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p
• Thick target neutron time—of—fligh t techniques have been used to

11 11
study the B (p,n) C reaction at proton energies from threshold to

4.5 MeV. Neutron time—of--flight spectra were obtained at laboratory

angles of 0°, 20°, 31°, 500 , 69.8°, 80.3°, 90° , 100° , 114° , 138.2°,

and 155° , and converted to cross sections averaged over 10 KeV intervals

in proton energy . Targets of polycrystalline boron and B~O3 
were used .

Boron concentrations in Si and SiO,, targets of otheniise known

composition were determined using the 11B(p,n) 11
~C reaction with neutron

time—of—flight techniques. The concentration was determined by taking

the ratio of neutron time—of—flight spectra from a pure B metal target

and a target of unknown boron content. This technique was applied to

p 
a Si wafer implanted in the ‘.100’ direction with 200 KeV 

11B atoms.
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I. INTRODUCTION

This thesis has two objectives. The first is to resolve discrepan-

cies in previously measured cross sections for the 11B ( p , n)~~ C reaction.

The second is to determine the extent to which this reaction can be

used to measure boron concentrations in solids.

11 11
The B(p,n) C reaction was studied using protons in the energy

range from threshold (3.016 MeV) to 4.6 MeV. In this range only the

ground state of 11C can be produced by this reaction. The 118(p,n) 11C

reaction has a nuclear disintegration energy (Q value) of —2.763 MeV

and forms a compound nucleus of 
12
C. A partial energy diagram

1 of the

compound nucleus is shown in Figure 1. Two other decay modes of 
1.2
C,

which are no t studied here, are: the production of 88e + ~~, with a

center of mass energy of 7.367 MeV with respect to the ground state

compound nucleus, and 12
C + y.

The cross section for ~~B (p , n)~~ C reaction has been studied in

the past.
2 1 0  Discrepancies by as much as a fac tor of four exist in

published total cross sections. Thin target techniques, involving the

• evaporation of a thin layer of boron on a surface have been extensively

used in the past. The discrepancies in past measurements were probably

caused by uncertainties in composition or thickness of these thin

targets. We have tried to avoid the first problem by using thick tar-

gets.

The ~
aB (p , n) ilC reaction is an interesting candidate for boron

depth profiling experiments. The cross section for production of neutrons
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Fig. 1. Energy level diagram of the 
12
C compound nucleus.

• Levels are identified by energy (MeV) , spin and parity.
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is relatively large, in the ten millibarn/steradian region, and var ies

slowly with proton energy. Only ground state neutrons can be produced

at proton energies below 5.2 MeV. The reaction leads to reasonable

sensitivity and resolution for profiling , as disc ussed in detail in

Chapter VI. From an applied physics point of view , boron profi l ing

could be used by the semiconductor industry , where boron is used in

making p—type materials by implanting specific concentrations of boron

at specific depths in intrinsic or n—type materials.

The f i r s t  objective was accomplished by studying neutron yields

from thick B2
0
3 
and B metal targets through neutron Time—of— Flight

(TOF) techn iques , after carefully determining the neutron detector

efficiency. After resolving the cross section discrepancies, the second

objective was met by profiling known amounts of boron implanted in

• silicon at known depths . The feasibility of the reaction technique for

profiling was then determined by comparing the experimental resolution

and sensitivity to theoretical expectations.
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II. EXPERIMENTAL METHODS

A. Thick Targe t Kinematics.

Thick boron targets of about 1 mm thickness were bombarded with

a nanosecond—pulsed proton beam. The thickness of the target is

important, because the proton beam, after striking the target with

an incident energy , must be degraded in energy to below the reaction

threshold prior to exiting the target.

The main advantage of the thick target technique is that the

cross section for the production of neutrons as a function of proton

energy (E) can be obtained from only the one incident proton beam

energy. This technique also has the advantage that targets made from

bulk material should be more easily reproduced than thin targets.

A proton beam incident on a thick boron target will interact and

slow down in accordance with the stopping power of the target material.

Therefore, a continuum of proton energies from incident to below thres-

hold is produced. Because there is a possibility of a nuclear reaction

at all energies above threshold there will also be a cont inuum of neutron

energies produced . Considering the UB(p,n)IIC nuclear reaction as a

two body process , conservation of energy and of momentum give rise to

“kinematic restrictions” of the reaction. The resulting energy of the

neutron (E
n

) is a func tion of its emission angle (0) ,  energy of the

proton and masses of the four interacting particles.

As a resul t of the negative Q value the ~~B(p ,n) 11C nuclear reaction

has the following kinematic restrictions. The reaction has a kinematic

- —- 
---—
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threshold value of B 3.016 MeV where neutrons are emitted with

E 20 KeV only at 0 0°. As E increases neutrons are emitted ata lab p
greater angles until finally a “cone opening ” energy of 3.042 MeV is

reached . Neutrons are then emitted at all angles in the lab frame.

Values for E from threshold to cone opening can give rise to double

values of E in the lab frame corresponding to forward— and backward—

emitted neutrons in the center of mass frame. The backward—emitted

neutrons will have a lab E~ 
a 20 KeV at threshold and zero energy at

the cone opening energy. At E~ greater than cone opening energy only

one E is allowed for a given 0 and E . For example, at Ba lab p p
4.5 MeV and 0 = 0°, B a 1.69 MeV while at the same E withr lab a p
O = 180°, E a 0.87 MeV.lab a

B. Transformation Equations .

A neutron TOF spectrometer was used and the number of neutrons

detected as a fun ction of their fl ight time t from the target was

measured. More precisely, the number of neutrons detected Nd ~
(t)At is

the number of neutrons detected at time t, summed over time interval

~ t .  Knowing the experimental time of flight and the flight path from

the target to the detector the corresponding neutron energy can be cal-

culated. Noarelativistically the kinetic energy of the neutron is

½ ~~2 / ~
2
, where X is the flight path and tn is the mass of the neutron.

The neutron energy interval ~E which corresponds to t~t is related to a

proton energy interval t~E through the kinematic equations. 
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A continuous neutron TOF spectrum can be transformed to a neutron

11energy spectrum,

N (t)~~t
N( E ,O) det 2.1

N . 

~E 
. 

~~~~~ 
)p n a

where N(E~~e) is the number of neutrons emitted at angle 0 per incident

~ 
C proton, unit neutron energy interval and solid angle. The neutron

detector subtends solid angle ~~ at the target, N is the number of
p

incident pro tons that strike the targe t and c(E~) is the neutron detector

efficiency.

The detector efficiency is defined as the number of neutrons

detected divided by the number of neutrons that strike the detector. In

P present work, c(E ) is experimentally determined using the 7Li(p , n) 7Be

nuclear reaction as the standard . The experimental neutron detector

• eff iciency is discussed in detail in Chapter IV .

• Once c(E
a
) is experimentally determined the differential cross

section ~(O) can be calculated from~~

N (t)~ t .
I c (0) det a dx 

, 2.2
N t~E . c(E )p p a

i dE... 11
• where — is the stopping cross section per B atom.

• The stopping cross section per 
11
8 atom is a function of the total

• target composition. For a molecule containing two elements, it is

• given by12

• 
• _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • :1~~ 2-

~~~~ -.- ~~~~~~~~~~~~~~~ .—~~-- • •- • ~~.,• —••.——-—•—•~--—~
.- - • • •—--~

. •— ~
- •
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].dE 
b~~ (
!
~~~~ ) . M ~~+ a ( 1~~~ P ) . M  

, 2.3
a dx b . (0.8022) .

where “b ” denotes the number of atoms of boron (B) in the target

molecule and “a” is the number of atoms of the other element (A) in the

molecule. For example , a B203 target would have b 2 and a 3. The

stopping power of the given element is given by as compiled by

Jann i, M is the corresponding element ’s molecular weight and ~ is

Avogadro ’s number. The number 0.8022 accounts for  the fact that boron

is 80.22% 
11
3 and 19.88% 

10B.

The stopping cross section per 113 atom must be calculated at

some energies because Janni only gives the stopping power for each

element at ZOO KeV intervals. The interpolation formula used is a

generalized form of the Bethe—Bloch equation ,1~

C. . [in(E ) + C ] /E . 2.4n d x  I p 2 p

The constants C1 and C2 were obtained by solving the above equation

I dsimultaneously using vAlues of 
~ dx from Eq. 2.3 at proton

i d Eenergies of 3.0 and ...6 MeV. Values of — —n at intermediate energies
n d x

agree within 0.12 with the values obtained from Eq. 2 . 3  and Janni’ s

tabulated stopping powers over the proton energy range from 3.0 to 4.6

MeV. For 
~2~ 3’ 

values of constants are C
1 

5.525 x lo
_21

MeV2cm2/11
3 atom ’ c2 — 2.839 while for elemental boron ,

C — 1.644 x l0 21 MeV 2cm2/ll and c 2.982.1 B a tom 2

C

- k

~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



____________ 

~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~

‘ 

~~~~~~~~~~~~~

L

8

III. EXPERIMENTAL DETAIL

A. Hardware.

The same experimental set up as described by Burke11 was used in

the determination of the 
11
B(p,n) 11

C cross section. A more detailed

discussion of the following areas can be found in his thesis: pulsed
(

• beam mechanism, targe t holder , target chamber , neutron shielding ,

neutron detector , and electronic set up.

The University of Oregon Van de Graaff accelerator was used to

produce a 4.6 MeV pulsed , klystron bunched , proton beam. Deflection

and focussing magnets were used to direct the beam through three

collimators to the target on the 32° East beam line. The resulting

beam size was approximately 3 mm in diameter and had a beam pulse

repetition period of 4 to 16 psec depending on the type of target used.

An overall t ime resolution of 1.5 nsec was obtained. Time average beam

currents were about 0.5 microamperes. The beam line vacuum near the

target was ‘~5 x io
_6 

torr.

Two types of targets were used in the determination of the cross

section : 8203 and B metal. Analytical reagent grade Boric Acid was

used to make the B203 targets , through the following reaction ,

2 H
3
B0

3 
B2
0
3 

+ 3 H
2
O

*Mallinckrodt Chemical works , Boric Acid granular , Heavy metal to
0. 01% max impurity .

_ _ _

IZ~ ~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~ 

- • .;
- • -

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~



Boric acid was heated in a stainless steel target holder to a red

heat in a partial vacuum . As the sample was heated , the pressure

inside the bell jar was decreased slowly to ~-25 microns. Extreme care

had to be taken t o insure most of the water was driven off , resulting

in a clear , colorless , glas:—like solid. Boron metal was commercially

purchased from Alfa Ventron as a polvcrvstalline solid. Because

boron metal has a hardness rating of 9.5 (M0HS)
1
~
5 
a diamond toothed

saw had to be used to cut the boron chunks into target thicknesses

of 1 mm . Two different types of targets were prepared. C’ne target had

the front surface untouched , the othe r was sanded smooth using a diamond

impregnated sanding disk. Both targets were mounted on tantalum target

holders using epoxy glue .

Two different types of target holders were used. The closed end

stainless steel “top hat” used in the preparation of the B ,~)3 
targets ,

had an inside diameter of 1 cm, wall thickness of 0.25 mm and an overall

length of 5 cm. The boron metal targets were mounted in tantalum

dishes , 0.n.~ mm thick and 1.4 cm inside diameter. Both target holders

were hermetically sealed to the evacuated target chamber by an “0—rin g”

and held in place by atmospheric pressure .

The target chamber was a stainless steel tube with an inside

diameter of l.2~ cm and an overall length of lb .5 cm. The chamber

was electrically isolated from the target holder by a 1 cm long glass

tube and also from the grounded beam pipe by a non—conducting pipe—

*Alfa Division , Vencron Corp . Boron pieces crystalline , 5 cmx down
99.8 pure with respect to metallic impurities .

- - ~~~~~~~~~~~ • •~~ -~ —-•.•— • — 
~~~~~~ ~~~~~

- 
~~~~~~~~~~~~~~~~ 

-‘
~~~~~
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coupling flange. The target chamber was biased at —300 volts with

respect t o the target holder for secondary electron suppression.

The neutron shielding which surrounded the target was made by

Lunnon 16 and designed to reduce room background . The system consisted

of two metal tanks, 1 meter in diameter , containing a lithium carbonate —

water slurry and nine paraffin — lithium carbonate wedge—shaped sections ..

The pie sections were mounted between the two tanks on a horizontal

plane parallel to the target chamber. One of the pie sections was :.

made of high density polyethylene and had a horizontal conical hole

cut in its cen t~~ with half angle of 1/2
0 , allowing neutrons emitted

• from the target to strike the detector unobstructed.

The neutron detector consisted of a cylindrical Naton 136 plastic

scintillator , 1.27 cm thick and 6.2 cm in diameter , optically coupled

to a RCA C70133 B photomultiplier . The neutrons were detected through

the hydrogen and carbon atom recoils in theplastic scintillator. The

entire assembly was magnetically shielded to decrease the angular

dependence of the photo tube gain to less than the 1~ level.

A diagram of the electronics used in the measurement is shown in

Fig. 2. The analog to digital conversion of the Tirne—to—Miplitude

Converter (TAC ) output pulses was done by a dual twelve bi t  Nuclear

Data l6lF Analog to Digital Converter (ADC) .

I

_  L~
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B. Data Acquisition.

The pulse—height electronics were standardized to a pulse height

spectrum of ‘
~ 

rays prior to each day ’s run. The electronics were

checked several t imes during the day ’s run and corrected for any drift.

‘41
The detection (or “slow ”) bias was set to 1/17 of the Am 60 KeV

& y ray full energy peak. The timing (or “fast”) bias was set below

this level. The fast bias was always adjusted such that a pulse height

spectrum gated with only this bias matched the spectrum gated only by a
the slow bias for pulse heights above the level of the slow bias.

Neutron TOF spectra were taken in three groups over a one year

period . The B203 targets  were used to measure the neutron yields at

the following eleven angles: 0” , 20°, 31°, 50°, 69.8°, 80.3°, 90°,

1000, 114°, 138° and 155° . The flight path varied depending on the room

geometry . The TOF spectra at 0° to 31° were taken at 2.19 meters while

those taken at 50° to 155° were at 1.91 meters. Boron metal targets

were also used to measure TOF spectra at 0°. No appreciable difference

was noticed between the two types of B metal targets. The ADC TOF

I.
processing dead time was ‘~8% for  B,03 targets  and ‘p 16% for  B metal

targets. This dead time effect was compensated for by using the ex-

ternal clock input port of the ADC, which timed each run for a pre—

selected amount of beam charge . The number of incident protons that

s t ruck  the ta rge t  was derived f rom the r e su l t ing  t ot a l  in tegrated charge .

This charge was an experimental  var iable  and was chosen to give count ing
C 6s ta t i s t i c s  of idZ wi th  ~l0 counts above the fast bias . The in tegrated

charge for  the B~03 targets  was 200 ~. c at each angle and for  the B

-~~ — •- rn ‘-‘~~
- —

~~~~~~~~~~~~~~ --~~~~~~
-‘-

‘- -
~~
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metal targets it was 100 uc.

