \      where co   is the narrowband carrier frequency. The Transform of this signal is 

an\e     8( co-co j + ^öj w + co  ] 

If we 'stack' this data (intensity an, or phase y ) in a horizontal fashion or plot it as a function of aspect angle, we 
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have the following data display possibilities: 

1) intensity versus aspect strip images 

2) intensity versus aspect plots (These are usually called RCS plots) 

3) phase versus aspect strip images 

4) phase versus aspect plots 

Suppose that we now take the DFT of i = 1,2,...,N of these complex narrowband signal values, V^w), where 

e. 
N = Total 

AB 

ft <?  I A 

vTotalSJ2R 

4R 

R = Radius of "Rotating" object 

In this fashion one can create a series of Dopper intensity strips or plots as shown in Figure 3. 

If these one dimensional doppler image strips (intensity or phase) are stacked vertically we form what are known as 

stacked Doppler Time Intensity (DTI) strips. Doppler Phase Strips can also be created if the phase data is used. 

U   N*i 
zr        3 

Each cell holds a single (complex) narrowband 
•value corresponding to the return at 
each aspectRange is a constant. 

j   FFT      I FFT 

III   III 
—^- doppler 

jzzr nz 
RE 
& 

IM 

or 

or 

Magnitude 
& 

Phase 

Figure 3 

Each group of N values (in the horizontal direction) corresponds to a single cross range 'image' of the object. These 

images (intensity or phase) are one dimensional in the range dimension but resolved in the Doppler or cross range 

direction. 
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Range is constant (narrowband) 

Radar Position 

DATA SET B 

Object 

Azimurh 

. Doppler 

Figure 4 

Let's define this information as Data Set B. It consists of a set of complex valued doppler (or cross range) 

arrays. Each one dimensional array corresponds to a particular object aspect. The data is depicted in Figure 4. 

Notice that the Narrowband DTI information of data set B can be created from data set A as follows. 

Aspect 

i+2 

i+1 

l 

DATA SET A 

Stacked RTI Strips 

Magnitude or Phase Value 

Range is constant in the 
vertical direction 

Range 

1) Coherently sum the values in each row of range data to form the new data array 

i i+1 i+2 i+3 i+4  

2) Group these values in groups of length N 

3) Apply the FFT to each individual group 

Figue 5 
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In other words, the narrowband information is recoverable from the wideband data. Actually, the narrowband and 

wideband range data represent the two range resolution extremes. 

Finally, if the one dimensional FFT is applied to the columns of Data Set A (the complex wideband range 

resolved data) one can form true two dimensional range doppler (cross range) intensity and phase imagery. Note, 

however, that a single column of data may consist of range return data from any number of unique aspect increments, 

i.i+1 .i+M, where the optimal increment is given theoretically as   A8 < j?   . The optimal number of column 

elements used to form a cross range (doppler) image strip at a given range is N =    Total .where o < /A 
A9 "Total   A/2Ä 

is the angle of integration for a single image. Thus a total of A/+1 
N images may be formed by this process. The 

basic processing is shown in Figure 6. 

Aspect 

i+2 

i+1 

i 

/ 

/' 
/ 

Complex return from range 
bin 5 and aspect angle i+6 

Transform Columns in 
groups of length N 

►.  Range 

c 
.2 
c o 
E 

to 
c a 

' Pi 

s 

Figure 6 

It should be noted that while the full wideband signal information content is available in the range Doppler 
Imagery, RTI and DTI strips and plots are expected to be of value in the satellite feature information extrac- 
tion process. A related MFR is planned to address this issue. 
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Range Doppier Imagery and Related Phenomena 

The imagery that follows in this section was generated using certain of the Lincoln Laboratories RCS Toolbox 

simulation software. In the discussion that follows reference is made to a number of user controlled variables in the 

software related setup files .setupptd and setupimagetbl. In Figure 7 the object on the turntable (x/y plane) is 

assumed to be stationary while the radar moves around the object along a circular arc in discrete angular increments 

of length A 8 = — radians or A 9 = ——   degrees. Lambda is the center frequency of the radar and R should be 

set to the known or estimated maximum radius of the object about its center of rotation (i.e. the z axis of the turnta- 

ble). In actual processing terms the variable A9 controls the processing interval or sampling rate. 

Object 

► x 

Radar at nA0 on 
Circular path 

Figure 7 

The value the user enters for 'number of samples' controls the number of discrete increments of length A9, over 

which the radar will be moved. Note that moving the radar along a circular arc as shown in Figure 1 is entirely 

equivalent to holding the radar in a fixed position and rotating the object about the the z (turntable) axis.. 

If A8 = 0.5 degrees and N=100 samples, 50 range waveforms will be generated - at viewing angles 0,0.5,1.0,1.5,..., 

50 degrees. The variable 9 shown in the figure is associated with the program setupimagetbl where it is called the 

'angle of integration'. NOTE that the LL Users Guide to the RCS Toolbox (Version 3.0) incorrectly defines the 

180 !~X angle of integration, 6, as A8. The correct value (for optimal linear cross range focusing) is   9 = — /— 

degrees. Together, 9 and A9 control the linearly focused cross range (or Doppler) resolution,  Ax *M If the 
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angle of integration is taken such that 0 < /—   , Ax increases correctly within the limits of the linear focusing 

approximation. If 9 > /—   , Ax theoretically decreases. However, the resulting imagery will be blurred (incor- 
ty2Ä 

rectly focused) due to scattering centers 'walking' between resolution cells. Figures 8,9,10, and 11 are included to 

demonstrate the phenomenon. The cross range blurring of the object in Figure 8 is due to an integration angle which 

is too small. Figure 9 shows the object processed at the optimal integration angle.   The blurring in Figure 10 

(which shows the effect of a 25 degree integration angle) is a result of the linear focusing approximation (FFT) 

which decouples the relation between frequency and angle. Figure 11 is just an enlargement of the image of Figure 

10. Notice that even with the blur caused by scattering centers walking between resolution bins in Figure 10, cross 

range resolution is still enhanced. The result suggests that variable angle of integration angle processing may be of 

value in the recognition/assessment process. Note however that the LL software will not accept integration angles 

that exceed 8 = 256(A0). This is because the software is limited to radix-2 FFT's of size 256.   A future study is 

anticipated on the topic of focusing approximation and 'Extended Coherent Processing' techniques which provide 

more accurate focusing and enhanced cross range resolution. 

Figure 8 

15-10 



Figure 9 

Figure 10 
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Figure 11 

Our experience with the RCS Toolbox also indicates that A9 (as given above) must be reduced by a factor of 

approximately one half to avoid FFT aliasing effects which are manifested as cross range pixel values corresponding 

to large Doppler shifts being 'wrapped' between sides of an image. These effects can always be avoided in simulated 

imagery but may be present in actual imagery if the radar PRF is not adequate to properly sample the motion of the 

object. These effects are the result of undcrsampling and the periodicity of the Discrete Fourier Transform or FFT. 

Figures 12 and 13 demonstrate the effect of an incorrect integration increment, A9. In Figure 13 A8 is too large. 

The image of Figure 12 results when A0 is selected correctly. 
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Figure 12 

0  to -4.96 deg 4.96 to 9.92 deg 

OEUThot« = .207 deg 

Figure 13 

left portion 

of solar pansl 

at incorrect 
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The 'zero padding' option refers to the number of zeros one wishes to append to each row of aspect sensitive (con- 

stant range bin) data prior to cross range FFT. A 64 point FFT of the sequence x[n] will produce 64 values in the 

transform domain with uniform spacing inversely proportional to the sampling period used to produce x[n]. The dis- 

tance between samples in the frequency domain is of course the cross range resolution, Ax. If zeroes (say 64) are 

appended to x[n], the corresponding transform will be of length 128. This may seem to suggest a new cross range 

resolution of Ax/2. This is, however, NOT the case. The actual effect is to create additional frequency samples by 

interpolating between the original samples with a Sine function. The new values may be completely erroneous. FFT 

resolution cannot be enhanced by appending zeroes to a function x[n] unless the function is in fact zero valued over 

the interval where the zeroes are appended. The only sure way to increase the resolution is to increase the angle of 

integration^. Unfortunately, 0 is limited as discussed previously. Figures 14 and 15 are included to demonstrate the 

effect of padding the wideband range return (at each A0) with 16 zeroes. Figure 14 represents the image prior to zero 

padding. Figure 15 is the result after zero padding. 

