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SECTION I

INTRODUCTION

The desira ble properties of magneti c bubb le memor i es for Air Force
remote-vehicle application are well-known . The properties of small

physical size , low power, light weight , ra di a ti on tolerance , an d l ow cos t
are combined with nonvolatility and block-access capability which make

magnetic bubbl es an ideal substitute for discs , drums , and modest-capacity
tape recorders. Magnetic bubbl e memories fit precisely into the computer

hierarchy in place of presently -used electromechanical technolog ies , but

with improved operating characteristics.

The major challenge to magnetic bubbl e memories has been to provide

enough bit ca pac ity i n a small volume for A i r Force remote veh icle
applications. The first Air Force Avionics Laboratory program to construct

bubbl e memories uses four to six micrometer diameter bubbles and approxi-

mately l05-bit chips .1 To keep the reliability and lifetime hi gh , onl y a
few thousand chips can be wired together. Thus the practical limit to

memory capacity using four to s i x  micrometer  bubbles is about 3 x 108 bits . A

The volume required for a bubbl e memory with this high a capacity becomes

rather large (several cubic feet), so the typical disc/drum capacity of

about 1.5 x 1O7 bits , which can be accomplished in about one cubic foot ,

is a practical goal for the fi rst (large bubble) memory systems. It is

typical of emerging technologies that users are not satisfied with easily

atta i nable goals , and magnetic bubbl es are no exception. Even before the

wor k to cons truct l ar ge bubb le memor i es was s tar ted , the nee d for l ower
volume an d h i gher total bit capacity was apparent. In order to attain a

capacity of 2 x 10~ bits in no more than 0.5 cubic feet, a major advance

in magnetic bubbl e technology was needed . Reliability considerations

continue to dictate that no more than a few thousand chips be used , and

system volume considerations dictate that the number of coil sets be kept

as low as possible. Thus the chip capacity must be the order of io 6 bits.
While four to six micrometer diameter bubbles could be used in a chip of

this capacity , the ch ip woul d be several s quare i nches .

_____________________________________________________ ~~~~ 
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Ma i nta ining a unifo rm bi as and rota ti ng magnet i c f ield over thi s
area is a complex probl em . A simpler approach is to use small (two

micrometer diameter) magnetic bubbles. This is the second group of AFA L

program aimed at million -bit or larger chips and systems with capabilities

up to a few bill ions of bi ts. 2 Such memory system s could fill the posi tion
in computer hierarchies now held by moving-head discs and also many

recor der appli ca tion . Large improvements i n perfo rmance , ruggedness ,

reliability , and lifetime shoul d be achieved by utilizing small bubbl e

technology . Recording and processing sensor data , as from si de—looking

ra dar , forward-looking infrared , or v isual imagery , can requ i re much
lar ger data memories. Section II presents the analysis of the in/out

bit rate and total on-board storage capacity that would be needed for a

specific (but hypothetical ) border surveillance task. It is shown that

1012 bits storage , with an in/out data rate of 50 Mbit/second is needed

on- board a remote airplane. This capacity would require over a hundred

cubic feet volume if implemented using small bubbles , and it is evident

that another major advance in magnetic bubbl e technology is needed . The

a pp roac h chosen is to use la tt ice f i le , whole water chips which could

achieve at least 2 x io8 bits per chip and 780 Kbit/second in/out rates .

Multipl exing sixty-four of these chips would give the desired 5OMbit/

second data rate. This research is the subject of Contract No. F336l 5-76- • -

C-1198.

The in- house portion of this basic research has three aims : (1) to

perform the system concepts anal ysis of what the Air Force will need to

perform a mission in the mid— 1980’s time frame , (2) to ensure that

contractor efforts actually contribute to achievement of the goals

determined during the system concepts anal ysis , (3) to contribute new t -

ideas to the contractor and , where nee ded , to help the con trac tor overcome
impasses in his approach. Section III addresses a specific impasse:

optical methods are inadequate to characterize magnetic bubbl e materials

when the thickness and bubble diameter are only three or four times the

wavelength of visibl e li ght. A new non-optical technique for characterizing

magnetic bubble materials is described in this section and compared to

the more traditional bubble materials cha racterization techniques . Fi nally,

the computer program used in performing this new analysis is listed in the

Appendix with instructions for use.