The resulting TOF spectra were stored in a 1024 channeL array

of number of counts versus flight time in a PDP—7 computer. After

completion of each run the spectrum was written on magnetic DEC tape.

A TOF spec trum for the ~~B ( p , n) 11C reaction wi th  a 8,03 target ,

with an incident proton energy equal to 4.517 MeV and laboratory
I-

ang le equal to zero degrees , is shown in Fig. 3. The flight time is

measured from right to left with channel 880.5 corresponding to zero

flight time . The prompt y ray peak is located in channel 873. The
(

sharp leading edge of the neutron production is located in channel 755

and corresponds to the maximum neutron energy of 1.69 MeV . The neutron

energy corresponding to a given channel number C is
I

E _~~ l63 
j2 3 1

n 880.5—c ‘

c. where the constant 163 incorporates a flight path of 2.197 meters and

a channel calibration of 0.9756 nsee per channel.

in contrast to previous TOF spectrum , a TOF spectrum from the same

target taken with an incident proton beam below the threshold energy

revealed a completely flat background with a similar prompt y ray peak,

and the same smaller peak at channel 810. The smaller peak is thought

to be a result of a higher beam mass or an unlikely gadng dif f iculty

visible only when y rays are intense. The flat background indicates

that no reactions with higher Q values contaminate the spectrum . Back—

ground effects from the 
180(p ,n) 18F reac tion were investigated at• 

L’
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E — 4.517 MeV , 0lab — 0° with an SiO, target. The resulting TOF spec-

trum is shown in Fig. 4. Again the same two y ray peaks are seen in H
channels beyond 800. Some structure is seen in the region from

channels 650 to 800, with a maximum value of 70 counts and a back-

ground level of “30 counts. Comparing this spectrum to the 8,03 
TOF

spectrum one can see that the statistical uncertainty in the number of 4.

counts from the B
2
0
3 target is approximately equal to the number of

counts from the Si02 target. Thus the effect of 
18o in the 8203

target is very small and is neglected in this experiment.

A total of f if teen 7Li(p,n) 76e neutron TOF spectra were taken on

two days , three months apart. These TOF spectra were used to determine

the neutron de tector eff ic iency , which is discussed in detail in the

next chapter. Lithium metal targets were prepared as described by

Burke11 
and mounted in the top hat target holder. The same electronic

set up was used with a flight path of 2.14 meters , total integrated

charge of 25 i~c and an ADC dead time of 20%.

The time per channel calibration was taken each day upon completion

of the day ’s run, using an Ortec 462 Time Calibrator. Several spectra

were taken at various dead times corresponding to the experimental

dead times noted during the B,03~ B metal or Li targets run on that

day , The average channel width was -~0.97 nsec per channel.

C-’

_ _ _  

-
~~~~~~~~ ~~~~~~~~•
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IV. DATA ANALYSIS FOR CROSS SECTION

A. Determination of Neutron Detector Efficiency.

The neutron detector efficiency , as defined in Chapter II, can

be expressed by rewriting Eq. 2.1,

N (t)At
c(E ) — det . 4.1

N(E ,e) . AE~ 
. N~,

11The neutron detector efficiency has been studied by Burke
I- 4 ’ .

utilizing the same electronic set up. The detector efficiency is sub—

ject to experimental conditions and as such should be experimentally

4 
determined . For example , the efficiency of the detector is a function

of the signal processing bias settings (fast and slow), the quality of

the optical coupling between the scintillator and the photomultiplier

and sometimes the age of the scintillator.

The 
7Li(p,n) 7Be nuclear reaction is used to determine c(E~ ) by

experimentally determining N
det~ ~~n

’ M~ and N~ . The number of

neutrons emitted in the 7Li(p,n) 7Be reaction, N(E ,8), can be calculated

if the (p,n) cross sections and atomic stopping cross sections are

known. The number of neutrons emitted can be solved from Eq. 2.1

and 2.2,

N(E ,8)— 
_ _ _ _ _ _ _ _ _ _  

dE 4.2
(1/n)(dE~/dx) dE~

where the transformation derivative dE~ /dE~ is determined through the

kinematic relationships for the 
7Li(p,n) 18e reac tion and ~~ P is the

-- 
_
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atomic stopping cross section per 
7
Li atom. The case of the 

7
L1(p,n) 7Be

reaction is more complicated than implied by Eq. 4.2 because two I 
-

groups of neutrons can be emitted if E~ is above 2.378 MeV .

The cross section for the 
7
Li(p,n) 78e reaction at 81ab 0°

has been studied extensively and has been reported in detail ’17
~~

9 
L -

Lefevre
20 

has used Eq. 4.2, the ground state cross sec tions of Burke11

and the first excited state cross sections inferred from the measure-

ments of Bevington
t7 

and Borchers
18 to calculate N ( E ~~0°) for ground

state neutrons and N
1

(E ,0°) for first excited state neutrons.

The number of detected neutrons N
det 

in a time—of—flight experi-

ment is converted to a modified energy spectrum

N (E 0°) — 
N~j,.~(t)i~t / 3

~ ~~

, exp n’ N
~ 

AE .

This is just Eq. 2.1 with the efficiency c(E ) 1. The detector

— efficiency can now be determined from

N (E ,O°)
exp fl 

.
n N ( E ,0°) + N

1
(E ,O°)

Lithium TOF spectra for incident proton energies from 2.9 MeV to 5.1

MeV were transformed to Nexp (E
n sO°) spectra using the program TOF—NE ,

written by Burke~~ (Appendix C). Utilizing Eq. 4.4, an eff iciency

4.- table was calculated for each transformed Li TOF spectra. The number

of neutrons emitted N(E ,O°) + N1
(E ,O°) was calculated separately

at each incident energy from Lefevre ’s tables. Efficienc ies were

calculated for each of the two separate days and averaged, taking into

account the target front surface contamination effects. Average

C

- ~~~~~~~~~
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-

efficiencies for each day were within the experimental statistical

errors , but the two days differed by ±5% from the overall average

or by somewhat more than the statistical uncertainties.

Extreme care must be exercised in the steering of the pulsed

proton beam onto the target. Once the beam is properly steered

onto the center of the target, over or under focusing of the beam

will have little effect on the resulting TOF spectrum. The prepara— - 
-

tion of the Li is also very important. Target front surface

contamination effects extending as far as 300 KeV in proton energy

loss were noted in efficiencies determined for 3.0 and 5.1 MeV protons

incident on the same target.

The resulting overall efficiency for the neutron detector and

that calculated by Burke11 are shown in Fig. 5. - The two sets of

efficiencies agree to ±4% for E greater than 0.4 MeV. For E less Ln n

L 

than this, Burke ’s values are lover by more than 7%. In the neutron

energy interval of 0.2 MeV to 0.4 MeV the 
7
Li(p,n) 73e cross section

at 8lab 
00 has a very sharp minimum. It is possible, in this region,

that neutron scattering could lead to significant effects in the

efficiency calculation. The dip in the efficiency table at 250 Key

is due to Li resonance scattering at that energy. Burke ’s results

were corrected for this effect.

The efficiency table used in this work was based on Burke’s
11

measured cross section values. Because Burke used the same experimental

set up it is hoped that experimental systematic errors will tend to

cancel. A comparison of Burke ’s published zero degree ground state
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cross sections and those tabulated by Liskien and Paulsen19 are shown

in Fig. 6. Burke ’s values are not included in those reported by

Liskien and Paulsen and are ~].0% higher .
—

‘4

The neutron detector efficiency used through the remainder of

this work has an estimated overall accuracy of : 7”~. If the cross

section values by Liskien and Paulsen were used the efficiencies

• would be larger by -‘~40%. Thus, there is a possible systematic error

of  -
~l0Z in the e f f i c iencies used .

4. 8. Conversion of Time—of—Flight Spectra to Cross Section.

A constant flat background was subtracted from each 
11
B(p,n)~~ C

neutron TOF spectrum. Each spectrum was then smoothed to increase

counting statistics by using a three channel running average. The TOF

spectrum was then labeled in channel 0—5 with experimental parameters

that are used in the transformation computer programs.

The prepared TOF spectra were transformed to laboratory differen—

tial cross sections versus proton energy by the program BIIPNX (Appendix

D). The computer program was a modified version of LITPN1 written by

Burke.~~
1 

The program uses Eq. 2.2 and efficiencies described in the

previous section. Time—of—flight spectra f or both B
2
0
3 
and B metal

targets were transformed using the B1IPNX program where , of course,

appropriate atomic stopping cross sections were used for each target.

S

p 
-1
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V. CROSS SECTION ANALYSIS