12/12/87       Ti«e:O.2-1610DDE*01 

-4.96 deg integration 

ta&ZJ&ia* 

zero podding = 0 

Figure 14 
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Figure 15 

The variable 'bandwidth' controls the cross range resolution according to Ar = —   where B is the bandwidth of 

the interrogating radar. Thus the bandwidth the user enters in the program setupptdtable must be used to compute 

the 'delta value for the range', Ar, in the program setupimagetbl. According to LL personnel the variable SRCSL 

must be less than or equal to Ar. This suggests that it plays a role similar to the zero padding variable. For example, 

if Ar = 0.1 and we set SRCSL = 0.05, an appropriate number of zeroes are appended to the wideband return signal 

prior to the range FFT. Again, this cannot enhance the range resolution. It is only an interpolation process. However, 

recently developed Bandwidth Extrapolation techniques may be useful for enhancing the range resolution. Such 

techniques attempt to extrapolate unknown signal values (beyond the signal window) using various autoregression or 

maximum entropy methods. Figures 16 and 17 show the effect of setting SRCL less than the attainable range reso- 

lution. The image in Figure 16 was processed using SRCSL = 0.146, the range resolution for a 1024 MHz band- 

width. The image of Figure 17 was processed using SRCSL = 0.1m. The apparent increase in range resolution is 

clear. 
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Figure 17 
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The variable 'center frequency', in the .setupptd file can have considerable effect on wideband imagery - partic- 

ularly the scattering regimes and the cross range resolution. ALCOR and HAYSTACK are X-Band systems (center 

frequency = 10 GHz) while MMW is a millimeter wave system (center frequency 35 GHz). Figures 18 and 19 indi- 

cate the difference between image quality at X-Band and MMW. Figure 14 gives the corresponding X-Band image, 

with an angle of integration of 4.96 degrees, and a processing increment, A9 = 0.107 degrees. Figure 18 is the result 

at a frequency of 35 GHz, an angle of integration of 1.96 degrees, and A9 = 0.03 degrees. The changes in 0 and A9 

are necessary since both are a function of center frequency. Notice the increased resolution in the cross range dimen- 

sion evidenced in the image of Figure 18 - even at an integration angle of less than half the integration angle of the 

X-band image. Figure 19 shows the result of the millimeter wave center frequency with an angle of integration of 

7.6 degrees (the program limit). Notice the improvement in the cross range resolution when compared with Figure 

18. The expected range walk focusing error, while noticeable, may not be disagreeable - especially with respect to 

the feature extraction and recognition process. 

SSS&JiSSSt 

1.95 dog  Integration 

DEL.Theto 0.03 deg 

Notice the X.Ronge resolution Is 

I«proved even though the angle 

of   Integration Is decreased 

imauttiK* 

These vertical bands not visible 

In X-Band lnagery 

ma».«"«* 

Figure 18 
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Figure 19 

Finally, Figues 20 through 22 are included to demonstrate differences in image quality for several actaul radar sys- 

tems. The image of Figure 20 corresponds to an ALCOR (C-Band, 512 MHz bandwidth, optimal integration angle) 

simulation. Figure 21 shows the same object when interrogated by HAYSTACK (X-Band, 1024 MHz bandwidth, 

optimal integration angle). Figure 22 is a MMW (95 GHz, 1000 MHz bandwidth, optimal integration angle) version 

of the object. Notice the radical differences in resolution. 
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Figure 20 

Figure 21 
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Figure 22 
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REVERSE-FLOW GAS   GENERATOR  STUDT  FOR  H   2/02  ROCKETS 

DR.   SAN-MOU  JENG 

ASSOCIATE PROFESSOR 

AEROSPACE ENGINEERING AND ENGINEERING MECHANICS 

ABSTRACT 

A preliminary study, using the ALLSPD CFD code (developed by NASA 

Lewis Research Center), on a proposed reverse-flow gas generator 

for full-flow staged H^O;, rocket engines was conducted. Two- 

dimensional CFD simulations at different operating conditions were 

investigated. The mixing quality between combustion products from 

the preburner, which is operated at 0/F=64, and the pure hydrogen 

diluent, which has temperature of 300 °K, was summarized in this 

report. The computational results indicated that at least five 

recirculation bubbles exist in the gas generator, and the 

temperature and species distributions are nearly uniform at the gas 

generator outlet. The results also implied that the center body of 

this gas generator may be overheated. This study concluded that the 

three-dimensional CFD simulation is needed to provide a better 

design guidance for the on-going Air Force gas generator program. 
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REVERSE-FLOW     GAS     GENERATOR    STUDY     FOR    H   2/02     ROCKETS 

DR.   SAN-MOÜ  JEMG 

I. INTRODUCTION 

The SSME main engine uses the fuel-rich combustion products to 

drive both fuel and oxidizer high pressure pumps. Recently, concept 

of using fuel-rich combustion products to drive the fuel pump and 

using oxidizer-rich combustion products to drive the oxidizer pump 

have been re-examined. This is not a new concept, both the united 

States and Russian have experience on theses engine cycles. 

Several advantages can be gained from this approach. The turbine of 

the proposed engine cycle will be operated at lower temperature and 

higher flow rate to drive the propellant pump. This would increase 

the turbopump life expectancy which also allows the larger 

throttling on the engine thrust. Also, sealing of the flow passage 

within the turbo-pump system can be easily handled and a small flow 

leakage within the system should not generate a catastrophic 

failure mode as in the current SSME main engine. 

Air Force Phillips Laboratory is currently conducting an 

experimental study on a gas generator to provide the design 

information for future rockets. The considered gas generator 

consists of two major components: the first component (preburner) 

burns hydrogen and oxygen at near stoichiometric conditions; and 
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the second component (mixer) mixes the preburner combustion 

products with pure oxygen or hydrogen and generates the uniform, 

low temperature, oxygen rich or fuel rich combustion products for 

the turbo-pump system. 

Two gas generators are required for each full-staged combustor. The 

gas generator for the fuel turbopump has a fuel-rich preburner and 

pure hydrogen diluent in the mixer. Similarly the gas generator to 

drive the oxidizer pump has an oxidizer-rich preburner and pure 

oxygen diluent in the mixer. The mixer of the considered gas 

generator at Air Force Phillips Laboratory is shown in figure 1. 

Hot gas from the preburner enters from the left entrance (either 

fuel rich or fuel lean combustion products) and mixes with cold 

hydrogen or oxygen issued from three individual injectors. 

In this study, the evaluation of a CFD code, ALLSPD, to predict the 

flowfield of the hot gas generator is conducted. Under the AFOSR 

summer faculty fellowship program, the flowfield within the mixer, 

based on two-dimensional assumptions, has been successfully 

calculated. The predictions indicate that the considered gas 

generator can provide a uniform flow for the turbopump system. From 

the parametric study, the centerbody used in the gas generator may 

be overheated and may therefore require active wall cooling. 

II. GOVKRMIHG EQUATIONS 

Although the ALLSPD CODE can perform the liquid spray combustion 
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analysis, the reported calculations are based on the assumptions 

that the propellant injection into the mixer is gaseous with the 

assigned temperature. The two-dimensional, unsteady, compressible, 

time averaged Navier-Stokes equations and species transport 

equation were used to solve the mixer flows. The low Reynolds 

number k-e turbulence model was considered. The chemical reaction 

was assumed frozen since very little chemical reaction may occur 

in the mixer. 

under above assumptions, the governing equations in generalized 

body-fitted coordinate can be expresses as 

dx dl dr\ ° 

where the vectors Q,  E,F,  E,,  Fr and Ha  are defined as 

and xt \t and i\ are the time and spatial distance in the 

generalized coordinate, J is the transformed Jacobian. When 3=0 is 

two dimensional and 5=1 is axisymmetric case. The vectors Q, E, F, 
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FT and  F, in the  equation 2   are 

Q =  (p, pu, pv, ptf, pic, pe, prx, . . . . , p2V-i) T' 
E = (pu, puu+p, puv, (p^+p) u, pine, pue, puS^, . . . ., puY^) r , 
** =  (pv, puv, pw+p, (p-ff+p) v, pvic, pve, pvTlf . . . . , pvYj,^) T , 

Ev=  (0 , X„, X^, UX^+VX^+g^, ta/ ta/ q^, , 
Fv = (0, T„, xw, ux^+vx^+g^, x^, x^, gyI, , -ay' "yyi *y 

and the source term vector, He ,   is 

(3) 

*c = 

3   cbc 

3 L  ax    dy J 

^[♦-pei-fa^f^] 

jr*^ 

y'^-i 

(4) 

III. HUMERICAL METHODS 

The ALLSPD code used the compressible flow algorithm and is capable 

of solving the flowfield with any mach number. To circumvent the 

two well known numerical difficulties: roundoff error of the 

pressure gradient term in the momentum equations and the disparity 

of the system eigenvalues, the approach developed by Merkle and 

Chow (1), and Shuen et al. (2) was incorporated. A time 

preconditioning term was used to rescale the system eigenvalues 

while the pressure variable was decomposed into a constant 
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reference   part   and   a   gauge   pressure   part.   The   resulting   Navier- 

Stokes   equation  in a  conservative form are 

TU! + -^ +  d[E'^   *   3(?"^)   -IT. 
or*        3T dl dr\ c' 

(5) 

where the primitive variable vector Q  and T are given as 

F=^ 

u 

v 
h 
x. 
6 

Vl 

(6) 

T = 

_1 
p 

JX 

p 
-£  0  p  0 0 0 

4- o o ooo. 