2
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SECTION II

GEOMETRI CAL ANALY SIS OF AN AIR FORCE TACTICAL MIS SION SCENARIO

1 . INTRODU CTION
-

• Military power sometimes has been equated with numbers of planes ,
tanks , ships , guns , an d men , but there is one critical element in addition -

that is info rmation. All weapons are completel y useless without specific
p 

information on where the targets are l ocated . It is the function of
reconnaissance to explore the enemy territory and gain information about
the location of possibl e threats or targets. This info rmation may be
obtained in the form of photographs , radar imagery , infrared imagery , or

other sensory data . Modern el ectronics usually reduces this information
into di gital form to facilitate handling by digital computer. The
transmission of this information by various types of communication systems

and the manipulation of the information into a form usabl e for command
and control decision making is the function of data processing. Regardless
of how the info rmation ori ginated , it ultimately will reside at some state
of processing in a computer mass memory . It is the purpose of this anal ysis
to show how the development of smaller , lig hter , hi gher capacity , faster
mass memories has a direct and immediate effect on the use of tactical
weapons. Just as information is a critical ingredient of military power ,
so are the memories whi ch c ntain this information.

2. GEOMETRICAL SCENARIO ANAL YSIS

Military applications for solid-state mass memories include such areas

as: radar video recording , electronic intelligence , rec onna i ssance ,

surve i llance , and genera l tape recorder replacement. For purposes of

illustration consider one of the critical tactical problems discussed

by Dr. Malcomb Currie , director of DDR&E , in his statement before congress

on the Fiscal 1977 bud get3 (Figure 1). That probl em is how to counter a

“blitzkrieg ” of masse d , hi ghl y mobile , heavy armor such as we may some day

face ~n Europe . The solution to this probl em was suggested by Dr. Currie

throug h the use of improved command/control “force level multip liers ”

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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high altitude sensors , stand—o ff synthetic aperture radars , secure com-
mun i ca tions , com puters ca pable of real time process i ng of sensor da ta ,
and lar ge numbers of surgically accurate weapons with less sophistication

and low cos t .

Small solid-state mass memories are one of the key components along
with high-speed computers and l ow-cost strike Remotely Piloted Vehicle

- • (RPV ’s) to the implementation øf this strategy . In order to store data

on an area r epresenting the size of West Germany (2.6 x 1012 sq. ft.),
for exampl e, with a resolution of 1 yard and 1 bit of gray scale  woul d

require 0.29 x 1012 bits of memory . All present-day, on-line memories
with this capacity require critical mechanical ali gnments (and are thus

fra gile). They typically occupy at least a thousand cubic feet of air-

conditioned , vibration — free computer room space. Within these constraints ,

it is a remarkable achievement that three versions have found use. If one

assumes a hypothetical number of 10 ,000 targets in this area , free to mov e
at up to 50 mph , and that we wish to know their position accurately to

within 100 feet, we must update the data on all targets every 1.36 seconds

and the memory must be capabl e of an access time no greater than 1 .36 x lO~~
seconds. To fit aboard a modern fighter aircra ft would require that the

memory be no more than a couple of cubic feet in size and weigh less than

a few hundred pounds.

3. CURRENTLY AVAILABLE TECHNOLOG IES

A typical capacity for present-day large data base mass memories is

about 1012 bits. A large reel of magnetic video tape will hold about lo ll

bits and some means of mechanically chang ing reels must be provided to

reach 1012 bits. All present -day, on-line memories with this capacity

require critical mechanical ali gnments (and are thus frag ile). They

typical ly occupy at least a thous~ ’~ cubic feet of air-conditioned ,

vibration-free computer room space. Within these constraints , it is a

remarkabl e achievement that three versions have found use. The charac-

teristics of currently availabl e 1012 bit mass memories are summarized

in Table 1 .

5
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TABLE 1

CURRENTLY AVAILABLE 1012 BIT MASS MEMORIES

Precision Instruments Ampex Terabit IBM 3850

System Capacity 1 x 1012 bits 1.5 x io~
2 bits 2 x 1012 bits

Data Density 3 x 106 bits/sq. cm. 1 x lO~ bits/sq. cm. 5 x lO~ bits/sq. cm.

Recording Area 4 x 1O 5 sq. cm. 4 x 1O~ sq. cm. 4 x ~~ sq. cm.

Access Time 5 seconds 20 seconds 5 to 8 seconds

All of these systems use some kind of plastic tape with information stored

magnetically or optically (as laser burned holes ) with mechanical access.
The slow access times , together with the very large physical size , preclude

their use in any practical airborne or spaceborne system foreseen today .