A. Results and Discussion .

Il 11The B (p ,n) C zero degree differential cross section ror B~O3

and B metal targets  are compared to the published results by Van der

Zwan and Gieger 9 in Fig. 7. The 8103 
target was bombarded wi th  4 .5 17 

—

MeV incident protons , while .618 MeV protons were used for the B

metal target. The disagreement between the two boron targets is less than

±4 but is larger than uncertainties due to counting statistics. The

fact that the 8,03 
target ’s cross section was lower at high energies

and larger near .-* .l and 3.5 MeV could be due to two types of target

impurities. The 8~O3 target could have absorbed water molecules on its

front surface during transportation of the target from the bell jar to

the target chamber. The B metal target , a polycrystalline solid , could

have had slight impurities on the surface on internal crystals. There-

fore , as the proton beam penetrated further into the target it could

have passed through pockets of impurities , thereby giving lower cross

section results. Both the B,03 and B metal target gave cross section

values larger than those reported by Van der Zwan and Cieger. An

experimental error bar for the latter ’s work is shown in Fig. 7 at

— 

3.58 MeV.

The 
11
8(p,n) 11

C differential cross sections measured at lab angles

of 00, 20” , 310, 50°, 69.8”, SO.3°. 90” , 100°. 11-a ” , 138.2°, and 1.55°

- g are shown in Fig. 8. These cross sections were obtained from bom-

bard ing -i B~O3 target with a 4.51.7 MeV incident proton beam . The

141 ‘
- ~~~~~~ - ‘•—
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numerical values of the cross section and their statistical uncertain—

ties are given in Appendix A. The pronounced dip in the cross section

at 3.33 MeV at 0°, increasing in proton energy to 3.62 MeV at 100°,

corresponds to a neutron energy of 0.433 MeV. Because this dip was

always at the same neutron energy, it is probably due to resonance

scattering by the 8
2
0
3 
target 

l6~ nuclei.21 
A closer look at results

from the B2
0
3 and B metal targets in Fig. 7 shows that the B metal

target values do not exhibit such a drastic dip. A comparison of the

eleven curves in Fig. 8 shows that the zero degree cross section is

the largest.

Angular distributions in the center of mass system were fitted

with a series of Legendre polynomials;

a (0) = Z A.. P (cos0 )cm L=0 1. L cm

The conversion to the center of mass system and calculation of the

Legendre polynomial coefficients was done using the program LSQFT3

(Appendix E). This program was a modified version of Burke’s
11 

LTHM3.

The LSQFT3 program allows the operator to input at the teletype computer

interface the masses and Q value of the two body reaction under study ,

the number of Legendre polynomials coefficients to be calcula ted (up

- - 

- 

to 6) and the number of differential laboratory cross sections to be

used as a basis for calculations (up to 15).

The total cross section , 4irA , for  the ~~B (p, n)~~ C reaction is

compared to results published by Van der Zwan and Geiger9 and to

normalized results of Gibbons and Macku rt
4 
in Fig. 9. Because the

-
c 
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latter authors were unable to determine their target thickness, their

published results were normalized to results published by Blaser et al.

Thus the results of Gibbons and Mackim were multiplied by a factor

of 1.99 to normalize them to the present work near the 3.6 MeV peak.

Statistical uncertainties for the present work are shown with error

bars. Van der Zwan and Geiger ’s results are plotted at 100 KeV intervals

and show a peak value at 3.58 MeV. Their experimental uncertainty is

‘1shown by an error bar at this energy . Within the uncertainties , there

is agreement between Van der Zwan and Geiger ’s results and the present

work. The numerical values of the total cross section and the associated

uncertainties are given in Appendix B.

The Legendre polynomial power series coefficients A1 
through A4

for the present work and the values reported by Van der Zwan and

Geiger 9 are shown in Fig. 10. The coefficients and associated statis-

tical errors for the present work are tabulated in Appendix B. The

error bars in Fig. 10 represent the statistical uncertainty for the

present work. Van der Zwan and Geiger ’s values are plotted at 100 KeV

intervals starting at 3.5 MeV. They report an isotropic behavior from

threshold to 3.5 MeV , but five polynomials were required to fit their

data between 3.5 and 4.5 MeV. The present results agree with a fit of

five polynomials at higher energies but do not show the isotropic

behavior at low energies. Increasing the number of polynomials to six

did not improve the quality of the fit. Due to the kinematic restric—

tions in the ~~B(p,n) 11C reac tion , the coeff icien ts calculated below

3.2 11eV are not reliable because the back angle data does not exist 
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or there are large uncertainties due to the low neutron detector

efficiency . At values greater than 3.8 MeV the present data show a

general agreement with those of Van der Zwan and Geiger.

The center—of—mass cross sections as a function of center—of—mass

angle for selected laboratory proton energies are shown in Fig. 11.

The solid curves represent calculated cross sections based on the five

polynomial coefficients shown in Figs. 9 and 10. The cross sections

appears to be forward peaked at higher proton energies.

B. Uncertainties.

The uncertainties in this experiment can be divided into two areas:

those associated with the cross section and those associated with the

proton energy.

The uncertainty in the cross section can be determined from

Eq. 2.2 by taking the square root of the sum of the square of the un-

certainties in each of the terms. The number of neutrons detected

was subject to statistical uncertainties in the number of counts (‘~1%—

which is a function of the flight time) and in the time correlated

background (~.lZ). The resulting uncertainty for N
det 

was about 1.4%.

The remainder of the uncertainties in the other terms were due to

t . systematic errors. The stopping cross section had an overall uncertainty

of 6%. This value was due in part to Janni’s
13 elemental

(~4%) and possible target impurities that could give rise to another

4% error. The efficiency of the neutron detector has an associated

uncertainty of 7%, although the uncertainty is probably lower at higher

S

-
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Fig. 11. ~~B(p,n) 1~C angular distributions of the center of mass system.
The laboratory proton energy of each curve is labeled on the

left. The top four curves here are labeled on the right side

with a vertical offset (in parentheses) to be subtracted from

the ordinate to obtain the cross section at the given energy .

The solid curves represent the calculated cross section as

determined from the Legendre polynomials.
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energies as discussed in Chapter IV. The number of incident protons

had an associated uncertainty of 0.3% due in part to beam current in-

tegration uncertainty. The solid angle uncertainty was due to the

combined effects of the area of the scintillator and the flight path

which gave a 0.9% uncertainty. Finally the uncertainty in dE~ was

~2% due mainly to the channel width uncertainty.

Combining the uncertainties as mentioned above , a 9.6% uncertainty

would be associated with the determination of the cross section. If

the neutron efficiency were measured with respect to Liskien and

Paulsen ’s
19 

data, as discussed in Chapter IV , results would be con—

sistently lower by about 10%.

Uncertainties associated with the proton energy axis of the cross

section curves depend on flight path and flight time uncertainties ,

and kinematic transformation of the flight time to proton energy .

The f l ight path had an uncertainty of 0.6 due mainly to the thickness

of the scintillator. The flight time uncertainty was a function of the

overall timing resolution (F’.~HM 1.5 nsec) and the Ortec time mark

generator which gave the number of nsec per channel. At neutron energies

greater than the bias settings, 1, which meant that the uncertainty

for both the neutron and proton energy were about the same. Taking

all this into account , uncertainties in proton energy at 3 .2  and 4.5

MeV were ±3 KeV and ±21 KeV respectively.

-- --_ _
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C. Summary.

The first objective of this thesis has been satisfactorily met.

• Table I is a modified summary of past work as first described by Van

der Zwan and Geiger.
9 

There is excellent agreement, within experi— 
I - 

-

mental errors, between Van der Zwan and Geiger and the present work

for the total cross section . This was very significant, because both

the thin target (Van der Zwan and Geiger) and thick targets (present

work) techniques gave similar results. Overall the present work

4
agrees well with all their results except at zero degrees, where there

was a 26% difference. The reason for this discrepancy is not known.

However, Marion et al.5 zero degree cross section at E 3.46 MeV,

P which was obtained using thin target techniques, was in excellent

agreement with present results.

Careful study of zero degree cross sections from B
2
0
3 

and B metal

targets revealed that there is excellent agreement between the two at

low energies. The investigation of the angular dependence of the cross

section showed that the largest cross sect ions occured at 00 in the

laboratory. Therefore, we decided that 0° would be used in the

feasibility study of boron profiling at E~ ’U3.2 MeV. Further we

decided that the B metal target would be used as a standard in the

profiling experiments.
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VI. PROFILING

A. Theory.

The purpose of this chapter is to discuss the feasibility of H-

using the 11B(p , n) 11C reaction to determine concentrations of boron

in solids. As used here , profiling means determining concen tra tions of

boron as a function of depth below the surface of a target of other

wise known composition. The profiling is accomplished by comparing

neutron time—of—flight spectra from two targets , one of pure boron and

the other of an unknown concentration.

One example of neutron TOF spectra for a profiling experiment is

shown in Fig. 12. The two TOF spectra were obtained with the same

experimental set up used in the cross section determination . The

upper TOF spectrum (squares) was obtained from a pure boron metal tar—

get with an incident proton energy of 4.517 MeV, fl ight path of 2.197 m

and an integrated beam charge of 200 uC. The lower TOF spectrum

(circles) was from a boro—silicate glass target with the 
LS
0(p,n)

1B
F

TOF spectrum from pure Si0
2 
(Fig. 4) subtracted from it. The lower

spectrum was obtained with the same incident proton energy and flight

path , but an integrated charge of 100 ~‘C. Statistical fluctuations are

c more noticable in the lover spectrum because the pure boron spectrum

has been divided by two to normalize the integrated charge to 100 ~C.

However , it is very evident that the boro—silicate glass TOF spectrum

I ~ shows a strong resemblance to the pure boron TOF spectrum. The two

spectra have the same general characteristics.

_ 
U

.—-~~~~ -‘
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The theory and application of profiling elements by neutron time—

of—flight has been studied in the past)°’22 23 
The method used in

this thesis was based on the article by Overley and Lefevre. 3 
The —

concentration of boron atoms as a funct ion of depth can be determined

in the following manner. Let ‘

~~~

. be the atomic stopping cross section

for an atom of type i. Assuming the sample of unknown concentration H--

of boron consists of boron in a host material, one can then def ine
-s 4as the molecular stopping cross section for the host material,

t a ~..nj i4ij 
6.1H

where is the number density of host molecules and is the number

density of atoms of type i in the host material. Eq. 6.1 is related

to Eq. 2.3 where the stopping cross section per 11~ atom is,

- ~~~ 
+ + ~~~~ 

, 6.2

where n11 is the number density of atoms and n10 is the number

density of 10
3 atoms. Expressing the two TOF spectra , taken at the

same labora tory angle , in terms of their differential cross section

(Eq. 2.2) one obtains ,
6.3

N
d 

(t)
H
it c(s) 11 N ‘ ~E 

. . c(E ) ,et (n~0 + n~1)l~3 + ~H~’H 
p n

ni
N (t)~ dt ~(8) 

Al 
N ~E . e(E ) -, 6 .4det ( + ) p p n

10 1]. 8

4 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~ ~~L~~~~~~ ___ _



- _____,p~~~~
___  

~~~
-

—~~ 
- - -

38

where the n ’ indicate the number densities of boron atoms in the host

material. Taking the ratio of the two TOF spectra as expressed above

and assuming experimental parameters are identical , one obtains the

atomic concentration of boron as a function of depth x ,

r1
8 ( )  = r~ +(~~ et

(t)
B~~

. + x) 
— 1) ~ 

—~ 
, 6.5

n3
(x) + nH

(x) L Na (t)11(l + 
~~~~~ 

~HJ

I

where n
3
(x) is the number density of all boron atoms and x = n10/n11.

For a pure boron sample x is equal to 0.2/0.8 and for an implanted

L 

sample of 11
3 atoms x ’ is equal to zero.

Integrating the stopping cross section for the implanted sample - 
-

one can calculate the depth x,

= — ç
t 1 

~~~~~~~~ 
~~~~~

. d t , 6.6 

-

n
~

p
~ 
+ dE dt

mm

where t
1 is the time corresponding to the flight time of neutrons

produced at the front surface of the target , dE~ fdE~ is obtained as

discussed in Chapter IV and dE
5/dt is obtained from the neutron flight

time and energy relationships mentioned briefly in Chapter II.

-
- 

IC 
The depth and corresponding concentration (Eq. 6.5 and 6.6) were

evaluated by numerical approximations. The technique outlined by

22
Overley and Lefevre was used in this thesis. Basically, this involved

C
taking a depth x and a depth interval 2~x and calculating the ratio of

the number of counts in the corresponding time interval in the TOF spectra .

$

_
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C.

B. Resolution Analysis.

The resolution as defined by Overley et al.’° is the uncertainty
.~x in the depth at which the reaction occurs ,

— ~E ( ~n~q,~)
1 a 6.7

where 4~E is ~ proton energy interval  and is as defined previously.

Assuming the front surface of the target to be smooth , there are three

main effects that can contribute to the resolution : incident beam a

energy spread , energy straggling, and finite time resolution which

gives rise to a spread in neutron energy and hence in proton energy .

Klystron beam bunching introduces a 5 KeV spread in incident beam

energy . For a Si02 target with E~ — ~.5 MeV and a Si target with

E • 3.2 MeV the associated depth uncertainties are 0.26 urn and 0.31 urn

I -
~ P

respectively. The values of ~~~~ in Eq. 6.7 were calculated with ‘

Eq. 2.4 in units of MeV/~m from Janni ’s13 
values. For a Si0

2 
target

with a molecular number density of .~.326 x 10
2 cm 3 

the calcul~ition

constants of Eq. 2.3 were C
1 

— 1.776 x 10 MeV /um and C2 2.568.

The values for a Si target with a number density of 3.997 x io22

—3 —2 ‘ :
atomis cm were , C1 

— 1.738 x 10 MeV /um and C.) 1.32 2 .

Straggling has an effect only below the surface of the target. As

the proton penetrates further into the target the straggling becomes

-‘4more important. Utilizing Bohr ’s expression for energy stragglthg one

- 
~ - can solve for the uncertainty ~x3 

(FWRM) due to straggling,

j  x9 • ‘x , 6.8

~~

i i  

. . - - - — -