-it  p  0  0 0 0 

p 
-1 pu pv p 0 0 

JC 

p 
_e 

p 

p 

-=•  0  0  . p 0 

-I-  o 0 . . p 0 

0  0 .1   . p 0 

p 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

p o 

(7) 
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where x* is the pseudo-time, ß is the parameter for rescaling the 

eigenvalues of the new system of equations. The definition of 

vectors in Eq. (5) is identical to those in Eq. (2) except that the 

pressure term in the momentum equations are replaced by the gauge 

pressure, pg. 

A dual-time stepping integration method was used to get time- 

accurate solutions. At each time-accurate physical time step, the 

solutions converge in the pseudo-time domain by iteration methods. 

Since the interest in this work is to provide the steady-state 

solutions, the physical time term in the equation can be dropped 

and the solution can be marched in the pseudo-time domain until 

convergence of the marching process is reached. 

After linearization and applying a first order time differencing, 

the finite difference equation can be expressed in the following 

form: 

where p denotes the previous iteration level, D is the Jacobian for 

chemical and turbulent source terms. A and B are the inviscid term 

Jacobians and A55 and Bm are the viscous term Jacobians. Central 

differencing was used to discretize all spatial variables in the 

above equations. The resulted algebraic equations are solved using 
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MSIP method proposed by Schneider and Zedan (3) . 

IV. TEST CONDITIONS 

Figure 1 shows the preburner/mixer geometry similar to that 

considered at Air Force Phillips Laboratory. Detailed design of the 

preburner is not illustrated, which was originally designed for 

space station keeping purpose and has be extensively studied at 

NASA Lewis Research Center. In the current study the gas generator 

was assumed axisymmetric, and the considered geometry is shown in 

figure 2. The preburner was replaced by a straight cylinder at the 

left hand side of figure 2. It was assumed that the preburner 

produced complete combustion and provided the uniform flow coming 

into the left entrance of the considered gas generator. 

The combustion at the preburner was assumed oxygen rich and the 

pure oxygen was injected into the mixer. Three injectors (ring 

injector for two-dimensional simulation) were aimed at the center 

of the mixing sphere. A backflow plate (splash plate), located near 

the exit of the mixing sphere, was also used to improve the flow 

mixing efficiency. 

This study (two-dimensional simulation) considered that the 

preburner was operated at an 0/F ratio of 64 and the combustion 

products entered the mixer with a uniform velocity. The combustion 

products were assumed thermodynamic equilibrium and were calculated 

by the NASA SP-273 computer program. The oxygen leaving the 
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injectors was assumed to be 300 K, with uniform velocity. 

V.RESULTS AND DISCUSSION 

Figure 2 shows the body-fitted grid system used in the 

computations. The figure also illustrates the isothermal contours 

after 200 iterations in pseudo-time, (about three thousand 

iterations to reach converged solution) The computational mesh 

consists of 34 by 169 nodes and clustered near the wall in order to 

resolve the turbulent boundary layer. 

Figure 3 shows the velocity vectors, temperature contours and 

species contours of the considered test conditions. The temperature 

contours and species contours indicated that the mixer provides 

excellent mixing between hot and cold fluids as evident by the 

little temperature and species variations along the mixer exit. 

Enlarged views of the velocity vectors at four different locations 

are depicted in figure 4 while figure 5 shows the temperature 

contours at the same four locations. Two small recirculation zones 

exists near the oxygen injector which are due the finite thickness 

of the injector wall. The finite thickness of the splash plate also 

generates a recirculation bubble. The flow path from the preburner 

exit to the splash plate generally follows the mixer centerline. 

The majority of the fluid then bends and flows along the surface of 

the splash plate. This indicates that the mixing between the 

injector fluid and the preburner fluid near the center line ahead of 

the splash plate may be slow. The hot fluid, which may have similar 
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temperature as the preburner combustion products, may impinge the 

center of the splash plate. Overheating of the plate may be a 

potential problem and active cooling on the splash plate is 

suggested. 

The existence of the recirculation zones in the mixer provides fast 

mixing among the fluids. The impact of flow recirculation is 

illustrated in figure 6. The temperature, species concentration 

fraction and velocity variations along two vertical lines staring 

from leading and trailing edges of the splash plate are plotted. 

These two lines roughly corresponds the starting and ending 

positions of the recirculation zone generated from the finite 

thickness of the plate. The temperature variations (standard 

deviations) along these lines are excellent indicators of the 

mixing quality. Although the plate thickness is small compared to 

the mixer dimension, the derived recirculation zone improves the 

flow mixing significantly. 

The three dimensional simulations on the gas generator was not 

attempted in this study, but efforts in generating the three- 

dimension grids was conducted. The computational mesh system was 

generated by the EAGLE VIEW software. It considered three fuel 

injectors (120° apart) as well as the three spacers holding the 

splash plate. Figure 6 show the generated mesh viewed from 

different angles. It is multi-block system and contains 300,000 

grid points. The ALLSPD code with the generated grid system is 
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recommended for future study in order to predict the realistic gas 

generator performance. 

VI. CONCLUSIONS 

It has been demonstrated that the ALLSPD code can calculate the 

performance of the proposed gas generator, which has a very 

complicated geometry. Two-dimensional simulations have been 

conducted and the grid system for the three-dimensional gas 

generator have been generated. The computational results indicated 

the mixer can provide cold and uniform flow to drive the turbopump 

for the full- staged combustion system. The results also indicated 

that the splash plate thickness has significant impact on the 

mixing quality. The splash plate may be overheated and active wall 

cooling is suggested. 

VII. SUGGESTED STUDY 

In order to improve the performance of the proposed gas generator 

and to reduce the number of experimental tests during the 

developmental stage, a theoretical study with following emphasis is 

recommended: 

1. Three dimensional simulations with various operating 

conditions (variable thrust, O/F ratio) to define the 

operating boundaries of the designed gas generator. 

2. Perturbation study on the gas generator geometry to 
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maximize the gas generator performance and to guide the gas 

generator design for the full size rocket booster. 

3. Evaluation of new gas generator (injectors, mixing 

augmentation,..) to explore opportunities for the best 

designed gas generator. 
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FIGURE 1. SKETCH OF A REVERSE FLOW GAS GENERATOR 
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PHYSICAL WAVELETS FOR RADAR AND SONAR 

Gerald Kaiser 
Professor 

Department of Mathematical Sciences 
University of Massachusetts at Lowell 

Lowell, MA 01854 
email: kaiserg@woods.uml.edu 

Abstract 

Physical wavelets are localized functions in space-time R4 which (a) behave like typical wavelets in 
the sense that they generate bases or frames by translations and dilations, and (b) satisfy certain 
physical differential equations. For example, electromagnetic wavelets satisfy Maxwell's equations 
and acoustic wavelets satisfy the scalar wave equation. A class of such wavelets was defined and 
studied in [3], where some applications to radar and scattering were also proposed. Here we extend 
the theory by showing that physical wavelets can be generated by any one-dimensional function <f>(r) 
satisfying some mild conditions. This opens the possibility for implementing the theory developed 
here through efficient computational algorithms such as multiresolution analysis. 
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PHYSICAL WAVELETS FOR RADAR AND SONAR 

Gerald Kaiser 

1. General Physical Wavelets 
Our construction of physical wavelets is based on the following generalization of the wavelet transform 
[2, 3]: Let </>(T) be a (possibly) complex-valued function of a real variable. Let F(x,t) be a function 
of space and time representing a physical field such as an acoustic or electromagnetic wave. (F may 
be real-valued, complex-valued or vector-valued, depending on the kind of physical field represented 
by F. For definiteness we suppose here that it is real-valued.) We use the compact notation 
x = (x,t), F(x) = F(x,t). Define a new function F^(x,y) of the eight real variables 

z = (x,i)GR4,    j/=(y,s)GR4,    with s > 0, 

by 
/OO yOO 

dr <f>(r)*F(X + ry) = dr <f>(T)*F(x + ry,t + TS), (1) 
■OO J — OO 

where the asterisk denotes complex conjugation. One way to motivate this is to think of <t>(r)* as the 
"impulse response" of a small (point) instrument and of F,p{x,y) as the result of measuring the field 
at x at time t with this instrument while moving along the straight line in space-time parameterized 
by 

' = x + ry 
: + TS. 