4. EMERGING TECHNOLOGIES

Prospects for improving mass memories in the future look extremely

promising. The four leading candidates for 1012 bit solid state memories
in the next ten years are : semiconductor Charged-Coupl ed Devices (CCD’s),

magneti c bubbles , optical , and electron beam accessed memori es . Semi-

conductor CCD’ s were selected to illustrate the state of the art in
semiconductor memories . The Mnemonics 65K CCD chi p is the largest

capacity semiconductor memory chip currently on the market. Data on
this chip together with projections for CCD technology presented by

Dr. W. Kosonocky at the Stanford Research Institute Symposium on Advanced
Memory Concepts4 are listed in Tabl e 2. The main disadvantage of today ’s
CCD technology is the very large standby power necessary to constantly

recirculate and refresh data , since this is a volatile type of memory .

Substantial progress can be anticipated over the next ten years i-f one
assumes that one micron design rules are common practice , that five inch

whole wa fer technology is available with yields of at least 20%, and

• that some combination of CCD techniques with non-volatile ‘-~etal Nitride

Oxide Semiconductor (MNOS) technology wi ll become availabl e to produce

a nonvolatile high-capacity CCD which would not require standby power.

Z~~~~~~~~~~~~! 
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TABLE 2

SEMI CONDUCTOR MEMORI ES

Current Capabilities Projected Copobilities in 1985
Type CCD (NMOS — Doub’e Polysilicon) ccD
Vo latile/Non—Volatile Volatile Volatile
Category Read/Write Read/Write
Cell size 22.7 x 22.7 Microns 4 x 4 Microns
Chi p Size 218 x 235 mils 5 in Diam Wafer

• Access Time 0.4 to 2 mSec • 0.1 to 20 mSec
I/O Data Rate 5 Mbps 10 Mbps

• Volume 2404 cu ft for 10’s Bits 14 cu. ft for 1O’~
• Weight 269,248 lbs for 10° Bits 1570 lbs for 10°

Power 246 ,154 Wa tts Standby for 10° 1 — 10 KW Standby for 10°
Temperature Range 0 to 70 C 0 — 70 C
Cost 10 m4/Bit .1 to 1.0 m4/B it

Present and projected characteristics for optical memories are based

primarily on the Precision Instruments Unicon 190 system as described by

Kaczorowsk i 5 and Del l 6 (Tabl e 3). Thi s  system utilizes a laser to burn
small holes in a metal film on a polyester strip. A io 12 bit capacity

system i s presen tly ava i la b le at rela ti vel y low cost . However , this
system requires relatively high power for the read laser and exhibits

very slow access speeds due to mechanical motion necessary for changing

the stora ge strip. Ex per imental systems have been bui lt w it hout mechan i cal
motion , but the costs of the optics become prohibitive: a sepa rate read

station must be provided for each storage strip. It is anticipated that

the density of storage in these systems will increase by about a factor

of ten on the medi um as one mi crome ter cell s i zes are ach ieve d , and that

thi s w i ll l ea d to somew ha t fas ter access an d lower system volume . Opt ical
memory systems , however , will always be limited by the laser in power

efficiency as wel l as in size and wei ght. In addition they require

precision , critical alignments which are difficult to maintain in aero-

s pace env i ronments.

7
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TABLE 3

OPTICAL MEMORIES

Current Capabiiities ~r~ ected Capabilities In 1985
Typo Bit by Bit Bit by Bit
Volatile/Nonvolatile Non—Volatile Non—V ola tile
Category Archival Archival
Cell Size -3.6 x 3.6 uM 1 X 1 uM
Chip Size 4.75 x 31.25 In 4 x 4 in
Chip Capacity 2.8 x 10, Bits 10e Bits
Acce~n Time 10 Sec 1 Sec
I/O Data Rate 4 Mbps 10 Mbps
Volume 850 cu ft for 10° Bits 27 cu ft for 10° Bits
Weight 350 lbs for 10° Bits 300 lbs for 10° Bits
Po~ er 2500 W a tts for 10° Bits 2500 Watts for 10° Bits
Cost 0.1 m */Bit 0.06 m */Bit

El ectron beam accesse d memory ca pa bi liti es are di s pl ayed in Tabl e 4,

where present c a p a b i l i t i e s  are those l i sted by General Elec t r ic  Co . an d

Microbi t Corp. and- 1985 projected capabilities are based on the work of

G.E. under contract F33615-76-C-13227. This technology has the potential

of becom ing one of the leas t ex pens i ve and fas test of any o f the curren t

can did ates due to the ex tremel y hi gh potential density of the data on the
-
• target and the speed with which an el ectron beam can be defl ected . It

does have the usual di sa dvan ta ges of tube technolo gy in requi ri ng a vacuum
envelo pe and high vol ta ge power su ppli es and w i ll most li kel y requi re
precision , cr iti cal al ignments i n the defl ection el ements . Th i s tends to
make it somewhat heav ier , more bulky , and more fragile than is desired

for an aerospaceborne memory , so tha t t hi s must be carefu l l y traded
aga ins t speed and cost .