~~~~~~~~~~~

- . -— -

~~~~
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where ~x and x are in microns and n~ -~1 
is evaluated at the energy

the proton has at depth x. The constant c is equal to

2.355 [41Te~~ (z~n~)f~ where is the atomic number of atom i.

Differentiation of the basic relationship between neutron energy

and flight time leads to the depth uncertainty ~~~ (FWRM) due to time

resolution ~ t , -

E 3”2 t~t
..~x • (—) , 6.9

t mX

where X is the flight path , in5 
is the mass of the neutron and ~ t is

the time resolution (-‘-1.5 nsec). The stopping power ~~~~ is again

evaluated at the energy the proton has when it produces a neutron of

energy E
5
. Eq. 6.9 assumes ~E ~E5 

as discussed in Chapter V. Unl ike

the other two effects, ~~~ can be minimized expertt~~nta11y by increas-

ing X or decreasing the neutron energy. Neutron energy can be decreased

by decreasing the incident proton energy, so long as the proton energy

at any given depth remains above threshold .

The results of quadratically combining the three contributions to

depth resolution for a Si0
2 
and Si target are shown in Fig. 13. The

incident proton energies and flight paths are indicated below the respec—

tive curves. The curves end at that depth where the proton energy has

reached threshoLd , 10.1 ~m for Si and 79.6 urn for SiC2. When the

curve rises with depth straggling is dominant and where the curve falls

with depth flight titn.~ resolution dominates.
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A computer code for  calculating lithium concentrations in

— niobium 12 was mod if ied f or boron in silicon and f or boron in silicon

dioxide. (The program for silicon , SIBPRP is in Appendix F.) The

second code was applied to the two spectra of Fig. 12 to calculate the

concentration of boron atoms as a function of depth in the boro—

silicate glass sample. The results of the calculation are shown in k

Fig. 14. As expected , the concentration of boron is constant at about

5 atoms per 100 Si0
2 molecules. The error bars are based on the

statistical uncertainty in the number of counts in the neutron TOF

spectra. The negative concentration values are due to statistical

fluctuations in the two TOF spectra. A front surface resolution of

-~4 urn is experimentally obtained . This is in contrast to a calculated

resolution of 2.6 urn. One reason the experimental resolution for the

boro—silicate target might be worse than calculated could be due to

impurities near the target front surface. This particular target had

been used for a number of years to align the accelerator ’s charged

particle beam , as such has been bombarded with a lot of protons and a

particles over the years.

C. Sensitivity Analysis .

To determine the minimum concentration of boron atoms one can - 

I

detect using the ~~B (p ,n) 11C reac tion , the sensitivity of the method

must be investigated . The sensitivity, defined as the number of boron

atoms per unit area fl
8

s~x , which can be detected can be determined from

Eq. 2.2 and Eq. 6.7 as,

~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—
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N
d t

(t) ~t
n~~x — . 6.10 - H

• ~( E )  H
I

Overlay et al.1° solved for the limit of the sensitivity in the

following manner. If theareal density of boron atoms is to be

determined to ±10%, then the number of counts N (t) ~ t must be
det

greater than 100. If one assumes a beam current of 1.5 uA is incident

on the targe t for 1 hour , that a detector 11.43 cm in diameter with an

efficiency of 30% is located 1.593 m from the target , and that the

reaction cross section is 9.5 inb/sr , then the minimum boron content

which can be measured is n~~x 2.8 x 10
14

cm
2
. Thus, if it is desired

to determine the boron content to ±10% in a 0.1 urn depth interval, the

19 —3 -‘density of boron atoms must be greater than 2.3 x 10 cm . For boron

in otherwise pure Si this represents 560 atomic parts per million (ppm)

and in otherwise pure Si0
2 

this represents a concentration of 1200

boron atoms per million Si02 molecules.

• In practice one cannot expect to obtain the above calculated lower

limit of sensitivity because of several types of background effects.

• There are three main background effects that can reduce the sensitivity.~ ° - -
The first is a time uncorrelated background cosmic rays , natural radio—

activity, and from room—thermalized neutrons inducing (fl ,’y )  reactions.

These ef fec ts  can be minimized by building a better shielding system and

by using a pulse shape discriminator to distinguish between neutron and

‘
~ ray signals from the scintillator . Other sources of background are

time—correlated . These can result , for example , from (p, n) reac tions

— ~~~~~~~ ~~~~~~~ — 4 ~~- 
— —•—
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I.
from light nuclei target constituents with low (p,n) threshold values.

An example of this is the boro—si].icate glass target where 
18o was

present and neutrons from the 18
0(p,n) 18

F reaction had to be subtracted.

The third main effect is from scattered neutrons. If boron atoms are

localized at one depth in the target , then there will be neutrons

emitted with a very well defined energy. These neutrons can then be 1
scattered in the room and be detected at lover energies, thereby pro—

ducing a low energy tail in the TOF spectrum. This tail then tends to

mask the effect of any other boron concentration at greater depths ,

thereby reducing the sensitivity .

To investigate the sensitivity experimentally , basically the

same experimental set up was employed , but with the detection system

used by Lunnon)6 To reduce time—uncorrelated background effects the

scintillator system was shielded and pulse shape discrimination was

used. A block diagram of the electronics is shown in Fig. 15. The

scintillator was a 11.43 cm diameter by 2.54 cm thick NE 218 (Nuclear

Enterprise) liquid scintillator. This scintillator was chosen by

Lunnon because of its good discrimination between neutrons and y rays.

The scintillator shielding consisted mainly of a 1 meter iong by 1

me ter diameter doughnut shaped tank filled with boric acid and water.

The scintillator was mounted inside the doughnut hole and shielded by

lead blocks. The pulse shape discriminator used in this investigation

is described in detail by Lunnon.’6 The neutron window was set with

a single channel analyzer (SCA) using an Am—Be neutron source. The

SCA was adjusted to elimina te as many y rays as possible withou t los ing

I
- 
— :~ ______________
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too many neutrons. The resulting signal was placed in coincidence

with the SCA setting a low and a high pulse height bias. The low bias

pulse height spectrum was set to 1/5 of the 241
Am 60—KeV y ray full

energy peak. The timing bias was adjusted to the low bias pulse

height spectrum as described in Chapter II. The high bias was used to

reduce background effects as much as possible, and was adjusted each

time the incident proton energy was changed. The high bias was set

to cut off pulses greater than those produced by 1.69 MeV or 0.31 l’leV

neutrons for incident proton energies of 4.517 MeV or 3.216 MeV respec—

tively.

In order to maximize the sensitivity limits of this experiment

one must have a high cross section and a large solid angle ( small fl ight

path). To maxi.mize resolution one should have low neutron energy and

long fl ight path. Thus to give a reasonable depth resolution and the

best sensitivity an incident proton energy of 3.2 NeV was used and

neutrons were observed at 00 with a 1.593 m flight path. This gave a

maximum neutron energy of 0.31 MeV, a fairly high cross section of

9.5 mb/sr and a minimal flight path consistant with the constraints

imposed by the shielding. Neutron TOF spectra were taken either at 1

or 1.5 uA beam current for around one hour on a boron—implanted < 100>

*silicon target doped with either As or P. Each targets ’ TOF spectrum

was taken for a total of 5 inC integrated beam charge. The targets were

silicon wafers implanted at 200 KeV with 1 x iolS atoms of 11
B cm

2

*The targets were supplied by Dr. Dean Casey, Manager , Material
Research Laboratory, Tektronic , Inc.

a -
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(isotopically separated). An example of a neutron TOF spectrum is

shown in Fig. 16. The small peak (~ 1.20 counts) near channel 420 cor—

responds to neutrons emitted from the implanted boron. The large
I.-

y ray peak lies beyond channel 650. Again the channel width was

approximately 0.97 nsec/channel.

Immediately following the boron—implanted target run, a background H

L 

spectrum was taken under the same experimental conditions. The boron—

implanted Si target was turned over and the back of the target was

bombarded with protons. Fig. 17 shows the background TOF spectrum
t

obtained for a total integrated charge of 5 inC. The flat background

below channel 550 indicates that the peak in Fig. 16 near channel 420

was indeed due to the implanted boron. The peaks in both Figs. 16 and

17 are basically the same in channels beyond 550. The two smaller

peaks in Figs. 16 and 17 near channel 600 are thought to be a result of

higher beam mass or gating difficulties as described in Chapter III.

The peaks in channels beyond 700 are thought to be due to the 24  
~~z

bunching rate for the proton beam. Careful investigation of these

peaks reveals that the peak near channel 710 is indeed separated by

40 nsec from the pr~~pt ~ ray. Further , one can see in Fig. 17 another

peak 40 nsec earlier near channel 750. These peaks are very small as

compared to the main y ray peak and are seen only in runs of long time

duration.

The spectrum of Fig. 16 was corrected for background (Fig. 17) and

was analyzed in much the same way as the boro—silicate glass data. A

TOF spectrum from a pure B metal target , obtained under the same experi—

Ti -
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mental conditions was used as the standard . The program SIBPRP

(Appendix F) was used to obtain the concentration of boron atoms

as a function of depth. Three Si targets were investigated , two As

doped and one P doped. Their respective concentration profiles are

shown in Fig. 18. The data points at less than zero depth are due

to calculation of the concentration in front of the target and give an

• indication of the background fluctuations. If the backgrounds were

identical the concentration would be zero in this region. The solid
•1

curves in Fig. 18 are drawn only to aid the reader ’s eye in deter—

mining the general shape of the peak.

In general all three targets show a peak near a depth of 1 urn and

have a maximum concentration of “-‘225 ppm in a 0.1 urn depth interval.

The actual concentration is undoubtedly much higher. It appears to be

decreased by resolution effects. Integrating the concentration in each

of the three peaks produces areal densities of 9.94 ± 1.32 x io14

cm 2
, 9.25 ± 1.39 x 10

14 
cm

2
, and 8.33 ± 1.27 x io14 

cm
2 

for the top ,

middle and bottom profiles respectively. The error represents the

combined uncertainties in the terms of Eq. 6.5 assuming the stopping

cross sections have an uncertainty of “~6%. The combined uncertainty

was “15% due mainly to counting statistics. The experimental

areal densities for the two As—doped targets agree with the implanted

densities of 1015 cm 2 to within the experimental uncertainty. The

density for the P—doped target lies just outside the uncertainty

c limit. If the sensitivity limit of concentration is calculated for a

measurement with 15% precision, one obtains 199 atomic ppm. This is 

- - 
-

-
- 
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I
close to the experimental value of .25 ppm . An analysis of the depth

resolut ion of F ig .  18 shows .i FWHN of 0.8 urn. This is in contrast  to

a calculated depth  reso lu t ion  of 0.4 urn (Fig. 13). The difference in

depth  resolut ion could be an indicat ion of the l imit  of th e  t echn ique , •

hut  more l i k e ly  it is due to an un dere st imat ion  of the st ragg li n g

effects as calculated in Eq. .8. Bohr ’s formula is a fairly crude

approximation of s t r agg l ing  due only to e lec t ron ic  stopping.

D . Conclus ions.

The f ina l  objec t ive  of this thesis has been met .  The

reaction can be used to determine boron atomic concent rat ion  to ‘-225 ppm

with a precision of l5~. . The theoret ica l  l imi t  of resolution was not

achieved in either of the two experiments, 0.35 pm for Si and 2.u urn

for Sb , . However, this could be due to target f r o n t  Su r t a c e  problems

and straggl.ing estimations. We find that 200 KeV ~~B :~toms implanted

in silicon reside at  a depth of ~-1 un with a FWHM of 0.8 pm.

The B atom implantation depth in Si ha~ heen studied  in the past

~S ‘ b ‘‘— ~~~

using secondary ion mass spectroscopv ,~~ ‘ d i f fe r e n t i a l  capaci tance . -

and Hail effect and sheet—resistivity 30’31 techniques. Boron implan—

t a t ion  at three  si l icon  c rys ta l l ine  ~on f i g u r a ti on s  hav e been

invest igated ; ‘-I10 ’ which involves channe l ing and — L l 1 ~ and ~-l00~ wh ere

the effect of channeling is reduced . Fur ther  s tudies  have been made

on amorphous silicon where there is no 1-rvstall ine structure present.

Implanting 113 atoms along the ~.ll 0~ confi guration , maximizes the

r -

- ~~~~~~~~~~ , ~ .jIb ’-~ — —
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effects of channeling and a depth of 1.7 ± 0.2 urn with a FWHN of 0.6

urn at an implantat ion energy of 200 KeV was reported by Lecrosrtier et

— ‘7
al. These authors also investigated the —ilL> configuration at the

‘8 29
same energy and obtained a depth ot 0.8 prn. Davis ‘ and Lecrosn ier

-> 7
et al. - have studied the mis—alignment of the crystal off the ~11l

axis with 
11
3 atom implantation energies of 200 KeV and obtained values

of 0.66 urn with a FWH1I of 0.6 urn and 0.6 inn, respectively. Ohntura ‘1
et al.31 studied the mis—alignment of the <100’ crystal axis

and further reduced channeling effects by growing a thin film of

Si02 
over the crystal surface. At an imp lantation energy of

200 KeV , 
11~ atoms were reported to have a depth of 0.58 pm with a

FWHM of 0.25 urn. However , it should be noted that the samples are

— 
still crystalline and effects of channeling can still be there . 

_8

Amorphous silicon was also studied and values of 0.5 ± 0.1 pm have

‘>6 ‘>9 3’>
been reported . - ‘ ‘ -

We could not locate a report specifically on the unobstructed

Si <100> configuration at an energy of 200 KeV , but conclusions based

on the above data can be drawn . One would expect the <100’ and ‘-111’

configuration of silicon to have an implantation depth of 
11B atoms~

at the same energy , to be greater than that in the amorphous sample

and less than that observed in the <100 configuration . Based on this

conclusion, which holds true for the ‘-ilL- configuration , our results

of the <100’ oriented silicon sample seems reasonably consistent.

‘>6
& Fur ther , Witt maack et al. - have reported that the depth distribution

is not gaussian in shape at implantation energies greater than ‘0 1~eV.

_ _  
_ _  --- - -
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This also fit our data, as can be seen in Fig. 18. The reason for the

non—gaussian shape is being investigated.

The 113(p,n) 11C reaction offers a non—destructive technique for

determining boron atomic concentration as a function of depth. Mow—

ever , this technique probably is too limited in resolution and

sensitivity to be of practical use to the semiconductor industry , where

depth resolutions of less than 0.1 urn are desirable.

Throughout this profiling investigation the main limiting factor

was in the counting statistics of the foreground and background TOF

spectra. These can be improved by c~ inting for longer times, but a

factor of 10 improvement in sensitivity would require counting for

about four days , and the resolution would still be l imited to about

0.35 pm FWHM .
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APPENDIX C

Program TOF—NE

C TOW -N! S~C’ T P’t r’F V~~ G~4T TC~ ‘.~!UT~ C”4 !! ~~~‘! A r C ~~ATT (”.~
C PP~~G~~A”t ( S~~~~I0,~~ ) / C 4 ~” .P. *11!V*S0) %JF F’IE~~C.”
C FC’ R 2 l/0 !(‘I’1. (rr~~FCA )
C F~~!°!!’ TAL PA TE~’~ & TC~F ~‘ATP 

()~ TAPE IJNTT ‘I , ‘~!T’4 E?F!C!!’.~CY
C TA?LE (!F USE’) TN ~LO CV I
C ‘JFUTPON ENE!GY ECTRI” OUTPUT ON TAPE L’NIT #2
C.
C ~C’DITIF’ 7/Il/il FOP 1024 C A ~I~ EL IPIPI’T SPEC r!Ur -- ~~ C~~ ~~~ —

C
Cc1’~LF DPFCISIO’.l ‘TL ,~ TL’
O!~~~4~ IO~S EFTA~L(50),~ T (I(J 2~),~ NE (1024),IC’F(4)C O O ~4 !FTAPL , CF ,~ ”ECA TA 51LI ,’)~2,~iL~ /5U TOF- ,5H’lE 7/ ,5 U 1 1/ 7 1 /
~~TA ~~~~~~~~~~~~~~~ ,3M1 00Q ,5W TFF: ,5W 1.0, 1
OP TA E ,~~, ( / 5 H 2.0 ,5’)FOP T ,54A !~LF /
CATA — ,R .s,T,u/5Hrr” :,5H1~’PUT ,5’4 TOF , 5W ~~~~~I :,5~’PC.Mø :/
‘ftT A el ,°2,!~.!/,W E’ ’A . 5)~X , 5W!’ C”~~ /

CA T A P!, E0/.’. l416 ,°3~~.505/
Cr
C !t’E’IT!FY PRCC~~I’

CALL A!CI1(~ LI ,3)
C
C A~’( !FFTCTE~4C’~ TO ‘E L’EEN EF’: I .0 TYPE I .(I~~ : ‘TT( EFTA9L ) TV0! “

C !‘TP~L (EFFI CTEUCV T*~ LE T~ F.°. ~J/ !NLC’ W 151 ~~~~~ EN!~ C ‘NC)
100 CALL A~ CtI (A ,7)

CALL A’I V !  ~1P( E’FFl..C)
V : !FF’LC
Gfl ic (200 ,~~00) , !(
CO IC tOO

C f~~ (’4~~V : 1.0
200 EFF l . Ci

CO TO 400
C E’FICTEJ’ICY : EF’rA ’L ON PLC’~~ I , RF A E’ ~~O EEl C~COPA~’ ~L~G
300 CALL APE (l ,I ,I’ ,256, IA°L (l))
C NEUT PON Z’I!~ GY ~~~~~~~~~~~~~ ~~
400 CA LL A ’C ! IV ,l)

CALL l’v r .?~ c rF .)
C C~ TA TA R E F’~TT ~~ (2 IC 16) ~~C 1024 C~~L. °ECIO~ A (I  IC ‘~~
500 CALL A!CI:(F.’.’)