The significance of s is that it is a scale parameter. For example, if <f>(r) vanishes outside the 
interval 0 < r < T and / dr 4>(r) = 1, then F${x, y) is a weighted average of F over the time interval 
t < T < t + sT. The significance of y is that the velocity of the instrument is 

dx(r)      y 
v = -?±+ = -. (2) 

t \ ■ f x(r) = x ■ x(r) = x + ry,        i.e.,      (<(V/=t + 

dt(r) s 

The mapping F(x) —► Fj,(x,y) will be interpreted as a wavelet transform with respect to a family of 
wavelets <bXty(x') defined on space-time. In that context, s will be reinterpreted as the duration of the 
wavelet, and v as its center velocity. To see that F$ is a generalization of the usual one-dimensional 
wavelet transform, note that the change of variables u = t + rs gives 

/oo /    —i\* 
dus-^l——]   F(x+(u-t)v,u), (3) 

where we have used (2). If v = 0, this is indeed just a (continuous) wavelet transform of F(x,t) in 
the time variable, with <J>{T) as the basic wavelet. 

Now let us specialize to the case where F{x) represents an acoustic wave, i.e., a solution of the 
homogeneous wave equation 

(c2V2-dt
2)F(x,*) = 0, (4) 

where c is the propagation speed. If the instrument moves with a speed less than that of sound, (2) 
implies 

|y|<«, (5) 

hence y belongs to the future sound cone in space-time, which we denote by V^: 

Vl = {y = (y,s)eR4:\y\<cs}. 
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(In the electromagnetic case, F and / are vector-valued and (5) necessarily holds, where c now stands 
for the speed of light.) Since we allow, in principle, all initial positions and times x = (x,i) € R4 

and all vectors y = (y,s) G V+, F^,(x,y) is defined on the set 

T+ = {(x,y) eR8 : x £R\y £Vl), 

called the future tube. The eight parameters in T+ give the position, time, velocity, and scale 
associated with the measurement. Thus T+ plays the role of an extended phase space. 

A general solution can be written as a superposition of plane waves with spatial wave vector 
p G R3 and frequency w = ±c|p|, as required by the wave equation. F(x) can be written as the 
real part of a complex-valued solution, which we denote by the same symbol: 

F(x,t) = (2x)"3 J ^ d3p eiw<->V(p),        « = e |p|. (6) 

It is convenient to write 

p • x = ut - p • x (7) 

for the the (indefinite) Lorentzian inner product of the four-vectors p = (p,w) and x = (x,i), so 
that (6) can be written in the compact form 

F(x) = (2x)"3 /   d3p e'>*/(p). 
JR3 (8) 

To construct the wavelets, we need a Hilbert space of solutions. Therefore define the norm \\F\\ of 
Fby 

WFH2 = ^)-3JR3 £& l/(P)l2> (9) 
where a is an as yet arbitrary real parameter. (The usual energy corresponds to a = 2, but we will 
find it necessary to require a > 2.) The set of all solutions of the form (8) with finite norm will be 
called 7ia: 

Ha = {F(x) : ||F||2 < oo}. (10) 

7ia is a Hilbert space under the inner product corresponding to the norm (9), i.e., 

(G,F) = (27T)-3 J^ -^ ff(p)V(p). (11) 

Combining (1) with (8) and denoting the Fourier transform of <J>(T) by 0(f), we obtain 

/oo 

dr 4>(ry F(x + ry) 
■oo 

= (2;r)-3 /     dr 4(Ty  f   d3p e'^'+^/fo) 
./-oo JR3 

= (2ir)-3 (   d3p e:>*/(p)  r dT eiTpytt-ry 
JR3 J-OO 

= (2TT)-
3
/   cPpe'f'iip.yyfte) 
JR3 

JR3 W 
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(14) 

where the solution $Xty(x') is defined in the Fourier domain by the coefficient function 

^,!,(p) = e-i^W
a-2^(p.y). (13) 

Thus in the space-time domain $x>y is given by 

*,,,(*') = (2*)-3 /    d3pc'"-»V,.y(p) 
JK

3 

= (27r)-3  /    d3p c'P-C«'-»)«»-2 ^(p • y) 
JK3 

= (2x)-3 /   d3p ev-(*'-*)u«-a  /°° dr e-n>^(r) 

=  /      dr <j>(r)K{x' — x — ry), 
./ —oo 

where i^(x) is the (generalized) function 

K(x) = (2TT)-
3
 /   d3p e^xwa-2. (15) 
JK

3 

The solutions $^(2') are, by definition, the acoustic wavelets generated by <J>(T). The last equality 
in (12) shows that F^x, y) can be interpreted as the wavelet transform with respect to these wavelets. 

Although the wavelets $XiV depend on the choice of </>, there is a "canonical" choice which 
determines all others in the same way that a Green function determines all solutions subject to a 
given set of boundary conditions. The canonical <f> which governs all the wavelets $Xiy is the Cauchy 
kernel K(T), defined by 

K{Ty-2ni(T-i) = 2n(l + iry <16) 

Then a contour integration gives 

w        2wiJ_00r+i \0       if£<0J       K<)      ' [U) 

where 0(£) is the unit step function. The physical wavelets generated by K(T) will be called Cauchy 
wavelets. By (14), they are given by 

KXiy(x') = (2x)-3 /   d3p 6{p ■ y)e*■(-'—H»)w«-a. (18) 

We claim that the right-hand side is an analytic function of x' - x + iy, as long as y belongs to the 
future cone V[ . To see this, note that by Schwarz's inequality, 

p-y=ws-p-y> |p|(cs - |y|) > 0 

for all p 7^ 0. Hence 0(p-y) = 1 identically. Furthermore, the exponential factor e~p'y decays rapidly 
in all directions in p (though least rapidly when p is parallel to y), and this results in analyticity of 
the integral. Therefore, comparing with (15), we have 

Kx,y(x') = (27T)-3 I   d3p e'X*'-*+«»wa-2 = K{x, _x + iy)f (19) 
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where K{z) is the analytic continuation of K(x) to the complex space-time domain {z = x + iy : 
x € R4, y e VI), which is just the future tube T+, now regarded as a domain in C4. (The above 
argument proves that K(z) is analytic in z G T+ .) Therefore it suffices to compute K(iy) and then 
find KXiy{x') by analytic continuation. We find 

K(iy) r(q) 
47r2c2|y| (*-|y|/c)a    (* + |y|/c)a. 

y#o, (20) 

and the case y = 0 is obtained by taking the limit. To find Kx<y(x') we must, according to (18), 
substitute y —► y - i(x' - x). Thus 

s-> s-ir and |y| = ^/y2"'-► \/(y - *'r)2 ,    where r = t'-t, r = x' - x. 

The simplest expression is obtained when y = 0. Then |y| —► -i|r| = -ir, so 

1 1 K.„(z') = -I£L 
(s - ir - ir/c)a      (s — ir + ir/c)a y = 0. 

Thus KXiy splits up naturally as 

where 

KX,y{x') = I<ly{x') + Kly{x'), 

K* (X'\ = ± ,T(a) 1 

*'yV   ' 47r2c2r (s - ir ± ir/c)a 

(21) 

(22) 

(23) 

(24) 

• Kgy(x') is a converging wavelet absorbed at x' = x 
• K+y(x') is a diverging wavelet emitted at z' = i. 

These partial wavelets no longer satisfy the homogeneous wave equation. Instead, they satisfy the 
inhomogeneous wave equations 

(c*V2, - d?,)K±y(x>) = ±'7_°i *M = ±<.C) *(*' - x), 

where 

s'u  '     «r(s-ir)a V    *    / iV(s — i'r)a 

c"2r(a) 

Therefore 

«aM = .c"   (a),a = %- f  dt ^«-ie-«i-» 

ka(0 = -2ic-26{Ce-le-e- = -2ic-2^-1 Ä(0. 

(25) 

(26) 

(27) 

The Cauchy kernel «(r) generates a canonical family of time wavelets 
*?,«(*')• When K°t(t') is used as a stationary source localized at 
x € R3 and centered at time t, the resulting acoustic wave is the 
Cauchy wavelet I<ls(x') with x = (x,t) and y = (0,s). Similarly, 
—«"«(*') acts as a sink for K~y(x'). 