Table 5 lists the current status and system characteristics of magnetic

bubbl e mass memories based on the Texas Instruments Inc . work under

contract F336l 5—75-C-12288 and the projected characteristics of bubble -

la ttice-file memories based on work at Rockwell International under

contract F3361 5-76—C—1l989. The outstan di ng advan tages of ma gnet ic
bubbl e technology are extremely small size , weight , and power with

relat ively low cost. The present disadvantages are a somewhat limited

8
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TABLE 4

ELECTRON BEAM MEMORY

Current Capabilities Projected Capabilities in 1985
Type MOS Target (Read/Wr ite) Ion Implanted SI Target (Archival)
Ccli Size 4 x 4 Microns 0.1 uM x 0.1 uM
Chip SIze 1 In Wafer for 32 MbIts 3 in Diam Wafer for 1011 BIts
Acce~~ Time 10 — 30 uSec 30 uSeo
I/O Data Rat. 10 Mbps 10 Mbps (Single Channel)
Volu me i.si Cu ft for 32 Mblts 3.6 Cu ft for i012 Bite
Weight 70.4 lbs for 32 Mbtts 700 lbs for 1012 Bits
Power 256 Watts for 32 Mb its 256 Watts for 10~ . Bits
Tomporatu re Range —55’ C to +125’ C —55’ C to +t25 C
Total Syutem Cost 50 m */Blt 0,02 m$/Bit

TABLE 5

MAGNETIC BUBBLE MEMORIES

Curren t Capabilities Projected Capabilities in 1985
Type Permalloy Bar File Bubble Lattice File
Cell Size 5 uM Bubbles, 22 uM x 22 uM 2 uM Bubbles, 3 uM x 3 uM
Ac’cess Time 1.5 mSec 80 uSec
I/O Data Rate 2 Mbps 50 Mbps
System Volume 2.6 cu ft for 100 MBit’ 1.4 Cu ft  for 10° Bits
System Wei ght 156 lbs 157 lbs for 10° Bits
System Power 51 Watts 102 Watts for 10° Bits
Temperaturo Range —25’ C to +125’ C 55 C to +125’ C
Cost 50 m*/Bit 0.25 m $/Bit

9
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temperature range (which is still much wider than mechanically-accessed
memories with similar capacities ) and a somewhat slower internal shift
rate than desired for some applications (of course , a s low in t e rna l  data

rate can be multipl exed to any desired in/out data rate if the access

delays are not too large). The projections for 1 985 are that many of

these difficulties will have been overcome , particularl y with the appl i-
• cation of the bubbl e lattice file concept .

In Table 6 the 1 985 projected characteristics of 1012 bit , new , mass
memory technologies are compared . The user ’s choice of a mass memory
technolo gy w il l not be a s imp le dec i s ion. If one i s primar ily concerned
with read/wri te updatea bl e memories , there appear to be only two cho i ces :
sem icon duc tor CCD ’s and magneti c bubb les . Of these two , sem i conduc tor
CCD ’s s houl d prov id e somewha t fas ter access times and s houl d be ca pable
of high in/out data rates with less multiplexing, but it appears that

system volume , weight , and power will be much greater (especially i f some
technique for producing very large capacity chips providing nonvolatile
data storage is not yet available) . Magnetic bubbles should be abl e to

provide minimum size , wei ght , and power at moderate cos t an d may wel l be
the optimum solution to many user needs. If archival data storage (write

once and read many times; change media to rewrite) is needed , the choice
may include electron beam and optical memories . If hi gh speed access and

high data rate are of prime importance , the elec tron beam memory has muc h
to offer . If low medi a cos t i s of prime concern and slow access time is
acce pta ble , then optical memories may be best.

5. CONCLUSION

We have accomplished the following in this section:

(1) We have derived a set of mass memory specifications from a

real istic (but hypothetical) Air Force mission scenario.

(2) We have examined currently available mass memories to see if

any of them can meet this specification

(3) We have projected four technologies that seem to have potential

for meeting this specification in the next ten years .