CALL ANYT \PC~ ’4I )
600 CALL AEC !I(!, 1

CALL ANy P’?°O’C’~)20. . (0V T _ l . ) . 4 .*(~ G%_ ’ .~C ‘ ( ~ TOF I. ‘~E °ECtO ~ E “

CO P00 I:l,l(~~~ —. ‘) -

‘tlOF(!) : 0
: Cs

C A’(!’ .’L’P’ “Et’TPCIN ENERGY T ’~ ~~V
CALL AE C TT( ’l ,2)
C ALL ~~~~~~~~~~~~~~~~~ f

LCA ~ T”~E 1C~ ~~~CTRUV
4-ALt r’TAPrc l .Jp.o.l(,i~4..,Trr(I,)
‘C “00 !:t ,Z

: ~T O F C I )

.0)
•1

- -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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‘~C4 C, T C ’ C t )  ~TOF (1)C F~ PF1!NF’.ITM. 0AR ET E~ S~ CT(~~ Fr/r’~~’!’~!L). CA A ( ’44’~”.’FL ‘) ,
C EL(F1. !CPT PATH T\~ METERS), (‘C.oL’L

(CWAPCE T~’ MTC°CC.Ct’LC’°E)CT ICFCI)/ l 0000 .
GA~~ A : !CF (2 )/ l0O .
!1. TOF (flhI000.

TOFC4)/I00.
C04 tC0 P1.(O. C,3 l~ /!L)~

(
~,.Ca~’ I5/EL)

CA~~’P 4 3.~*4 h EL/CI

C GFNE’AIE 1)~F ~.T UTRON ENER GY SPECT P~~’Co ~°9 I:! ,.!
IPI 1+1
NI = t
: 4’

.

C EFFICTF ’JC ’~ OF r’FTFC?oR
GO TO (020 ,0 1(j ) . W

C p4- 10’ ~~ EFOIC !Z’CV FR C’r TABLE Ct’~~I C  ‘IT)
010 CALL F~~T~~(5~~,tFF)

!FC EFF.LE. fj .(,’l (~~Cl 
~~4

F)IL : E’.ItI
F~lL’ CF.(~ t#O.5)

C ~ELaTI J1!!IC CALCULATIN C~ N 5TrCPA’~ ?Ot~~ A~ 1E~CL =
CU ENU/FO
1~IL 2.eCL .C I. _ 3./C..tL* (I..4./3.5.C~.) )
PR’ : 2. aG~~~~( I . — 3 . /~~.* . 4 ( t . — 4 ./ ~l .’1. C”i ) )

P!ThL : CE’°T(9TL )
?FT.~U : Z~!OP T(RTtj)

EL/ C .20~ 70 PTA L)
C TI’ : !L,(.2°C’7~3~ C’FTAU )

CR
CIU : ~t~C)- Ii~/Ol —

C CALCULATE THE H!5TOCRA~I~II C!L+.5
12 : CIL’-s- .S

: 12— TI
5I.~M : C i .O
!F(!l)009,9 , l

I IF C E L T A — l . 2 , 2 .3-
‘I !F(~~)4 1 4 ,.’
3 !‘(~~— l)4 ,7,5 ~~.

4 Fl : (‘fl.IA
P2 : 0.0 4’)

GO IC ~
E 5 NI = 11+1

: 12 — I
~‘fl G L:Nl ,\2
IC? :L+ I

= ‘~TCF ( ! CW )
6 SU~ P2* 1* ., - 

-

‘7 ~I I  : I I
: 12

Ft ( 5 0 5 — ( C f l .Y f l)  - ‘I

= 0.5 4 - rTt T— V 12 - ‘

1C~4 :11+1

4
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YCA TA ‘IOF( ICU)
: ‘‘jr+~t.’~r*i*ICI4 12~)TCP (1Ci~

)
=

C CA LCL~LATTCN OF “.~- t 0’~ /(’1NC. PAR’7!CLFS*~EV.?0)NNE ( T P I )  : ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
C 

-

CALL LIT EPC 1
CONTT~ UE 

I -

C ~1PIIT 021 1’~C~ !N!~ GY EPECTR~~ ON t~NIT I’CALL A~C!1(T,l) 
-

CALL ApAy !’~rc~ ’~!)CALL A9CTI (2, I) - *
C ALL *N” 1~’P(’G’DJ?: 20..(ei T _ 1 . ) - l 4 . *( RG N_ 2. )
CALL CTAPE (2,J8,I ,t024,NNE(l))

C Ty°! CC~’.’ECALL 3SCIT (~ -!,t)
C TYPING I. P!~T*R1F, 2. CEETARTE ‘.‘)TN ~‘F A

~JD CE~ SET, CTU?~ ~TOPECALL ~‘4Y 7” P(~~):
CO TO (100 .500) , !~- !  SICT’

-ì
I

p

I

.cfI~ -~~~
‘
~~

44

- -‘- - - - - ~~—-~~~~— -
a— — 
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APPENDIX D

Program SI1PNX , Subroutines KINSUB and FIT2

4’.

c BIIPNY SRC - ‘

C FOP 1l!C°,N)IIC RXN O$LY , CPLC TOP TO ~-SFCTC !CCIFIED JA\~ 7! FC~ ~O9C’A ~~~N PPC”4 LT7A ~ S~~C CY SEALOC’C -
- 

-

C W HICH 1JA$ ~OI’IFT~~O ~~c:~ LITP\ 1 ~‘.IC IFSTPT - CPP T~ESI S.C CAt .CtLATE S STC’.!A 1’~ NICROFARNE /i ’~ 7
C STAT ISTICS CUiPli ~S lO,A/ E~~ T CCNTS ) (

~~~I0t~ )
C FOP 2 1~r SCI~ T T LLATO R
C FO~ VA~ IAT’LE STO PP ING CROSS EECTT O~! - 5203 ,PN ,C IGIS .

COUPLE P0FC?EI(’ \~ !TL ,’2U,ARGLOO ,CS!RI
OI~ FNS I0~-’ rF TA ~Ul02A , NT (1024) , lCU~ 24 ,~ t lPCo
CC~~O~ ETT A~L. ~TOF , ~~~
COP!’C’M / Y ! NC Cr~/ * I , A2 ,A3 ,P P V .~ ’C’ ,TC ,TME TP ,FNC ,FM~~,~~,’4O
CO’4~C~N /SC?CC~P/EN,0!CATA A 9,AC./SH OS ,59(~ FV)/
0*1* A~~,3~~/5Hs~~A :,SURCNA:/
0*11 CC,t’~,EF,fl’/5H!MPUT ,5H OT t ,SHOL’1C’U,5W T 012/
0* 1* P! ,CNF~ ’U/ ’ .1~~I6,~ 3l .45 I /
0*1* PI ,N2,!3,~ 4,’P/l,001S25,ll.0 50,% .O0P~ ’a5,1l.C )143z ,)./
0*1* ‘I,’2,”/I.,5.,— 2. 763/ 111
CATA CCI ,00P,t’03/51414W1Y1 ,SW T(iT ,5H# /
0*1* 4, 5,ro6 ,oo7/59 I:T~2o ,5w ’.1 ~~~~~~~~ ~:, 5W ° N 4/
0*1* CD9,CDI0/5H=3N—O ,5’~ 5 = T , 5’~’3PUT / 4
0*1* ll ,0Pl 2,DflL~~,DO14/5HINP UT ,5H STOP ,5HPI’~C .fW CR(’~55f H
OATh CCI 5 ,0016 ,001 7/ SN S!CT ,SH TC’ ! ( ,5~ ft ,0) /

*1
A 2 : Y 2
A 3: ~~~~~ 3

( ‘ 7 : 0

~lP  =
SC, y3*cI~JEA~-T t, -

0.511004
TP*?P41~2~A .*PIo530.l6!.4C/CvFv*2.5667E_ I2

COPJSI t.6C,2.t.l0.l ,E4C,6/(l.E~C,6.l.t~2a)C*I.L CTAPFC1 , I ,0, IO24 ,EFT4 ELCI~~C TP *Y~SFC”M* T~ C~4 CN*:JNEL v~t’Ti~ (
~ EV )

CALL 45CT1 (A3.2)
CALl. h *jV!~!p(CF)C INPUT STOQPING CROSS SECTION VALUES
CALL ASOI!crDl .~~(‘ALL *SCtt CCC~ ,7)CALL A ’~’~ NPCCCt )
C 2 : C ,.
IPCC’CI.So.I.) C 1 = 5 .5 2 5P — CI
!FCCCI .E~ .I.) C2: ’.530
!FCC C I.E” .2. ) C % : I . 6 4 4 E-21
IF( rC l .E” .2.) ~~~2• 05~IP(CC) .EC.3. ) Ct :3 . ~~% 2 E—0t
T F ( C C I . E~ .3. ) C2: 2J7S~I!(”Cl .S” .4.) rI:i .7035_21

C I?(C”t.T’.4.) C2:2,!46
15( ”Ci .C’ .S.) GO TO 4 -~ ‘ ~~~~cm ’7o ~7 _ _/

_

~~ ‘$4’

4 (‘ILL *SCtt C?’11,7) -
‘5 ’-,

- - ~~~~~~~~~~~~~~~~~~~~~~ 
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CAL L MNYI IIPCCT ,C2 ,2l ,02 ,T’.3 )
C I’~ U1 CEd AR ! SWITCH ~~, RFci IC)~’I’(C2.E ’.ts.)GO ‘70 5
7 (‘ALL ASCI!((’C,2)

CALL ASCII (AA ,t)
CALL *NYINP (SVN)
CAL L *SCI!C!~ , l)
CALL ANY!MP (RGN)

C Ot’T~ U1 CECTP PE SW ITCH 0, FFC IC’I A
CA LL *SCII(EE,2)
CA LL * ! ( ‘ ! ICAA , l )  -

CALL *NY!NP(SWO)
CALL *sc!rc!?,I) 5’

CALL ANY!N PCRCO )
JB’1 2Cs.~ (~ ’iP1—I.) + 4. (RCN-2. )
.tao 20. *(CWO ~~l .) + 4 .s(PC O~ 2 .)  —

C CALCULATE PROTON THRESNOLO ENFRIIY
(X1+X2)sC- -C)/X2

= EP7UN/DE
C Z!RQ DATA ANO RI~ MA I~*T~ ICESCO 2~’.2 ‘ :l , 1024

VTt )F(T-’) 0
N513(M) 0 Is-

222 (‘OP~Tj ’~’UE r
PEAt’ TOP SP!CT~ J!

C WRITE TRA’ISFOR!’ EO ~PFCTRUM OPITTO DECTAPE UNIT 2.
CALL DTAPSCI ,JeN ,O,1024,K1OF(I))
DO 221 ~X 1,7

XTOF(!N)
224 CONTINUE

~~~~~~ 
BAR*YATEQS FROM DATA TPPE:DTC FLI GHT TINE,~’PNO!EC)C GAt4N*(C’~4A~4~I5L ‘),5LC-HEUT~OM PUGHT PcT~ , N!TE~S),C UCOUL ( !~ TERGRATF2 9EAM CURPFWT ,~ TCOC CC~VL),TUETA (C’EC),

C EMAX (I’iC!t’SN? PPOTC’ N ENEP GY ,9-E’1)
Dl = TOF(I)/I0000.
G*”a TO?(2 )/ l~iCj .
EL IOF (3)/lCaOO .
U(’OL’L = 10FC4)/ lCi .
THETA : TO~ (5)/lCsO .
E~ A Y : TO FC6)/ I000 .
CCP TOF(7)/lOC,.

— IF(CCP.FC’ .L’ .O) COP
XT ’A T EPAX/ Ot

C TOP FCATT !RT’~G CORRECTION--ELOPING LI~ E HWI4 P 50~SFC/ ’~E!ER
C NA P CWANI’IFL AND NA P COL!~TS INPUT WITH TOP OAThPA~ CHN N1OFC!)

IFCrA~ CNN.E~ ,0) ~~ 10 230
CHT”*~ = !1OP(~~)

~1NCHN : IOCs.*FL/DT ~ 
j

‘*XCNN - PIINCHN 4).
1!cr’T’~’CH’4~ I5.LE,O) N T TIC WN IS
CC) 227 TC’~41L : 9~ CHN ,NAYCHN ..~

‘- C~.1 “A TCHPI - ICHML -
~~~ 

.
~~~

I 1~0T/FLTONI (100 .—I ) • O~~T ’A *Y /%(j(j.
IFC IC ’ ~1T .LF.0) CO TO 221
V rOF ( ICWNL) : VT,p( ! (’ HWL) - TONI 

~S ’ ‘~~
‘

p • 

-
.5.

- 
__i_’
~

_
~’
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I

227 CONTINUE
2.30 DO! 5GA : 3.%416*(.0.315/fl.)eCj.,,315/EL)

~E!O = GA A- ~3.34* t1./t’T
EPN : EPPITI - 05/2.

* CALL V!14-0U!
ENU :ENK

C CALCULATE TRA~SFOPi~CC P00 VT:XT9N,Nl~A X . -

C CALCULATE THE ENERGI ES
XX: P( T

P EPU:C’!*(XX-* ,5)
EML:FNU
5 P N : E P
CA LL V II~5UP
EN:  ~~~EPP : EPU
(‘ALL NIP4SV?
ENU

P C Q!L*TIV I!’7TC CA LCULATION OF HISTOGRaM ?OUNOA~ T EE
CL.
011 57411/50

:- 
!~2U 2,~ GU eU, -3. /2 .*OUefl .~ 4 .,~ .*GU) )
Bf1AL~t’F~’!T(? IL)
gETA~: CSORT(p 211)
TL:!L/ C , 27~3~ OET*L)IU EL/ c .2o01~3*OET*t,)

0111= ?!RO-TU/OT
C GET !(‘*TTSPTNG CORRECTION ~OR GIVEN EN,TWETA -OISQFc-P~ DC FOP S I 1 ‘N RXN .