It can be shown [3] that if a > 2, then the ATr,y's with y = 0 and t = constant are complete in 7ia 
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and the Ka
st 's are complete in L2(R). That is, every solution F{x) can be written as a superposition 

of KXiy's and every finite-energy time signal g(t) can be written as a superposition of K° t 's. Thus 
(25) induces, by linearity, a fundamental connection between general time signals and the physical 
waves they generate. 

As promised, the scale parameter s can now be interpreted as measuring the duration of the 
pulses K±y{x'). Cauchy wavelets with y ^ 0 are similarly interpreted as being associated with 
a source or sink moving with velocity v = y/s. This means that rather than having concentric 
spherical wave fronts (corresponding to a stationary source), the centers of their wave fronts move 
with velocity v. They are, therefore, Doppler-shifled versions of the stationary wavelets. This 
feature makes the physical wavelets particulary attractive for sonar and radar applications. 

What about wavelets generated by </> other than the Cauchy kernel? By (14), they are can be 
obtained from the Cauchy wavelets by a limiting process 

/oo 

dr <I>(T)K(X' + iy' -x- ry), (28) 
■oo 

where y' -* 0 in Vj.. The splitting K(z) = K~(z) + K+(z) therefore induces a splitting 

**,y(*') = *;,,(*') + *J,y(*')> (29) 

and ®x,y(
x') nave a similar interpretation as absorbed and emitted wavelets. Again, (x,y) £ T+ 

are interpreted as extended phase-space parameters associated with the sorce or sink function for 

n,y(*')- 
2. Applications to Radar and Sonar 
The Cauchy wavelets K±y(x') are "elementary" acoustic waves. Aside from the fact that they act 
as "bases" or building blocks for general acoustic waves, this means that they have a particularly 
simple behavior under scattering, in particular under reflections. This simple behavior is based on 
the transformation properties of the wavelets under the 15-dimensional conformal group of space- 
time [3]. The more general wavelets $£y(a:') can be expected to have similar reflection properties, 
provided their generating function <f> is sufficiently reasonable. This is one of the topics I hope to 
explore in the near future. 

3. Multiresolution Analysis using Physical Wavelets 
A possible advantage of the more general physical wavelets $x>y over the Cauchy wavelets Kx<y is 
that by choosing the generator <j>(t) to be the scaling function associated with a multiresolution 
analysis [1, 3], it may be possible to induce a space-time multiresolution analysis based on the 
physical wavelets $x<y . This would give fast algorithms for space-time wavelet analyses in acoustics 
and electromagnetics, possibly resulting in real-time codes for radar and sonar applications. Such 
applications are currently under investigation. 
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BACKSCATTER FROM A PLASMA PLUME DUE TO 
EXCITATION OF SURFACE WAVES 

Dikshitulu K. Kalluri 
Professor 

Department of Electrical Engineering 
University of Massachusetts Lowell 

Lowell, MA 01854 

Abstract 

Experiments conducted by Air Force Laboratories showed that considerable 

unexpected electromagnetic backscatter from a plasma plume is occuring in a certain 

intermediate frequency band. A plausible explanation for the backscatter is offered 

based on the excitation of surface waves. 

For source frequency f less than plasma frequency fp , the surface of the plasma 

column is an interface between free space and an overdense plasma which behaves 

like a conductor. The turbulent outer radial layer behaves like a rough surface. The 

plasma column is thus capable of supporting a TM surface wave. 

The surface wave on the plasma column is analogous to a current wave along a wire 

antenna in the end-fire mode. When it encounters a spatial discontinuity in the 

properties of the medium in the axial direction of the column, it is reflected. The 

reflected wave gives rise to the backscatter. 

The theory is illustrated through a sample calculation made at f = 600 MHz. 
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BACKSCATTER FROM A PLASMA PLUME DUE TO 

EXCITATION  OF  SURFACE WAVES 

Dikshitulu K. Kalluri 

I.Introduction 

Dr. Keith Groves, my focal point at PL/GP for the Air Force Office of Scientific 

Research Summer Faculty Research Program ( 1994 ), suggested I investigate the 

following problem:Experiments conducted by Air Force Laboratories showed that 

cosiderable unexpected electromagnetic backscatter from a plasma plume is 

occurring in a certain intermediate frequency band. 

Figures 1 and 2 show the electron density and collision frequency numbers in the 

plasma plume. The plume is a cylindrical inhomogeneous lossy plasma column. The 
maximum electron density Nom on the axis (r = 0 ) is 3E13 ( #/cm3 ) corresponding to 

angular plasma frequency ( Note: for convenience, the computer notation Exx = 10xx 

will be used occasonally.): 

»nm=A/ ^^- ^xlO^rad/s)   (1) 
me0 

pm 

and fpm = copm /2K = 47.75 GHz. Here m and e are the mass and absolute value of 

the charge of an electron, and eo = 8.854E-12 ( F/m ) is the permittivity of free space. 

The collision frequency ( v ) also varies with r ranging in value from 6E11 to 1E11 ( 

rad/s ) . Scattering of an electromagnetic wave, in the frequency range of f = 50 MHz 

to 10 GHz, by such an inhomogeneous and lossy plasma plume is the object of this 

investigation. 

II. Problem Classification based on Plasma Parameters 

(1)      Plasma radius a is of the order of 0.5 m; The normalized value aApm = 

afpm / c = 83.3. In this sense the column may be classified as thick. 
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Here c is the velocity of light = 3 x 108 m/s and X.pm is the free space 

wave length of the corresponding plasma frequency. 

(2) The normalized value a/X. = af/c varies from 8.3 x 10"2 to 16.67 as f vanes 

from 50 MHz to 10 GHz respectively. 

(3) The collision frequency ( v ) is quite high and is of the order of plasma 

frequency on the axis. The plasma has to be classified as highly 

collisional. 

(4) The outer layer around r = a has a turbulent character. 

(5) Apart from the outer layer, the rest of the column behaves like an 

overdense plasma ( good conductor), for the frequency range 50 MHz to 

10 GHz. 

(6) The fact that r > a is free space and r < a, overdense plasma that 

behaves like a conductor suggests that the column is capable of 

supporting TM surface waves. The outer edge near r = a, being 
turbulent.behaves like a rough surface [1 ] for f < fp . 

The author of this report ( henceforth will be referred to as the author ) is strongly 

influenced by his experience with the study of surface plasmons at optical frequencies 

and wondered whether their excitation in this case will result in backscatter. However 

before launching a full investigation into this aspect, the author wanted to understand 

the absorption of the high frequency electromagnetic radiation by the highly collisional 

inhomogeneous plasma. This aspect is discussed in the next section. 

III. Absorption of TM wave 

The problem of the absorption of the electromagnetic wave by the highly collisional 

plasma column is studied by modeling the column as an inhomogeneous lossy 

plasma slab of width d = 2a. Figure 3 shows this model, where the inhomogeneity is 
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mathematically modeled, for illustrative purposes, by a trigonometric function given 

below: 

(op(z) = copin(sin^d)m/2 (2) 

By changing the value of m, the profile may be altered to fit the experimental profile 

approximately. 

In the region 0 < z < d, the equations satisfied by the time-harmonic fields are given 

below: 

V xE = -jcou0H   (3) 

V xH = -N0ev"+jwe0E  (4) 

jcomv = -eE-mvv   (5) 

Here E, H, and v are the electric, the magnetic, and the velocity field respectively. The 

other symbols have the usual meaning. Assuming the field quantities vary as 

F(x,z,t) = F(z)eJ(COtSx)  (6) 

he first order coupled differential equations satisfied by the state variables Ex and ( TJO 

Hy ) of a TM wave are obtained: 

1   dEx    C2-X/ 

-J^^=7Tx#(TloHy)   (7) 

-J^ = rt)Hx     (S) 

Here S = sin 0, C = cos 0, 0 is the angle of incidence ( angle with z axis ), ko = w/c, no 

is the characteristic impedance of free space = ( Ho / eo )1/2 = 120JC and the symbols 

X and U ( notation used in magnetoionic theory ) are: 
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X(z) =(cüp(z)/co)2      (9a) 

U= l-jZ,Z(z) = v(z)/o)     (9b). 

ID 
CO 

t t 
Free Space 

z = d = 1m 

Plasma 

z = 0 

v = 3.e11 (rad/s ) 
m/2 

cop(z) = copm (sin KZ/ö) 

Free Space 

Figure 3 

The following numerical method is devised to obtain the absorption coefficient. 