10
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TABLE 6

1985 PROJECTED CHARACTERISTICS 1012 BIT MASS MEMORIES

Semiconductor Opti cal Electron Beam Magnetic Bubble
Type CCD Bit by Bit Ion Imp lant Writs Bubble Lattice E li.
Volat*le/Non—Vel*tIls VolatIl e Non—Vol at i le Non—Volat ile Non—Volat ile
Category Read/Writ. Arch ival Archival Road/Write
cell Size 4 x 4 Micron 1 Micron 0.1 Microns 3 X 3 Micron
Chip Size 5 in Dia. Water 4 In x 4 in 3 in Diam. Wafe rs 2 in x 2 in Water
Chip Capacity 2 x 10 Bit s 10’ Bits 10’ Bits 1.6 x 101 Bits
Module Capacity 2 x 10’ Bits tO’ Bits 10” BIts 3.2 x 10’ Bit .
Number Modules 5,000 100 10 3125

• • Acc em Time 0.1 to 20 mSec 1 Sec 30 uSec 80 uSec
Int rlwdc Data Rat. 10 Mbps 10 Mbps 10 Mbps 0.78 Mbps
System Volume 14 cu ft 27 Cu ft 3.6 cu ft 1.4 cu ft
System Weight 1570 lbs 300 lbs 700 lbs 157 lb.
System Power Standby 1 to 10 KW 2500 Watt , 256 Watts 102 Watts
System Coat/Bit 0.1 to 1 m 4/BIt 0.06 m 4~/Bit 0.02 m 4/BIt 0.25 rn
System Cest(TotaI) $1.0 to 10 Million $0.6 MilIjo n $0.2 Mil lIon $ 2.5 Mill ion

:3ased on the projections (3) above , we have shown that phys ical ly
smal l solid state mass memories with at least io 12 bit capacity , access
time less than 100 ijSec , wei ght several hundred pounds or less , and

power no grea ter than a few hundred wa tts , are feasibl e in the mid-l980’s

time period with severa l emerg ing technolo gies . These mass memories will

be key com ponents i n real time a i rborne data process i ng and chan ge
detection systems . Integrated battlefield surveillance systems with

rea l time data processing and change detection may wel l be combined with

low bandwidth , secure commun icat ion l i nks for di rec t, time share d command/
control functions with multipl e, low-cost strike vehicles to counter
masses of heavy , mob i le armor in future tact i cal warfare .

11
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SECTION III

MEASUREMENTS ON MAGNETIC BUBBLE MATERIALS

1. INTRODUCTION

The apparent direction for future work on magnetic bubbl e memories

is toward smaller magnetic bubbles. Magnetic bubble materials to support

this work mus t be cha racterized for pertinent bubbl e properties as rapidly

as possible. Current practice is to measure the magnetic field for bubbl e

collapse (H coil) and the zero-field stripewidth (SW) in an optical micro-

sco pe, to measure opti cal thickness (d opt = n t , where n is the optical

index of refraction and t is the physical thickness), an d to measure
magnetic anisotro py in- plane/out —o f—plane either in an M-H looper , in a

microwave  resonance appa ra tus , or i n a s pec ial m icrosco pe ca pa b le  of l a r ge
in—plane magnetic fields 10. This measurement is limited to bubbles that

can be resolved in an optical microscope , that is , at le ast three m i cro-
meters in diameter. The thickness measurement must use an assumed (or

measured , but the measurement is seldom made) optical index of refraction

and requires a second piece of apparatus , an optical absorption spectro-

meter. The an isotropy measurement requires an in-plane/out -of-plane

ma gnetic measuremen t and a thi rd pi ece of apparatus . Th i s set of measure-
ments fully characterizes the static magnetic properties of bubbl e materials.

An improved technique for characterizing magnetic bubble materials

has been descr ib ed wh ic h uses di ffrac tion from the random array of s trip es
at zero appl i ed field and at the field for magnetization equals half the

sa tura ti on value~~. Th i s “Laser Spatial Fi l tering ” (LSF) technique

el imina tes the need for resolution of stripe edges and in princi ple ,
reduces the optical characterization to a diffration measurement , plus

• the thickness measurement and anisotropy measurement. Unfortunately,

our experience is that as the bubbl e film gets thinner and thinner (for

sma l ler and smaller bubbles), the diffracted intensity gets smaller and

smaller and becomes unusabl e for films thinner than about three micro-

meters. Note that 1SF characterization still requires three distinct

pieces o - apparatus for static characterization .

12
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In an effor t to s implify the measuremen t of s tatic bubb le ma ter ials
properties , a new technique was investigat...d for microwave measurement of

1?the magnet ic fields for bubbl e collapse and stripout -
. The bubble

mater ial woul d alrea dy be mounte d for stra i ghtfo rward in-plane/out -of-plane

ma gneti c an i so tropy measuremen ts i n the same a ppara tus . It was fel t that
the 1SF technique would be applicable to stripewidth and saturation

ma gneti za tion measurements . The LSF was thought to be ca pa ble of defec t
mapping at that time , all i n the same appara tus . Th i ckness was though t
to be a quantity that could be derived magnetically from these measurements .