SR : I.
C !P~ICI5~!CY NOW DEFINED

CAL l. t IT2(5N ,F~ F)
• IFtEFF.LE,0.0) G0 TO ~0CJ

C CAL CULATE 054/ON (~ FV C~ (‘N) FOR PIt ‘N ICT ~~PO L’SINC..
C E74PIRTC*L FYPREESTON CALCULATED ?RO~ ~‘* !4NT V*LL’t! FORC POROPJ AND

DE*DX Cl /ER .( A L OGC EP ) 4 C2)
C CALCULATE THE NI STCORA ~I

12:C1U+ ,S
DELTA:C!t’-CIt..
P ’ 12— t  I

!IJW:Cs.
IFC ! l )~ 0G ,~ 00 ,2p

2! !F(OILT*-t. ) l ,l ,2

2 ! F C P — l ) I ,26, 6
3

00 10 2 7  
~~~ 

S
P ’ : 1 14 !  ~~~~~~~~ ‘

CO 200 L:V ,’1

_ _ _ _
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~

1CM : L+l
YDA1A : NTOFCIN)
stir : SUN 4 XDAIA

200 CONT INUE
26 XII :

P12 : 12
0.5 - (O IL-PIT )

P2 : 0. 5 + CI LT - P12
27 1014 : 1141 -

p0*1* : ICTOF (TC!4 ) 
-

SUN -‘1014 :124 1
: WTOF(1014 )

SUP : SUM + P2’YDATA
C UNC5~TA 1MTI!S
C SOUR CE 5CATT !~ I!4G UNCERIAINIIPS-- ~ OF INITIAL DA TA COP~ E(’T ICN
C USE CJ4 A rJN FL AS AVERAGE O~ TWO LIMITS

$SPR : 0.
ICRSS : (CII. + CILI)/2 .
IC : MA XCHN - ~CX SS
IC : TCiDT/!L -

‘-
~~ 1P( TC.L t . C,.0) GO TO 73.3

IP(TC.CP.l00.Cs) GO TO 733
IC : (lO0 .-TC)*CNTMAX/IO0.
SSPR : !CTOF(ICH!$ )

TC/CT C+ESPR )
SSPR : $SPP~ SSPR

C BORON SCATTER ING RESONANCE UNCERTA INTIES AS Z - -

733 XLPPR : *35( 1 .00 - ER)
• XLRPR : XLRPR ~ XLRPR

C COUNT ING SIA-rlsr lcs UNCERTA INTY 45
STATP R : 1.0 / SUM

C CONBINE ANO OUTPUT UNCERTAINTIES AS I • 10,4
: XII + 400

5Th : STATPR 4 C,.~a(’~SPq 4 NL0P~~
)

KSIG(KT1P)  : 1 .05+O4aDSORTCSTL )
C CAL CU LA IF 9G~~~A AND DEPOSIT IN PSIG r*TRI~PSIG ( NT I)  :
&aCi CO~T INUE

DO 550 KL:l ,6
ICS IG(NL) :

550 CONTINUF
C WR IT! SIGMA ONTO DECIAPE UNIT #2

CALL P TA P F C2 ,JSO, I , 1024 ,PSIG( I) )

• GO lD S
EN1~

QI_,3I~j ~~~~

~4C~1~
1’ - 

4
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C VI? ~St ! S’C
C KI” E ’ *TTCS SUS ODUITNE

(‘~!TH ~~~~~~ CCr ’-C ’~ : V t 4 C 0 W  rflP DA~ *~’!TF0 PPSS!NC)
C N O P I ~~!PC 21 SEPT. tclC , C*E
C PUlL !E”1!~IC TON , STA ’~FORC 1”~I~’SRSITY € / I I/ ’ 5
C TP* ’SPC”NF EN!~CIIFF, ANGLES , AMO C~ CSS p~CTI~ ’-iS
C ?E!’,’ES’~ C~ *‘~C LAS SYST ENS
C SET UI.~CLE* D 0*11 TA~ L!S, ~A ’ ! S  l6 l . I~~C !~~ ~CT A TICU
C *1 , *2, *3 AS! A ??E! (IN 4X~.!) ~‘F !~ CI0!NT , TP~~CET ,
C ANC E~hI1T!C MA RTICLES
C SI : IMCII’!NT EN!OCV (I~

4 Y5 ’J) IN LA P SY?TFN . -

C : ~ CF ‘EA~ T I0N (!~l NEV) -~~

• C TH ETA C N AND T~ STA LAP A~~! !“IS~ 1C’ AN~ LE (IN CEG”T!S)
C !3C~ A~ Z’ ~~~~~ A P E ENERCI ES Or r ITTEO P*~TICL! (I” ~ !V)
C PA TI O : C~ (“OFF PEC.TIC’~ / LA! CROSS SEC1IC’~C ~Cr ! 0: TN P2T : A l , *2 , *~~, 5~I, ~~, TH! TAC~C NOD! : 0: INPUT : * 1 , *2 , 0- !, El , TM!’TA L* !’, E.3L*-P P..
C ‘CC! • C,: !NPL’T : ~ 1, *2 , 4.5, 51 , p”

, TUFTA LA?
SUBP~t~TINE v I4~Ft~2CC1’?L! DR5CI C7C~ *C,!CEL, FtFC ,C D ,PT ,oa!F
CU’~’O5’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 ~*TI~~,’c~0E

II IS (‘~C’OE) 1.3 , 1 , 12
I? S I?~LAP : Ft~~ T~ ZTA L * 0.0I1 5-3 2’25)

CCFLA: : CC~ C1’~FTA L • 0.C4l’45.52~25)I-’ *4 ’  : A l  -‘ *2 -

IF (‘005) 31 , 2 1 , 31
2 1 C’ : tj .

- (  00 25 1:  I, .3
*4 : 3~~” -

*455 A) *A 3 . !1 *~~~LA O
25 : ( ( 43+ A4 )~ E3LA ~ ( A ~~ — A ~~ )*E’~ 2.—CS ~RT(~~ FE)

I •C”DFL~ !) / A.~3)
IF (El) 32 , 32 , 4 1

32 ! 3CN : — 0 .
E.3LA? : -0.000
PAT IO : - C .
IF C’D~ E. O T .0) T HETAC :

‘I
4) *4 : *4~~ — ~/C3I .~ 7?C A 1 4 a 2 )  • (~~3+A~

)
A : 51 • A1*A4/C!1 ’C M

C : (FT 4 “~~4 I /~ 2) • A 2 *A 3 / f ~~ 44~’ -~~ ~)

IF CC .!.’.C.0) 00 TO 32 .~~ ~~
530” : C — A 4 /A - 3  -

~~

A C :
: CSC °T (A ’ )

IF (
~ f’~C E)  51 , 6! , ~~lSI FI ’ C” : ~~~~~~~~~~~~ • 0.r 1 7 4 5 3 0”OS)

!3t.*’: ‘ON +P+
4’. !C!L : V 3C~ /~ .3t~~FI”L~~ : ~INC~ • CSC’VT ( CET ) ~SI PT : C”-i~ — e! .!t *STNL A~

4 
~~
‘ 
‘.

I~ C”) $‘~, ~~~ 4!)
—4

-

~~~~~~~ 5.

- - -  ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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62 OCT : CS~’9T ( PT )
IF (NODE) ~1, 05 , P4

“1 CCNTI”I’E LI.
IF (S! ’~LAR ) “ 2 ,~’2 ,” 3

92 CCNTI’ !LTF
IMFTA L : THETAC’
CCI TO 100

~3 C07’TI ~‘l(!tF3 LAB/ !
COSLA B : DS~9T(E9 ) - ~OCI T
‘NFTPL : P0. 4’ AT*~ (~ CO5LA P/S T *’LA !) / 0 I 74 - !O’~~OC IC IOCs

04 CONTI NUE
E.3LAe:?a (COSLA9+P0 O 1)*(CC-ELAP+~COT )
CONTINUE
1 ’ (!INL~ P) “6 , ~ 6, “7

“6 CONTI~’U5
T)4 !T*C : TUETAL
GO IC’ ICC

— ~7 CONTT ”L’E

• SCPT( !LFC )
4 -  COEC’ : (T$ LA ~ - 5.30’ - 9)  • 0.5/~C’PTACTHETAC : 90. 4 *T* N(—C CSCN/ SP’C~

) / 0 . 0 I 7 4 5 3 2~~O~tOO CONTI”UE
~*TtO : 5 1*C*~~~~ iO T/5 3 La9

PFTI!S”
SN!’

C P112
SU9~ OI.TI’~E Fj T2(E!~~,s!G)
DIMENSION 5(250)

A CO”MC-N S
EL :
FC : 5(2)
IF( !IN—(!L - ’-EC ) )20 ,21 , 21

20 SIG:0.
~~ETL” N

2! ENTRY: I . +((EIN-EL)/EC )
te:r:TPY+2 .

C FIRST 2 FNTPT ES ‘~ E SLOW AW O EIk’C, SO ‘N r.’n TO PC! ’T F~ -“v - -
es’ .

YCj:S(’—I)

• V 2 : E(V + t )  #~
‘ 

~~
-‘

Y3 : 6(’-.-2) ~~ -~~~
V:5741?~v.Yv+3.
A : C - Y (-+3. s ’ I— 3 .*V24Y 3) 5). -

C P:(6. .!’t ,-I5. *’ l ’12..Y 2-3 ..Y3)
C’:C - l l . *YO.IR ..yI.e~ Iv2+2 .*v3)
S1C:Y0 .X* (C4Y*(P.Y*A) )/ S.  - - -

30 ~~EIU! N
5’li’ 

A

- - S

_ _ _  
~~~~~~~~~~~~~~~~ 

_ _ _  ~~~~ ~~
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APPENDIX E

Program LSQFT 3, Subroutines CBFIT8 , LEGPOL and MINV 7

P 
5

C L!”FT3 S C
C A LEAST E~’U*RE$ PR0G~AM TMAT FITS A SERIES
C OF LEGENOPE POL~~’OMIA LS IC SOPON t I ( P ,N) A NGULA R ~I$T~ 7~ UTI! ’NF
C INPUT S FIG’A (T HET A LA?) IN 9CROBARNS/S~ , NO. OF POL’f NON IALE
C ( NPOL , NA~ : 6) , ‘10. CF ANGLES (NA NGLF , 0Y : 11 )
C CE I! ENERGY INT ERVA L OF THE INP!~T C~oSE SECTION IN NEV .
C INPUT CRCSS SECTION MUST SE 1~

i PP~ INC~!P!~ NC SEC’U!NC! OF
C ANGLEC By SWITC H AN !’ REC-lO” ‘~~~. UPPER A LC WE R El LEVELS , °Y~~
C MA SS & ~5 VALUES AR! VARIA !LF. MODIFI ED FPCM LSCFIT A UG 7!.
C In’AL Y SECTION r JO (LG) I IS DIVIDE!’ PP IC ,
C LEG COFF : JO (L1)*IO 4 54 A~!O !R0O~ JO (L2)~~I0C USE! MODIFIED C~ FtT* AUG 7!.
C
C
C

CO’MON J D(5632) , J0C30 72 ) .EL SD (20 ,4 ) ,A ( S ,2)
COM’CN /~ !NCON/ A I ,A2,A3,FAV ,O,T0,THE7A ,~~ (’,!~1V ,0,*IO
DATA C’1 ,C2,C3/5I~I NPUT ,5H S~’,~~,5”EG /
DATA B1 ,P2,23,”1,551SW,RE,SHG FOR I SU OUTP ,51411T /
DATA ?5 ,56,87/ SHAPR *Y ,5M FTAP ,541! *1/
DA TA E~~,S9 ,!~I0 ,’lI/5H -SWI ,54TC ’H ,51’ •P!C-,5’4 1C’N /
DATA C4 ,C5 ,06/5IlBO?ON ,5 W I I C P N ,5u) ~ Y N/
0*14 C7 ,rr ,c9 ,Ct 0 ,r I l / 5w tNRuT ,5~ o Ir ,5w ‘~o r . H~ ”’G!,’~ 10 ‘1
DAT A CI2 ,C13/ 5HI ,~~~,, 5NM3 ,Q /
DAT A ODl ,r02 ,rD.3 ,004 ,r5,yu’IPCL ,SHrMAP ,5H61, ~J,5W A ~ GL!,5W r~ A V /
DA T A  06 ,” 7 / 3”  11) ,,514 05 /
DATA D!, O” ,0 l 0 ,P l l ,”1 2 /59  TO E,5H1 LIN ,5NITS ( ,“!Ca ,A ,SUSl )
DAT A 012*/ 3M El /
DATA 013 ,OI4 ,015 ,Ol5 ,017/SNCOS (T ,SHC) PA ,5U1’, !P ,5MPC~~, , Sl4Y F~ C?
DATA 0l!,”I” ,020/34, CAL,5H LEG ,SHYSFCT/
DATA Cl4 ,015,C16,Ot7/SHNANC L ,545 100,5HLARC-F,3U PC” /
DA TA CI! ,C19 ,C2C-,021 ,022/5M5 1 PA ,SMNG! ,5NTT~ C.3HUTPUT ,~ ’-l t!~ 7DA TA C?3 ,024 ,C25/5’-I”S!’? ,5)~I 0 :,5H NO 1/ -

DATA “'% ,M2 ,~ 3,~~4/ 1.OO79D5 ,1T.00’350 ,l.00B665 ,—2 . 7€3/
C GIV ES “TN & ALLO W S FOR CHANCE CF MA SS & ~ VAIL ’!.
40 CALL ‘SCIICCA ,3)

CALL. ASCII (C7,7)
CALL NNY IN P (AAI , AA 2 , 0A 3 , OC’C , ! ’ 1)

C ALLOWS ~~ TTV ~UTPLTT OF ~-SFC1IC”.CALL ACCI!(C20,6) -(‘ALL MNYTNP (ADA TA ,CI,02 ,r3 ,r-4
C I’I°111 THE LOCATION OF THE 9951 ANC’L E CF TN! SERIF!.

CELL ACCT I(C1 ,.3)
- - CALL ~1vp~P(S’J,!Ec,r.3,oI ,r25C INPUT THE STARTING LOCATI~ P1 FOP OUTPUT 0A 1A .

C’LL AFCI!(!I,A )
Z CALl. . v p!P(p’Jo ,p~~ ’~~, r l ,!’~~,!’3 )

C INPUT ‘ ~ F 0OLYNO’I*LS , A OF £“IC,LF! IN SERIES A IN! FNEPGY I~” !!DVA k
545  CALL A F C I I( C D I , 7)

CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
“POL:V’01 4 .5

.‘~~~~ “
‘5.” ‘~~‘• A2:~~

A 3 :Y ’

_ _,-Y
_ 

,.~c

~ •_
_5. 