(1)      Assume a suitable arbitrary complex value Kx for Ex at z = d i. e. 
Ex (d) = Kx = EX

T. It follows that (r|o Hy ) at z =d is Kx / C. 

2)       Starting with these initial values, solve, numerically the first order  coupled 
differential equations ( 7 ) and ( 8 ) by integrating downwards and obtain 
Ex (0) = ax and rio Hy(0) = by. 

(3)      Calculate the reflection and transmission coefficients: 

_Ex
K_ax-Cby 

11    Ei     ax + Cby 
(10) 
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T     I — Ml   - 
2K, 

a, + Cb (11) 
y 

Here the superscripts I, R, T refer to incident, reflected, and transmitted fields 
-pecvely. The subscript 1, refers ,o the parallel, TM , portion ol incident 
wave 

(4) Calculate the absorption coefficient: 

A=l-p-T=1_|Rl1|2_|Tll(2   (12) 

where p and x are power reflection and transmission coefficients. 

O 
Ü 

g 
o 

2  2x10 
CD 
<: o 

Q_ 

d = 1 meter 

wp(z) = 3x10        (sinfrz/d)) rad/s 

collision frequency (    v) = 3x10 "rad/s 

1°'       10 10        10 

Frequency (Hz) 

Figure 4a 

Figures 4a, 4b and 4c are graphs for P, t and A vs f   for an angie of incidence of 60» 
Here v ,s assumed constant and equal to 3E11 , rad/s ,. From these g„X     i  dear 

absorption .ncreases with frequency. This result may be qualitatively explain d by 

rr^Ä^TT°" *,he «"~ — — J» Ce-cyIce 
wh.ch cop (2 ) = m .„creases with increase of f.   In passing, It may be 
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noted that a pseudo Brewster angle exits for the TM case under consideration and 

shown in Figure 5. 
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In conclusion, a theory based on only specular reflection and associated physics 

assumed above does not perhaps explain the increased back scatter in an 

intermediate frequency range. This led us to consider incorporating new physics into 

our model. 

Turbulence present in the outer layers perhaps plays some part. Since for the 

frequency range under consideration, the plasma is overdense, the turbulent layer is 

modeled as a rough surface. The inner layers behave like a gaseous conductor. 

These thoughts led the author to consider the aspect of surface wave excitation. 

IV. Review of Surface Waves 

A surface wave [ 2 ], [ 3 ] propagates along the surface x = 0 ( see Figure 6 ), with a 
phase velocity Vph = co/kz . Its fields attenuate for | x | > 0. An interface between two 

dielectrics can support such a wave provided their dielectric constants are of opposite 
sign and eri < -£&• If medium 2 is free space and medium 1 is a 

°r2 

Medium 2 

t 

Free Space 

Medium 1 

e r1   = 1 - (cop/co) 

Plasma 

Figure 6 

plasma whose plasma frequency is such that eri = (1 - cop2/o)2 ) < - 1, the 
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conditions for the support of a surface wave at the interface are satisfied. Such a 

surface wave is called surface plasmon. For optical frequencies, medium 1 is a metal 

which behaves like a plasma with negative dielectric constant. 

However, an electromagnetic wave in free space incident at any angle on the 

interface can not excite the surface wave since the dispersion characteristic of the 
surface wave ( kz vs co ) lies to the right of the light line ( see Figure 9 b for an 

illustrative graph in which ß is the real part of kz ) . In optics, the required additional 

Akz is obtained by using a ATR Coupler or a Grating Coupler or a rough surface. 

V. Excitation of Surface waves on Plasma Plume 

From the material presented in sections II and IV, it is clear that conditions exist for the 

excitation of a surface wave on the surface of the plasma plume. In this section, the 

equations needed to obtain the dispersion relation [ 3 ], [ 4 ] of the surface plasmons 
are discussed. Refer to Figure 7. 

la    r 

zaxis 

\ Turbulent Layer 

Figure 7 

Plasma region ( 0 < r < a ) 

ep(r)=l . pV   ' (13a p CO(G)-jV) 
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Let 

EP(r,(J),z,t) = AG(r)eJ(CDt-k^)  (14) 

where 

-kfp(r) +k^=ko£p(r)   fk0 = oVc   (15) 

and G (r) satisfies the differential equation: 

,2_ U2       for/ 
d o + [i+ _*!_»£, <ffi_kjwo.0   (I6) 
dr2      r     k?„(r)Mr>     <"      '" 

Other field components of this TM wave can be expressed in terms of the z component 
of the electric field. 

*r       k2  kzar     (17a) 
K
t0 

TTP        i 3 EP 
H5=--=Lcoe0ep-^    (17b) 

Free Space Region ( a < r < °° ) 

,2-0        JT,o a   E7      i  dE7      9     n 
—T+r -^-k?0Ej = 0    (18) 
drz ^ 

k?0(r)+kj=k5    (19) 

E°z (r,<j>,z,t) = B K0 ( kt0r) ei<"*- M>  ( 20 ) 

Er°(r,«|>,z,t)=jB^-K1(ktor)cJ(aH-M)    (21a) 
Kt0 
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Hj(r,<)),z,t)=J
I^-coe0K1(klor)eJ((öt-k

I
z)    (21b) 

Here Ko and Ki are the modified Bessel functions of the second Kind [ 5 ]. From the 
boundary conditions of continuity of Ez and H<j) at r = a, the following dispersion 

relation is obtained: 

%9Mtk<[äW.O     (22) 
Ma) G7(a)      "'Mktoa) 

In these equations while co is real, kz and several other quantities are complex and the 

complex mode is to be used for computations. In particular, let us denote: 

kz = ß-ja  (23) 

where ß the phase constant and a the attenuation constant are real. The propagation 

velocity of the surface wave is given by 

Vph = co/ß   (24) 

VI. Numerical Method for obtaining the Dispersion Relation 

The above equations are used to compute the complex value of kz for a given real 

value of co. Numerical mode of the software Mathematica is used. The method consists 

of iterating between the two steps outlined below till convergence is obtained: 

Step 1 Starting with a guessed value for kZl the differential equation (16 ) 

for G is numerically solved, with the initial conditions G ( 0 ) = 0 

and Gf ( 0 ) = 0. The singularity at r = 0 has to be handled with 

care. Thus the values of G ( a ) and G/ ( a) are obtained. 

Step 2 The dispersion relation which is a nonlinear algebraic equation is 
now solved for kz . 
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Since the cyfcnder ,s th.ck i, is possible that for some values of „ G ( a ) and d,    , 
are both large though their ratio is not large  To cover .hi, 1 (    ' 
numerical method is also develr,n0rt T„ aSpeCt an altei™ive 

%+lh^M]Y+Y2-<«--°  <»> 
Onoe again the singularity a, r = 0 has to be handled with care. 

VII. Back Scatter 

< 
Backscatter 

/ 

\ 

Figure 8 
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sin 
Er =-AjkoLsin0! — 

^-koLC l-pcos6i) 

^- koL ( 1 - p cos01) 
(26) 

where A is a constant with respect to 01 and L , 01 is the angle of the point of 

observation away from the axis of the plume and p is the propagation velocity divided 

by c . p is close but slightly less than the number 1. The surface traveling wave 

traveling a distance L along the axis is reflected when it encounters a spatial 

discontinuity in the properties of the medium at z = L. It is the reflected wave that gives 

rise to the backscatter. Figure 8 gives a qualitative explanation [ 6 ] for the backscatter. 

For p close to 1, the first maximum in the pattern [ 5 ] occurs at 

01 = 49.35 ^y^ ( degrees )   (27) 

VIII. Sample  Calculation 

The electron density is assumed to be varying radially as a Bessel function of the first 

kind of zero order. Consequently the square of the plasma frequency is given by 

CÖ?(r) = ö)pmJo(Hr/a)   (28) 

If \i = 0, we have the homogeneous case and if n = 2.405 the plasma density at the 
edge r = a is zero. For the sample calculation we chose |i = 2.1. Thus 

wp (a) = copmVJ0( 2.1)= 0.4082 copm (29) 

Choosing further (opm =3 E11 (rad. /s ), plasma frequency fp (a) = 19.51 GHz. 