Thus , complete static characterization could have been done with two pieces
of a ppara tus , free i ng the mi crosco pe for other work . Unfortunately, the

LSF could not be made to determine saturation magnetization for films

thinner than three micrometers . Additionally it has been learned tha t

the LSF does not ma p defec ts other than phys ical scra tches and dus t on
bubb le f i lms . Th i s app roach was abandoned as havin g too many elemen ts
not yielding useful data . Should an LSF technique for measuring saturation

magnetization of small bubbl e films be found , or shoul d an 1SF techn iq ue
for mapping only magnetic defects of small bubbl e films be found , the

microwave - LSF combination would be worth reconsidering.

The bes t com bi nation of techn iq ues for measuremen t of stati c bubble
propert ies  was found to be zero-magnetization susceptibility (slope of the

M-H curve at zero ma gnetization) times thickness , field for bubbl e stripout ,

and field for bubble col l apse 13 ’14 . All these quantit ies can be measured

in a suitabl e M-H looper. The anisotropy measurement can be made in a

m icrowave resonance appa ratus. From these quantities , all of the stat i c
bubbl e parameters can be derived . The major portion of this section will

be devoted to this susceptibility/microwave combination technique. Further

work is being done to investigate the feasibility of using in-plane/out —of-

plane susceptibil ity to determine the anisotropy , to invest igate the M-H
looper “stickiness ” (dependence on “‘odulation field amplitude) for determining
coercive f iel d HC, and to investi gate the M-H looper frequency dependence

for determ ining domain wall mobility . In other words two pieces of apparatus

are needed for static characterization now , and the directions are evident
for reducing this to a one piece apparatus which a lso perform the dynamic
materials characterization.

13
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2. MICROWAVE TECHNIQUE FOR CHARACTERIZING BUBBLE MATERIALS

During a systematic investigation of the ferromagnetic resonance
absorption characteristics of magnetic bubble mater ials , a low- field
change in microwave susceptibility was observed , as shown in  Figure 2,

in addition to the g=2 resonance . This susceptibility shift was found
to be repeatable  but was dependent on whether the fiel d was decreas i ng
or increasing . The shifts were found to be correlated with the bubble
collapse field or stripe collapse field for increasing field swee p and
the bubbl e strip-out fiel d for decreasing field sweep12 .

At X-band frequency, a chan ge in microwave susceptibility was observed

at low fi elds for the magnetic field in the out-of-p lane orientation.
Operating the spectrometer in the derivative presentation mode , this

change appeared as a pea k with a distinctive nonresonance lineshape as

shown in Figures 2-4 , depending on the magnetic history of the bubble

mater ial samp le . If the samp le containe d strip es , we obtained the spectrum

shown in Figure 2 for either direction of field sweep (positive or negative

field). If a large (5 KOe) in-plane magnetic field had been appl i ed to the

sampl e, then s h u t  off, the metastabl e demagnetized state was a raft of

magnetic bubbl es throughout the sample. If the spectrum was then observed
wi th increasing fiel d sweep followed by decreasing field sweep, the spectra
of Fi gures 3 and 4 were obtained. Fi gure 3 represents bubb le collapse (up-field

sweep) followed by “stripe stripout” (down - fiel d sweep) while Figure 4 presents
the case where bubbl e size increases with increas ing field with “negative
bubble ” collapse (up—fiel d sweep) followed by “stripe stripout” (down-field

sweep). We observe that the shape and position of the susceptibility change

with decreasing field sweep is indi stingui sha ble for the three cases an d
a l so  if the field was increased (in the direction such that bubbl es decreased

in size with increasing field) to within the bubbl e stability range , then
decreased past the  bubbl e stripout field. Put another way , we observe
that bubbl e stripout , s t r ipe  “stripout” , and “negative bubbl e” stripout
are indistinguishabl e in position and lineshape when measured by low—fiel d

microwave susceptibility changes . On the other han d , bubb le colla pse ,

stripe collapse , and “negative bubbl e” colla pse have distinctive lineshapes

and occur at different applied magnetic fi elds. We observed similar

14
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Fi gure 2. Low-Field Microwave Spectrum of Stri pe Collapse and Stripout
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susceptibility changes at 10, 15 , 20 MHz but did not observe any low-field
susceptibility changes at 24 Gl-Iz . The mechanism responsibl e for the
susceptibility change at microwave frequencies is , as yet , incompletely
understood but is fel t to be due to a spinwave scattering from the magnetic
domain wal ls .