~~~~~ - -.- - — -  ~~~~~~~~~~~~~~~~ ~,
—--—-~~~~~.- ~~~~~~ ~~~~~ 
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C’ CHA’GE OF “A SS & 0 VALUE IF ~!~UE!TEE’.
IF(A A 1 . ! D . 0 .)  GO TO 541
A l  : AAI
A2 : A A 2
4.3 : 043

341 CALL ‘5C11(C7 ,4)
ICUN : 311

C ALLOW! rop CHANGE OF ENERGY LI’IT!.
CALL *SCII(0!,5) 

-

CALL NwyINp(xE1L,~ !1U ,Dl ,r2,03)
IEI L : 304
IEI I-! : 45 1
IF (XFIL. ”.O.) GO TO 502
I Z I L  :
lEl U : PSI U4 .5

C
C CA LCULATION OF THE NA IRTY REFER ENCE # .
C tElL & !flU : ENERGY CF Ml LOWER A ND L’PPFP WPT v- SECTI ON .
C - CONST*~!TF !CC1 TO ICCIC A PE FIX?!’ ro! TUE RIVEN ENERGY P!CI”N . P
C
501 ICC1 : IEI U - ITI L

ICC2:2 + TCC ’ l
ICC3 : 1002 4 I 4 ICCI
ICC~ : ICC3 + I 4 ICC)
ICC’S : ICfl 4 I
TCC ~ : 1511 - ICC3 -I
ICC’? : ISI L - I(’02 — I
ICC! : ISI L - 2

ICCR : 1025-JElL
!CCIO : ~O4°—I5ILC CALCULAT ION ~F MAT PT~ 0!rEN!IO~ TO” .‘D.
1(121 1 : 512~ NANGLE10,0)2 : 512
: !CCá~ 2IF (TCC4 .~ I.512) GO IC €01GO TO 602

• 601 TO CIl : 1024 • ‘IANGL!
10C12 : 1024

602 15’ (ICCII.GT.5632) GO TO 543
C,f l TO 544
CALL 45 (111(014,6)
O )  TO 545

C ?F”O IN! ‘A T”!~ A ND !‘E’DON! ANO L! AT ~ II’! (7_ F!CT IO~ ,F C ’ ~’) .
3 . l~~ I 5~~/ l!0.

• DC’ 201 1:1 , 563 2
201 J 0( I) :0

rc 20~ I: 1,3072
202 - J0( !):O

Cr) 100 1O’:l ,N*N C-LE

JC:j(’4(!OA-l)*4

‘ 
CALL PTADF ( I ,,’r,0 ,l024,.IOcl ))
V : C t O I - t ) IC!’I?4I
CO ~O.3 !:IFIL , 1511!
IfD:W4 T-I!IL.l

4, -’

_ _ _ _ _ _ _ _ _  _ _  ~~~~~
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i’s

P

JD(’-’fl):.~fl( I)LA = WD  + 1025
203 ~‘C( LA ): JO( I 4400)
(1
C CCNVF’T TO CENTER OF ‘A SS SY!T!’
C

1W !T4: .!OC 5 ) / l C s O
DO l0(~ !:I ,I”C5

EAI( :F ICAT ( I+ ICCQ) 05 -

IF C.YDC~ F).’JE.0) GO TO 50J D(W S):  1Ci
LB : ~~+IC05
JD (LP)= I

50 CALL VI~ICtP1(05: ‘5+1 CC’S
VTN : ’ / !+ !00541C’05
j DCW 5) :F LO’T ( ’C(’S) )*~~

Jt(’ ’fl:TC~ l0C .
100 CONTINUE
C
C !‘UTPUT CN T*PF~ P-SECTION ~~~~~~~~~~~ T’4ZT~ “N.
C -

.192 :
C ALL t’T”'F(2 ,JB , 1 ,10011 ,.‘C( I)

C
C CREATE A O~~A V 5  ‘ND DO LEA ST 5~ 1”PF! FIT
C

00 200 1 :1,3072
200 JO(I):0

CC 30 L:!EIL, !Zl’J
00 20 I:l,NA”CLE
~(:L+( 1-1 ) 1(1012
LC : Y - 1006

• T)4E10: FLO ’T (J D( LC)) / lOCs.
ELSOCI , I ) :COS (T )4ETC * !?AD )
IC : IC - 1C07
ELSD(t, 2 ) : F L O AT C J D ( LC ) ) / l 0 .
LE = V - ICC!
ELSC (I,3):FLOAT (JD (LE))
tLSC (T ,2):ELSI’-(1 ,2)*!1.SD(I,2)

0!’ 10 30
• I5’( ELSI’( I , .3) .FO.0 .O) GO IC 30

20 CONTINUE -~
CALL CBFI TF(ELSC, *,XI, NPOL,NA NCLE) .~~- ~~

25 IF ( * D A T A .F~~ .0 .)  GO TO 22 -~~
C
C TT~ O’JT~ CT ~F COO () ,!P”CP ,Y- S ECT IC” ,C”LC’ DCLV 7-FFC’11-”.
C

IF C L .!A . IOU’) CC TO 205
• G0 10 22

2(’S (‘ILL 1T~~P” ( L)  -
~~

IOU’ + tO
CA LL ‘FC7~~ C l2* ,”)



H’
8].

VO 2 1 !O:I ,’~’MGL!DI:FLFD( 10, 1)
r2: EL~e~~l0,2

l~4:LLFl~(!O,4)2) ~hLL ~~~~~~~~~~~~~~~~~~~ 
*

C
C ~R!~TE OUTPUT ~~P~V! (X!”Xl , TCT~L !-S?CTT CM , !-SF(~T!(~” FPfl CC ) .
C
22 A4P:4.a3.Ial5~a*(1 ,I)

: L — IFIt. o
J0(LF):X1*I(,0(~.
LG I - rCC7 -I
J0(LC):b4 P/tO.

I - ICC6 - 1
JOC LH) : A C 1,2 )~40 .*3, 1415°DO 30 J1:?,~’POL
L1:L+!CC~+(.t1~ 2)*IC C5
L2:L4It’f~I(j+(jI_2)a!(~C5
JC(L1):*(j1 ,I)*IO.+5000(j.
JO(12):A (J1 ,2)*I0.

30 CO~T!’!UZC C*LCU~.IT!~~ or T)~! DLCCV,Ci & !‘FC ~~~~ FCP C1’l’Pt!T OF ‘~~~
C YF.

!CTII/256 s i
~~~ + ~‘~4

lF~5 : 1.’ (hJ~ 4.)/2C’.
r

2. 4 (AJP - 20. a (~ W5-J•))/4•P05 =
20. * ( f’)S - I.) + 1 a (~~5 - 2.) + A ,

CALL CT’PE(2,.~!5,1 ,3072,JOCl ))
C OUTPUT !iA £ PEOS POP ~~ART OF OL~PU1 APPAYP - 3 P!CIC~FCALL eee!I ( ~~,5)

l.+(1J35+4.)/20.
• SW6 :!!i6

!PG6 2..(*J~5.20.a(~ ’i6.i.)/a.
CALL rTvPtc 1~ i~~Call •PC!! (!!,2)
CALL !r!!tc!p06)
Call. £~~ !Z (!10,2)
10$ : !EIL-TCC7-2
CALL !T’P!CLGI ) ~

‘ ~JCELL APC!!(02C.,l) $a /00 T0 40

f $

e~l,_ 
*~~~~~~~~~~ -~~~~~~~~~ — * — * *

__ __ ___ __ ___ __ __ _

~~~
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V

I

~~~~0UTTq! F1T!(~~ st,k,P1,~~~t,~3A’~cU)C ~~CC,A~ ACCEPTS A ~~F!A~LE ‘~~ L .LE.6 £ ~J*vOLT .LF.t5 •
C ~Pot~ IS • 05 P0t~~’0!IM.S, V PCPVAPI”O IT CVT~ 6, ‘esI 1~ r*!A~!
C CI ”!  SfLCV. IAMOLE IS s OF A ’2LFS Of !MPUT ~~~~ (~‘IX ~C’° 15).C PP0Cfs~ “O~ !FIE~ ~~or C3FIT! AUC 7! , PEP 1&~ !!’ T~! eA~ F.C rt”t~sio i OF ~Q() rust x~~ 

4~4 rCr M(y ~~y ) •
C ~~~~~~~~~~ OF EI..!D & A ~U!T 91 SA’! A! 1?~ T~ 1 ~~~ P~OCRA~’.
C

D~UM2 ~~~~~~~~~ H,L’,DET,X2(3E),D!~~T
~!!~~P~5!CI7 A ’ 0 ( l I ) , t G(6 ) ,L ( 6) ,”( 6) , t’( I l )
N!’t!~S!”~ t.SC(20,1) ,A(G,2),M(6,€~),P~L’(fl,6)F~’LI”ALE?IC! ( M 2 ( U ,K ( l , i ) )
DAT’ M ,!I’~Cl.~~/5M SI NQ,5~4t JLAP /I.
DC $0
APO ( J )
C ALL tF0P0U!G, &~ 0(J ) ,’~PCL)
00 1(1 !:l,P!PflL

10 ~~~~~9 ( t ,V) Ef l (V)
C
C ‘CL’ ‘~C~ !T~Pt! VALU!! 0? Pt, T~4D0tJC)l I~ ’~P’i-1) AT !AC~ )5
C PC L Y ( l5 , JWOL)
C

DC 20 ~‘:i ,’?PflLDC 20 V :$ , !~ C~.
P0 $‘(~~,

v) C.,
!~0 2$ 1:1,’)POL
DO ~1 J:l,’iP~$.DC 21 W:),~ A~0UP1 W( I , J )  : W ( ! ,j) • PoLy(v.I).PoLyc~~,t)/!LSrcv,2)tO 22 ~:1,’iP0lI~O 22 I= l ,’SPCL

1+(J-I).4POL
22 ~‘P(’) i4C !,J)

CALL I~1MV7 O~2,PWCt.t!T,L,r)!F(DtT) 27,25 ,2?
g 25 CAl L A!CIIC!P4GU,2)

TO $00

~i ~ ~~v P~V!’TF’, CALC L’UT ! U
C
27

20 23 J2 1,~P0L
00 23 12

$ I : \~f l1-I2+$

23 MC!,J) 4 (”)
DC 30 1:1,1* 401.!

.10 1(1) : (s.0
DO 3) ~:I,’)Pf~DC 31 J:l,”A IGL! ‘~

31 tIC !)  : L’C!) • øOLv(J,1).!LFD(J,.’)/’L!t’(~’,2)C
C CA1..CL1.A$! F”E CC !TT!, ‘I, AND C~Off !FCT!~ ” ~
C 11 -

*

___ _ _ _ _ _ _ _ _
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vI et  (~,!C 35 t:t,’IPCL
15 A (t ,I) 0.0

00 40 I:i ,4°OL
10 40 ~‘:l , 4PCL

40 *~~ ,$ )  : 4( 1, 1) • t’(J)al~(J,!)

C.
00 45 I:i ,’~4~1GLECs.
10 41 J:I , ’~V0!.

44 !IC~LC : C!GC~.C + *(J , 1) a P O L f ( 1 ,.1)
• £L!2(!, a) ~1GC~L2

I F ( T . C~T. ”A~1OL!) CC TO 4,
XI : 1152(1, 3) (150(1,4)
: NI ~• 

~I~ C YI~~ +
45 CC’UTI’IL’ t

:
20 50 j:) , ”D01.
!!(H(J,* ’) .LT.0,b) 4(J,J) = t i.U

I:. A (J ,~’) :
SC.
C ~~ 0C~~A ” ‘!Tt’5’? ~~TI4 CA1CULATE ~ ~~!rT !~ !LITC’,a), CCFFP~4’~0 E”c”~ I~ 4(I,J), A’It NIlOts

$

C !UBRCflPTP ~F LICPO L P(CL’PSI VF 5V’t(’AT!o’~ CF ucr’r~sC Pfl1.’f~3C’1A1.~ “Pot : # Of FOLy ft”7,Ls TO ~!TL ’~PJ?U?tOVTI’$! LEGPOL(!OL,atO,PIPOL)
D!WE?I!IO4 POL(6) “
P01(l) : 1,0
‘01(2) : X I
f l : , l P O L - 1  

~~~~~~~ 7DO ~~ L:2,’J

: ( (2 , ’fl ~— i , ) ~~y $ e p C L ( L )  • (‘%~— ) . ) a 5 C L ( L — l ) )
)ETIIP P4 ~~

‘ .1
F’:?