For the purpose of illustration, let the turbulent layer be described by 0.4 < r < 0.5, thus 
a =0.4 m. The collision frequency v is taken to be 1 .E11 (rad/m ) which is the value in 

the outer layers. Using these parameters a vs f and ß vs f are obtained numerically as 

described in section V1. Figure 9 shows these results. The value of L = 1 meter is 

assumed where from Figure 2, there appears to be a discontinuity in the properties of 
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1 

the medium. For an illustrative value of f = 600MHz, X = 0.5 meters and from ( 27 ), 0i 

= 34.9°. The line to the left of the dispersion curve marked as Surface wave on plasma 
column is the light line for a EM wave in free space incident at 34.9° with the axis. This 

curve is a straight line described by the equation: 

kz0 = k0 cos 34.9°   (30) 

The horizontal line marked as A kz = 2.29 is proportional to the z component of the 

momentum ( in the language of photonics ) that is supplied by the turbulent rough 

surface. Superposition of the spectrum of plasma turbulence will lead to the frequency 

band of the surface waves that can be excited. Figure 9a permits us to calculate the 

attenuation suffered by the surface wave in traveling a distance L before it reaches the 
point of discontinuity. At 600 MHz a = 0.26119 and exp ( - 2 a L ) = 59.3%. Thus 60% 

of power is still in tact for backscattering. All the numbers were obtained assuming p is 
nearly equal to 1 and this may be verified by calculating co/ß at f = 600 MHz. This gives 

a propagation velocity of 2.9767e8 m/s confirming p = 1. 

IX. Results and Conclusions 

Based on the results obtained so far, the following observations can be made with 

reference to the various parameters. 

Effect of Frequency: At low frequencies the radiation field given in 
(26), which is inversely proportional to X, is weak. At high frequencies the attenuation 

constant is high and the surface wave is dissipated before it reaches the discontinuity 

and therefore the backscattering is weak. 

Effect of L: As L increases, the radiation field increases as seen from (26) but the 
aspect angle 61 decreases, Akz decreases facilitating easier excitation of the surface 

waves. There is no change in a or ß. However the wave attenuation increases 

because of the increase in L Perhaps the center of the frequency band of significant 

backscatter moves towards higher frequencies as L increases. 

Effect of Polarization: The model assumed TM waves, since surface plasmons can be 
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excited only when the wave electric field has a z component. 

X. Scope for Future Work 

A theory based on the excitation of surface waves on a plasma plume is constructed to 

offer a plausible explanation for increased backscatter in an intermediate frequency 

band. Sample calculations are made based on a simple model and approximate data 

. The theory will be improved and more accurate calculations will be made based on 

some more experimental data. Spectrum of the turbulent plasma will be incorporated 

into the model when the experimental data on this aspect becomes available. The 

author intends to submit summer research extension proposal to complete this work. 
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INVESTIGATION OF ATMOSPHERIC HEATING AND COOLING BALANCE USING 
MODTRAN3 

Lucia M.  Kimball 
Instructor 

Mathematics Department 
Worcester Polytechnic Institute 

Abstract 

Recent modifications to MODTRAN3, a 2 cm"1 resolution radiative 

transfer model, have permitted its transformation into a full flux 

divergence algorithm. It is now possible to calculate heating and 

cooling rates arising from both thermal and solar sources. The 

thermal calculations have been validated against benchmark line-by- 

line (LBL) calculations provided as an outgrowth of the 

InterComparison of Radiation Codes used in Climate Models (ICRCCM), 

organized by Ellingson and colleagues. The M0DTRAN3 comparisons for 

separate species (H20, C02, and 03) were all of sufficient quality, 

usually falling within the range of LBL comparisons, to warrant the 

extension to other species. M0DTRAN3 now includes improved band 

model formulations, particularly for 03/ a new solar irradianqe, 

absorption cross sections in the ultraviolet (S02 and N02) and 

infrared (CFC-11,-12,-13,-14,-21,-22,-113,-114,and -115, plus N205, 

HN04 and CCL4) , derived from the HITRAN92 data base. Coupled with 

the standard 
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M0DTRAN3 options, it is now possible to calculate extensive IR 

thermal cooling rates as well as balancing UV/Vis solar heating. 

Calculations for standard atmospheric conditions as well as the 

roles of single scattering are presented. 
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INVESTIGATION OF ATMOSPHERIC HEATING AND COOLING BALANCE USING 

MODTRAN3 

Lucia M. Kimball 

Introduction 

In the past MODTRAN3, a moderate resolution radiative transfer 

code, has been used to calculate clear sky thermal cooling rates 

due to each of the separate species H20, C02, and 03. Comparisons 

with prior line-by-line(LBL) cooling rate calculations (Clough, 

1992) are excellent. Bernstein (1994) has shown that M0DTRAN3 can 

replicate LBL computations to within a few percent. 

The latest modifications to MODTRAN include an updated band 

model, a new solar irradiance, and the inclusion of new absorption 

cross sections in the ultraviolet and the infrared. A more 

extensive investigation of atmospheric heating and cooling rates is 

now possible. 

Flux Calculation 

Upwelling and downwelling vertical fluxes are defined as the 

normal component of the radiance integrated over the upper and 

lower hemisphere, respectively (Liou,   1980). Therefore the upward 
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and downward fluxes can be expressed as 
•2* rl . 

'o   Jo 
F^f^^IviVirWVidvdb 

where  \JL       is the  zenith direction cosine, Jv(n,(|>)   is the 

monochromatic radiance at wavenumber v , and <J> is the azimuthal 

angle.  For the present case,  we assume the integrals are 

azimuthally independent and the fluxes become 

FV
±
=±2TIJ

>±
 Xv (iJt) |X«^|i. 

In this study, the angular integration was done using a two point, 

first moment Gaussian quadrature with weights and path zenith 

angles given by  w, = 0.18196, w2 = 0.31804,  61=69.203 , and 

62=32.334  (Abrajnoi/itz and Stegun,   1972). Now we can write 

Fv
+=27iJ]i wdIv (cos (Oj) ) 

Fv"=27t]£. i/iJv(cos(180-ei) )   . 

It has been shown (Clough, et. al., 1992) that a two point Gaussian 

integration converges the flux to within 99.5% of its fully 

numerically converged value. 

In the solar case, formulation of the upwelling and 

downwelling fluxes involves an instantaneous sun angle. We can 

express the downward monochromatic heat flux in the following 
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way, 

Fv"=Jv
snexp(-^) 

where \x     is the cosine of the solar zenith angle,  jv
s  is the 

solar intensity at the top of the atmosphere and xv is the optical 

depth. Assuming a Lambertian surface with albedo a ,the upwelling 

flux is given by 

Fv*=auexp(-—-) . 
H 

Integration over solar day gives the average daily effect. An 

estimate of the average daily effect can be computed by assuming an 

average sun angle and a daily-weighted multiplication factor. 

Values for mean cosine of the solar zenith angle and length of 

daytime in parts of 24 hours can be found in Manabe,  et. al.,  1961. 

The net flux  Fv>l  at any atmospheric level  {  is the 

difference between the upwelling and downwelling fluxes at that 

level F^FVVF;,, . 

Heating and Cooling Rate Calculations 

The cooling/heating rate in an atmospheric layer defined by 

levels i     and {-1  is defined as the divergence of the net flux 

across the layer. The average cooling rate, Q ,  for the layer can 

be expressed in terms of temperature change by the following finite 

difference formula: 

At cp PrP^ 
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where F, is the net flux for level i  ,   Pt    is the pressure at level 

t ',     g    is the gravitational constant, and Cp     is the specific 

heat of air at constant pressure. As in Ridgway et.   al.,   1991 a 
gr 

value of 8.422 mb-°K-m2/W-day is used for the constant -pr   . 

Integrating the monochromatic cooling rates over frequency 

provides a measure of the total atmospheric heating/ cooling at a 

given level. If we represent integrated heating due to solar 

contributions by Qs    and the integrated thermal contribution by 

Qt  ,  then  the  sum,   Qs
+Qt  >      represents  the  atmospheric 

heating/cooling balance. 

M0DTRAN3 Radiance Calculations 

M0DTRAN3, the latest version of MODTRAN, was used to calculate 

the thermal radiances and solar irradiances used in the 

cooling/heating rate computations. 

In M0DTRAN3,  four model parameters are derived for each 

molecular species based on the 1992 HITRAN database (Rothman,   et. 

al.,   1992). These parameters are the interval average absorption 

coefficient (S/d), line density parameter (1/d), pressure 

broadening line width ( occ ) , and line tail continuum absorption 

coefficient (C) due to the tails of lines originating outside the 

interval. A band model parameter data file is created which 

tabulates these parameters at 1 cm"1 intervals from 1 to 17,900 cm"1 

at five temperatures (200, 225, 250, 275, and 300 K) . Parameter 

values at intermediate temperatures are interpolated 
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during the radiative transfer computation. The transmittance, T, 

for a spectral bin Av  is given by 

2 fv/2 r=( 2 fv/2e_5ui)(v)dv)il 
Av Jo 

where b(v)     is the Voigt line shape function, u is the absorber 

amount, S and n are defined in terms of the band model parameters 

as 

where S±     is the integrated line strength of line i, and the sum 

is over N lines whose center are contained in a bin of width Av . 