With the non-optical technique for measuring the bubbl e collapse and
stripout fi el d , it was decided to implement a laser spatial fi l ter to
measure stripewidth and saturation magnetization~~’15 . These measurements ,
when combined with optical spectrophotometer measurements of film thickness
and microwave ferromagnetic resonance anisotropy measurements provide a

compl ete static characterization of the bubbl e material . Note that in this
measurement sequence , l ow- field microwave susceptibility measurement of

bubble collapse or stri pout field is non-optical , microwave ferromagnetic
resonance anisotropy measurements are non-optical , laser spatical filter

measurements are optical but are based on optical diffraction , and optical
spectrometer thickness measurements are based on interference effects.
In addition , the laser spatial filter was thought to be capable of whole -
wa fer defect mapping which is a measure of quality in the growth procedure .
Our experience with laser spatial filtering is reported in detail el sewhere ,15

but will be summarized here.

Laser spatial fi l tering is a technique for diffracting an incident

polarized laser beam from an array of stripe domains in the bubbl e material

sample. When the sampl e is preconditioned to be in a relaxed state at zero

applied magnetic field , a first order diffraction pattern is observed which

can be used to determine the zero-magnetization stripe -width. From this

stripewidth , the position of the second order diffraction can be calculated .
If the second order pattern is observed , it reaches a maximum in intensity
when the sampl e is magnetized to half of the saturation value. The magnetic

field to achieve this half-saturation value is noted and can be used to
determine the saturation magnetization . When we soug ht to impl ement the
laser spatial fi l tering measurement , we found severe difficulty with pre-
conditioning the samp le to achieve a reproducible and believable zero-
magnetization state with four or five micrometer thickness bubble material .

18
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This was partially solved by applying a combined ac and dc fiel d with dc
value exceeding the collapse field , then decreasing the dc field to zero .

This procedure allowed us to determine the zero-field stripewidth with
about 2% reproducibility . The spatial filter was then moved to a calculated

- ‘ location and the second-order diffraction pattern focused into the silicon

PIN detector.

The dc magnetic field on the sampl e was increased until the intensity

was a maximum . For four or five micrometer thick materials , this procedure

was reproducible to within 10%. The materials which are of real interest

to this effort are one or two micrometers thick and the next step was to

attempt to measure them . We found tha t the first order diffraction intensity
was reduced by a factor of about ten , which decreased the reproducibility

in the measurement of zero-field stripewidth to about 10%. Repeated
attempts to observe the second-order diffraction were compl etely unsuccessful