C 

~~~~
. •



84

C SL’b’OUTPt n w’?? -- T*W FI £RflP 5L~’~ (’L ’TI ’E ri’~v CF 3~j  eCjr ~IT~ rIe
2 !u~!cUTPl! PICVAC E
C ~flTf D’~~?%~F PD!C!270I UA~ !A’1F!
C DF!C°!PT!(”~ ‘IF PADA $ET!P S
C A - I NPUT ~AtPI~ , rrP~~ovtr 1 4  C0 ~ PUT AT !CM A”~ ‘E’t. ’f !f
C 5’ FEPULT~’4T !NVE’!!C N • C’OF’ OF NA TFIX
C r • PUUL TAM T ?FTEP’Pt*’~TC I - ‘iCPY “?C.TC’P OF L!NGTM “ 4.

• 4CPN VEC. TC P (‘F L!NCT)4
C

!UFPCUT !”F N~~1U 7(A , 4 ,~~,~~,’)
CCUPLF ~~E(1!TO ’ s,P!GA ,voLD ,r ,1A9S
D1”FN!!O’4 4 ( l ) ,L ( 6 ) ,~~C6 )

C S!A~~C” ~~~ L*PGE!T £LFP’EI’T
1 .0000

DO SO F:1, 1
1W : t • ~t

: V
W~~~?~~ W + V

A C ” ” )
DO 20

DC’ 2Ca T :V .M

$0 TU DA~5 ! ( ° TC h ) - 0a~ !(a(fJ)) ) 15 ,20,20
PICA
U’) : I
V ( V )  :

~Cs
C
C I ’4TEf (’~a”0! ~(VI 5
C

J : L (W)
TF (J—V) 35,35 ,25

25
CCI 30 1 :%, M
V 1 : ri • ‘4
MOLD - 4(V ! )
: W~ — P + .1

A C ” !) 4 ( J I )
3€. *(J1) : ) 4IYL2
C
C INTVPCI4A ~ Gt CCUJXN!
C’
35 ~~!V( Jt’)

! U i — ” )  15,45 ,35
3! JP : ~1*(~ .I)

DC 10 J:%, ’t .~sJ~~ z ‘~~~.J ~~~~~~~~
Jr J’+ J

• MOLD : — AC , ”') ~~ ç~
4(J)’) : A (J 7 )

Its •CJI )  : M(1$ !’

~~~
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4*

C
C DI VID E CC1.U’N SY l”I’4(IS PIVOT C VALUE CI PIUCT 11!’!NT C!
C CONTAINED 1’4 PICA )
C
45 IF (P IO *)  15,16,4!
46 D : 0.0000

PETUDI,
4! DO 35 I :t ,~!

I f ( I — r )  50 ,35,30
50

: A ( I P )  / (—!!C. * )
• 35 CCNTIPWE

C
C !ECUCF PA TRI X
C

• to s,

MO L O : A ( T P )

DO 63 j :$ ,lC
j  ! J :  IJ ’  “

!~~( R — V )  ~0,63,60
50 IUJ-P) 62,65 ,62

• ~J :  L I -  1 + !
• *41,Y ) : MC’LN*(”J ) + 4 (U )

65 CO’CTI” UF
C.
C’ DI ‘lIDS P OW S’f PIVOT
C

V J : V . U

DO 75 J : $ ,~!
pJ : V j e ’ 4
IF (J - ’) 70, 73 , 70

• 7€, A( !€J ) : *C”.J) / P13*
73 CON? ! lu!
C
C’ PRODUC T 0’ PIVOT S
C

0 :
C
C’ REPlACE PIVC T 5’ REC I PR CCAL
C

: (1.0000) / 510*
SO CC’4TI NUE
C

P1 141 DC”? AN~ CCLL’ ~~ I~flEPt ’$AMC!
C

IC.0 W : .I
I F C ’)  I5O,l3 (a , l t 5

ICIS I e IC” )
1U1-’) 12t’,tPO,lO!

IC ~P J~ : ‘~ O’-l) ‘~ ‘ ~~~
• J* ~~(I- l)

00 $10 ,$: $ ,w
J !:J0 .J
POL O : •(J’) ~~

• T
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• I

• ,31 : j~ • J
• 4 (JW) : •*( JI) •

$1 0 *CJI) = MOLD
120 J = PC)’)

IF(4 P) lCs(s,l00,125
• 125 ! I :M _ ’ 4

DO $30 I :I ,N

J! :V I • ) ‘~~~JACN!) :
$30 *(JI) = MOLD

00 TO I tsO
ISO RETURN

INC

p

$

F
$

(S • v’

4~)~

S

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tb
APPENDIX F

Program SIBP RP and Subroutine HISTO

C !ISPP° F’C j
C noD!P1ED a’R!L I~~1° F°C~I ‘~LP’0, ~~(‘f. C’l!~L!y 1-73

3 C CILCUL *TTt 3C’~ ON P°O!1LIMG !‘~ PU’T !1L!0”4 rAOCET!
C US1’4G ! t I ( P ~ ) I I ( ’  ~E*CT IC ’4 .
C ORDINA TE I S CO CF ’4T ’ATIO ’ t#!OøC ’~/ P  ~‘C~’C’N ‘ 051) 1  .55 ‘ 4

C A!SC1!!4 IF !‘4 ‘!CPC’I! crX )
C
C

• CI”F.”!IO” NT! ( 1024) , ‘4TF*P( $024) , !PP’C’(1024) ,PP!(!) ,’P2(’)
(‘OPPOM 4T3, ‘T!*’, IPPRO
D&T* *I,A2 ,43,A4/S$’IPPN,3~~ D(p ,5)J~J)(’ ,SM 4/7°f
241* P I ,32 ,P3,P4/5~’ 1’~PU ,,N T SA~’, 5~4 Pt! !,SM’l 0 :1
DATA CI ,?2/3MRGN~:,5M CT: /
D ATA 2% ,r2, 03 ,:1/ Sw I’4PU,3$T P0D,5I~CN ,3’t~~W4 : /
DATA FI ,~~’,F3/5M Ot’TD ,3t~UT F,5M’~ • :1
DATA rCI ,C(’2, CC3 ,(’C&/0.0070 , l 2C, .~’!3! ,$5!.74~l!, 1 t ~~.?!5!/

I CM.L A ! C I 1 ( A % ,4)
C INPUT TI’~ ‘F Ph ONY FPEC’TRUX FROP (“I

CALL A ’CT IC! I ,4 )
CALL *N’P1~ (~~V I )
CALL *?C!TCCI ,I)
CALL A ’f!I’4P(’C’s)

C INPUT ~A~ Pt.! !‘!PTW !‘?CPErE~ T IN P!CPt’MS CIX).
CALL “(‘IIC(’2,l)
CALL A ’r f!”PCry)

JS:PO..(eVI.1 .).1..( P C’I—2 . )
C I NPUT srsw2a.D ( RU’!) P OPOl TOY PP!CT’L” fl’r’~ CFC’$P ! I

t CALL aSC1I (0I ,1,
CALL * IX!PPC!W!)
C’U. *?C! !C Cl ,$)
CA LL A~!V I ’4P ( ’2I )
JL:2O.~~(” ! — I .) , 1 .a(RC ’ 1—2 . )

C Z~ ITi*L!!T !‘~PU’ AN? OUTPUT appAv 5 1~ ‘I’(’CO ICIO 1:1 ,102’
i1T3(t) :C,

$ !SP!0(I):0
11.0 ( ‘ONT T”U!

(“IL I’T’PF I ,,’e,c. , 102 4,’sT!I~ ( I ) )
CA LL ?TAPFI ~I ..IL, O,l02 i , ’l1iC1))

C 1’~Pt’? TI’! 0! ‘1.1CM? ‘PECT’* 5NOV12 ‘F LAPE1.FD VI I)’ ‘L ’lU ’~C
C PAPANE TE ’ S 4’ !CLtOVRi CM O:CMANNEL ) ‘IDTM I” I’!ECC C’M %
C G*’PA P0’ CP*’l”!$. T?~ !S TEN ? rI’ 2: FU C!WT PAT’ TN CP~ C” .‘

C !?ITE3”T!D PRC’Th’3 ‘TA” CURRENT I I  LCC’L’L, C)’e:P’(’TCV !?31°OY ‘IV ‘
D” 200 1:1, ,
‘PP(I ) :91’0(T)

POts !3PPO (T) :MT!A ’(I) *

C CALCI ’LAIF !EPC’ ?I’F PflP EAC” iC’ FPTC’T’C”

C FP”:’8~ ( 5)/l CsG(j ,
C •T’ CC’!CtMt’*?I i” !~ ;‘*~. To ‘rpo. ‘~, ~

• •

1:0,
C RAPPI.! NU”!!t ?!N!!TV “~ ‘111CC’? (!CI~’~’? : 125.1* !~~~$ )

4J~

$
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2Cs 1 !I~D:4°.f 7E421
C START !~IEP~1Y OP PROT ON TIN STEP! IM FR C ’NT C~’ TA~ CF T.

00 ISO T:I ,I(s
!P!AP:3.4!lF.2l.(ALC OC !PM).2.$I!)/~PM

ISO
C CAl CULAT E CC ’NC.E ’4 TP0TIC~’ *5 * FUN CTI ON CF OFPT” (~~~y )

CC .100 1 :11 ,1024
C CALC1J1.ATE !TO’PTNG P0’IEP SO’ POPO” & FIL!CC ’4
C ‘JOT PEP II! ATC~’ ‘5 VAS rC 3E 1w

!!P:l.$24!—2I.(ALO’3(!P)i).2.C~ 5)/!PM
2 0.  EP!4”:$.I ’l I -2 1*(A LOG ( EPM) ’2 .3l’)/ I PN

EPS°A :EP!B/EPS*P
C C*LC( LA TE T)~! NT ’? !‘J!DG’ CF P’S P’CTC’~ ‘A!!? C.N 1141
C CONC ENT RAt ION C” TM! POPON PRESENT USING CL’PPSP’T CO’4CE~’1’P4 TIC ’
C AN D ST OPPI N G ‘O’lER .
220 IFCP-I.) 203,204 ,204
203 :FPM-? ’4D.(tPF *r ’~’fP1~P / ( I , 0 - ’) ) ’0Y

• GO ’0 205
• 201 rPL:rpN-12!.I4E+ 2I~ SPs’~ rx

205 IFC!PL-3.OP) 30I,2O~,206C C*LcIJL*TF ‘4!L’T’2’~ EMF~ G” “O~ 
V~~ I5~~A~~~C’5 5CR 0 050 ~ Clvi ” 5’

206 Fit.:CCI*!PL ’(CC2.CC3/EPL+?. ’55’TCCCI-( ’C’3/!P 1))
ENC ’: C(’I~~EPM~ CC’~’2-CC3/IPM+2. *!CRT(rC1-C.C3 / !PW))

C CALCULAT ! “fl?T~ON C$A ’INEL 0 C’FL!TIVI!T!C’ALL’) PC’ 5IVp$S
TL!:Cs.7236a ’PF(3)/~(’PT( ENL)
TL’S=C,,7236*IP!(3)/!C!?C!’4L’)
(‘IL~: ~

co~ _TLr~ I~.,Ots./!PSCl)rI~~~ ’sAv-Tue* 1ooo.mPs( I)
1’(CtL?) 301 ,301,?3C.

C CALCULA T ! I C’S Ct’U”T! !ET” EFN C ’TVF M CWA ’~I1t!, FOR ~A”PL’ FP!CT~ U’
‘30 CaLl. “I~’TO(CT1F , eIL’!, 1T!AP’, !IJ!’S0”)
C CALCL’l.A TE NE UTRON C”*N ’ !L a (RE1.I T !VI!TIC *LLV) , 5CR !O~ CP FPE(’T”t ’P’

TU:O. 7236.’P8(3)/!”T C ENt )
TU9=0, 7236 .RPS(3)/!CRT( FY~U)
CIL!:’9-TLS.I000./PPPCI)
CII’!: ‘9-TUg. 1000 ./~ P!C I )
IF (~~1L~ ) 301 ,301 ,240

C CALCULATE 0 0? COUNT ! ‘E?V!!N (‘IIvF’4 C)$ANM!L!, FOR P0’O~ ~PT?T °I •r
240 CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C CALCUL *’t Cfl’fl’!NTPAT !O?3

‘2:RP5(4)’EP!!”U”/(RP!C 3).Dp$(3))
Pl:’O/(’C•PC”S!EP4 ‘P2)
~F (II) 1 ,2C.’,2ts!

208 IF(Sl.GT.1.(s) 01:1.0
CO’P: (~~%~~~) /~ $

P I
C C)’EC! TO SF SURF TWA? NEW P 1! WI T ” T ’4  i~’ CS 1V ~ (‘LI’ “

CO II’ 220
20’ I5PPIUT):q. I ,Csf,5 C,

!PN:EPI.
CALL LflTFC1)

300 (‘(‘P:T 1”?)!
C OUTPUT SW & ~c~’i ON 11$ ~~

‘

30$ (‘AU. ASCI !C !I,3)
(‘AU. AMV I”P( SV!) •

~~~~~~ ~ .)

CALL *SC’I!CC1 ,$ )
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CALL AwvP~’r c ’ n

CALL OTAPEC l ,JC ,I,IO24,I~ pROCI))
C CCITRUT START? IN SPA cI’*NNEL $0. FPC’~T SURFACE OF TP’C!T !!• C NOPINALL~ TM SPA CP*NNEL 20. (‘PCT”AT! I! CC1’CF~’TR~1!~ v 1T~ ES ~~~~~~~~GO TC I

• STOP
EN?

!L’!°OL’T145 W! STOC?IL, 0j U ,~1T(’5 ,sUr)• ?I ”FNSTC ~4 ‘~TOF ( 1Ca24 )
11 : CTL ’ ,5
12 : CIL’s~.5
CiLIA : CILI-CIL

?Ur :O,c,
II) ICE , 10,1

I IF(?!L 1.5 — I . 2 ,2 ,3
2 IFC~i4 ,4 ,3
1

• 4
5 2 : 0 . 0
GO TO ~5 II = 11+1

!2—I
20 4 L :Ml ,’~!C)’ : L+ 1
‘DATA : ~fl’OF(I(’M)6 51”' : ?U)’.’C~ T47 ~I I  : I I
‘12 :12
Fl : Cs,S— ( C. IL .T I1 )c 5 2 : 0 : C f l j - v 7 2

‘DA TA : NTCFC XN)
Pt’” : !UP ’F1.YDAT*

‘2’l
: 

~TOF(!rP)
~~~

4~~~ ...‘
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