The effective optical depth TV is derived from the log ratios of 

the full path transmittances between adjacent layers. 

The monochromatic radiance seen by an observer looking along 

a particular directional path is the sum of contributions from all 

sources along the line-of-sight. The sources include  gaseous 

emission, transmitted extraterrestrial (solar/lunar) emission and 

radiation scattered into the line of sight by aerosols or 

molecules. The radiance due to thermal sources is found by summing 

over each optical path the product of the layer-specific black body 

function and the transmittance between that layer and the observer. 

The radiance contributed by scattering sources is produced by 

summing the product of the source function and the transmittance 

along the optical path. 
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M0DTRAN3 Results 

For each of the M0DTRAN3 calculations a 60-layer atmosphere 

was used with 30 layers between 1013 and 85 mbar and the remaining 

30 layers distributed between 85 mbar and l.e-4 mbar. Results 

presented are for the spectral range 0-50,000 cm"1, calculated at 1 

cm"1 intervals and subsequently degraded to 50 cm"1 resolution for 

plotting. All gases currently supported by M0DTRAN3 are included. 

H20, C02, 03, N20, CO, CH4,02, NO, S02, N02, NH3,and HN03 are 

incorporated through band models, and the chlorofluorocarbons 

(CFCs) are included through cross sections. Similarly, in the 

visible and UV spectral ranges 03, 02, S02, and N02 are also 

incorporated as cross sections. 

In order to include the effects of both directly transmitted 

solar irradiance and singly scattered solar contributions to the 

path radiances, it is necessary to run two separate cases. Path 

radiances including direct thermal contributions, scattered thermal 

contributions, ground reflected solar contributions and singly 

scattered solar contributions are obtained by running M0DTRAN3 in 

the single scattered radiance mode. The directly transmitted solar 

contribution can be obtained by running in the directly transmitted 

solar mode. The energy distribution from the two approaches can be 

summed together because (1) the thermal and direct solar 

contributions arise from two different sources and (2) the 

scattered solar energy is considered a loss term when calculating 

the transmittance of the direct solar component, so 
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its reintroduction as a scattered component does not entail 

duplication. 

Results are presented for both a clear sky and cloudy 

tropical (15 N latitude) atmpospheres. An average sun angle of 50 

degrees corresponding to day 120 of the year in a tropical 

atmosphere is used. The corresponding daily solar weighting factor 

from Manabe, et. al., (1961) is 0.5. The surface albedo is 0.1 for 

all frequencies. Spectral cooling and heating rate results are 

given in units of "mK/day/cm"1 and integrated results are in terms 

of °K/day. In this paper cooling rates are given as positive numbers 

and heating rates are negative. Figure 1 presents the spectral 

heating and cooling rates for the clear sky tropical atmosphere 

including contibutions from both solar and thermal sources. In 

figure la heating contours are given by the dotted lines and 

cooling contours are indicated by the solid line. Figure lb shows 

the magnitude of the heating/cooling corresponding to figure la. 

Both figures employ a psuedo-logarithmic abscissa, derived by 

adding 1000 cm"1 to the actual frequency before logarithmic 

plotting. The true frequency identifications are then mapped onto 

the appropriate locations. This facilitates seeing the whole 

spectral range (0-50,000 cm"1) in one figure, minimizing the 

dominance of higher frequencies (as would occur on a linear scale) 

while permitting the inclusion of 0 cm"1. The ordinate is log 

pressure, where 100, 1 and 0.01 mbar denote the approximate 

locations of the tropical tropopause, stratopause and mesopause. 
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Most of the cooling takes place in the 0 - 3000 cm-1 range due 

to the presence of the C02 15 um (centered at 666 cm"
1) and 03 9.6 urn 

(near 1040 cm"1) bands. The combination of maximum cooling occurs at 

the stratopause where the spectrally integrated C02 and 03 cooling 

between 0 and 3000 cm"1 amounts to about 13°K/day, 10°K from C02 and 

3°K from 03. The tropospheric radiative cooling over the same 

spectral range derives primarily from H20 bands, yielding an 

integrated 3-4°K/day. All of these values agree well with those 

found in the ICRCCM studies of Ridgway (1991), Ellingson and 

Fouquart (1991), Clough et al (1992), and Bernstein et al (1994). 

The maximum cooling (loss of energy within the layer) for the clear 

sky can be expected to occur where the temperature is high and the 

opacity low, the configuration at the stratopause. 

The actual identifed maximum cooling of 80.88°mk/day/cm"1 occurs 

at 650 cm"1, the center of the C02 band at this resolution. 

Interestingly, the maximum heating, -27.39°mk/day/cm"1, also occurs 

at 650 cm"1 at a pressure of 0.013 mbar. This is not unrelated to 

the reasoning for the maximum cooling at the stratopause in that 

the heating is near the mesopause, the coldest region of the 

atmosphere, where radiation is being absorbed from the surrounding 

warmer layers. Such radiative heating can also be seen in the C02 

band at 100 mb, the cold tropical tropopause. The mesopause heating 

values are only coarse estimates of the appropriate radiative 

forcing in that M0DTRAN3 does not include 
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important non-LTE effects. The heating at the tropopause, on the 

other hand, is a realistic representation. 

The prior discussion has centered on the thermal radiation and 

its relative cooling and heating. Additional discussion could be 

provided on the apparent role of green house gases (HN03/ CFC-11 and 

-12, 03, and C02) in the spectral range between 500 and 3000 cm"1, 

readily apparent in Fig. 1. However, switching to the calculations 

of direct and scattered solar irradiance as a heating source, one 

must look primarily at the frequencies between 3000 and 50,000 cm'1. 

Ozone predominates as the heating agent, particularly in the UV 

between 30,000 and 50,000 cm"1, the sight of the weak Huggins and 

strong Hartley bands. Both lead to dissociation of 03, with 

subsequent direct heating of approximately 12-13°K/day, maximizing 

at the stratopause, again in agreement with the ICRCCM-related 

studies. These values approximately balance the IR cooling at the 

same altitudes. The much weaker 03 Chappuis bands (.45-.7 urn or 

14,000-22,000 cm"1) contributes a significantly smaller but 

discernible heating in the middle stratosphere. 

Integrating by frequency, we obtain the energy balance shown 

in figure 2. As expected, the heating and cooling balance is close 

to zero throughout the middle atmosphere with maximum total 

cooling of approximately 4°K per day at the surface and maximum 

total heating of approximately 2.5°K per day just below 1 mbar. The 

imbalance at the top and bottom of the atmosphere could be due to 

the approximation of the solar day integral. According 
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to Cogley, et. al., (1976) the technique of choosing the mean solar 

angle and multiplying by a daily weighting factor can lead to large 

errors. This error could also arise because of the assumption of 

single scattering for solar irradiance. The multiple scattering 

capability, when implemented, will provide a more correct estimate, 

but will also impose major time penalties not warranted for this 

preliminary study. 

The effect of a 1.1 km thick cirrus cloud present at 15km on 

the spectral cooling rate profile can be seen in figure 3. As in 

figure 1, dotted lines, represent heating and solid lines represent 

cooling with the magnitude of heating/cooling given in figure 3b. 

In the presence of the the cirrus cloud layer, the maximum cooling 

still occurs at 650 cm"1 with a magnitude of 80.88°mK/day/cm_1 but the 

maximum heating occurs in the cloud layer at 850 cm*1 with a value 

of -SL^mK/day/cm*1 . This heating is in the window region between 

the strong C02 and 03 absorption bands. 

The heating and cooling balance given in figure 4 shows a 

total heating of approximately 6°K/day at the bottom of the cloud 

and additional cooling of approximately 16°K/day at the top of the 

cloud. The cloud also causes a slight additional cooling for layers 

above the cloud up to approximately 1 mbar and additional heating 

between the ground to the cloud bottom. 
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Conclusions 

Separating and/or isolating the regions of optimum heating 

and cooling as a function of both altitude and frequency provides 

the research community with an important tool for recognizing the 

potential impact of any natural or artificial (e.g. manmade) 

contaminant. The ability of M0DTRAN3 to provide full path, full 

frequency transmittance and radiance calculations in seconds makes 

it a suitable choice for the required flux divergence calculations. 
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