due to extremely low intensity . It was finally concluded that laser

spatial filtering, in its present state , cannot be used for characterizing

bubbl e materials thinner than about three micrometers , primarily due to low

intensity . At a late stage in this investi gation it was learned that the

laser spatial filter , in its present state , cannot be used to map magnetic

defects because physical scratches and dust on the surface compl etely

obscure any magnetic defects that mi ght be present. 15

The microwave/LSF approach to characterizing one and two micrometer

thick magnetic bubbl e materials was finally abandoned , not because the

microwave measurement failed , but because the laser spatial filtering

technique had too many components which were not yielding useful data on

small bubble materials. The ori ginal hope , that zero-fiel d stripewidth

and saturation magnctization could be used to derive an effective magnetic

thickness , was not carried further due to the apparent impossibility of

obtaining reliabl e experimental data . Before the approach was abandoned ,

a computer program was written to derive the static magnetic bubbl e

parameters from bubbl e collapse field , zero-field stripewidth , and physical

thickness using the theory of Thie le. 16 This computer program is reproduced

in the Appendix with instructions for use and sample calculations. This

program can also derive the static magnetic bubble pa rameters from laser

19

1 T .~~ : i- -~~~
-
~~~~—~~ -~



__ --
• -

‘ 
-

AFAL-TR-79-l128

s pa tial filter da ta: f ield for magne ti za tion equal to hal f the saturat ion
value , zero-field stripewidth , and physical thickness. In this computer

• program , the exac t theory of Thie le 16 wa s used , rather than the commonl y
appl ied approximation of Callen and Joseph ,17 to explore the accuracy of
the approximate calculation for small bubble materials. CerLinly the

• exact theory program runs very ra pidly and does not requi re muc h computer
-• memory; the advan tages of the app rox ima te theory seem ve ry small . In

fact, even the exact theory (which does not include the effects of

an isotropy) seems to introduce errors into the calculation of materials

parameters 15 and further app rox ima ti ons may worsen the errors .

3. SUSCEPTIBILITY TECHNI QUES FOR CHARACTERIZIN G BUBBLE MATERIAL S

A technique for bubbl e materials characterization is described which

uses low frequency magnetic susceptibility and bubbl e collapse and

stripout measurements. This method is presented as an alternative to the

microwave and laser spatial fil tering technique. It can be automated and ,

s i nce doma i ns are not detec ted opt icall y, there are no resolu tio n
problems . The technique can also be used on opaque magnetic metal films .

The low frequency susceptibility characterization determines the

zero—magnetization stripwidth , charac teric length , saturation magneti-

zation , and thickness from the zero-magnetization susceptibility

~iTI M =X0,the bubble stripout field H
~0

, and the bubb le colla pse H 11 .

The thickness i s a ma gneti cally determ i ned effec ti ve value , wh i ch coul d
differ from the physical thickness due to dead l ayers or other nonmagnetic

l ayers deposited . Henry has pointed out that the difference between

magnetic thickness and optical thickness wil l become s i gnificant for

films below one micrometer thickness.

~~~ 

_ _ _  
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The theory of Kooy and Enz 18 lea ds to the follow ing two equa ti ons
• which interrelate the static properties of bubbl e domain materials:

0 = + .._
~~

_ ~~ sin (n ~ (1 + ~—)l {l - exp(- ~~~~ (1)

h = 

~~h2 n=l ~~~ (1 + { 1  - (1 + 2lTflh ) ( ~f-~
)} 

(2 )

l3ere M is the saturation magnetization , M is the average magnetization
of the film , d is the domain period , h is the film thickness , and H i s a
magnet ic  f i e ld  app l ied per pend i cu la r  to the fi lm ’s surface. The der i ved
quantity £. is the characteristic length , a material s constant.

The magnetic susceptibility 

~J~- X can be obtained by solving

equations (1) and (2) numericall y and evaluation the slopes of the

resul ti ng M vs . H curves . However , our interest is only in the zero-
magnetization susceptibility X , and the corresponding value of ~~ . After
some al gebra i c man ipula ti ons , the following equations are obtained for

M 0:

4~rrX0 
= {l :w}~i- n=l 

~ (_ 1 )
fl [1 - exp ( - 

ftflh)]y.l (3)

and

= 13 [1 - (1 + exp (- ~~-) J (4)h w h  n(odd) n W w

where w is the zero—magnetization stripewidth.

21
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The calculated values SW /h , 4irX
0
, ~~~~~~~~~ 

~~~~~~~ 

and H 5o /H~0ii are

plotted as functions of in Figures 5 and 6. A computerized analysis
procedure us ing tables of values of the quantit ies i n Figures 5 and 6
has been written to analyze experimental data and calculate the magnetic

bu bble materials parameters . This program is l i s t e d  in the Appendix with

examples of its use. At least three out-out-plane experimental quantities
must be measured , including one each magnetic and linear quantities . Here

• zero-magnetization susceptibility 47cX0 is considered a magnetic quantity
(but an additional magnetic quantity must be measured to compl etely
characterize the material), while susceptibility times thickness 4wX

0
h

(the actual experimental quantity ) is considered a linear parameter. This
program calculates a tabl e of bubbl e diameters vs applied field if charac-
terization is complete , and will also perfo rm theoretical calculations of
all the other pa rameters if a complete set of materials parameters is
input. This program is listed in the Appendix together with instructions

for use an d sam pl e ca l cu la t ions .

22
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Figure 5. Plot of Rationalized Zero-Magnetization Susceptibility (41TX )

and Zero-Magnetization Stripewidth by Thickness (SW / h) Against
Characteristic Length by Thickness (Uh)
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Figure 6. Plot of Bubbl e Collapse Field by Saturation Magnetization ,
Bubbl e Stri pout Field by Saturation Magnetization , and Bubble
Stripout Field by Bubble Collapse Field Against Characteristic
Length by Thickness
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SECTION IV

C~NCLUSIONS AND RECOMMENDATIONS

Program BUBCHAR is written in CDC FORTRAN EXTENDED , but an effo rt
has been made to use FORTRAN IV coding wherever possible. Thus the

program should run on mos t com puters w it h few chan ges.

There appears to be small advantage to using the Callen and Josephs

approximation 17 in bubble materials calculations . The ratios in the data

statements were com puted from Th iele theory16 or Kooy and Enz theory18.
In fact, two instructions are included to unraval the saturation magneti-

zation calculated using the Callen and Josephs approximation , then re-
calcula te the ma ter ials parame ters accord i ng to Th iele theory16 . The
major inaccuracy in analysis is the ad hoc introduction of anisotropy ,

a fter calcula ti ng al l other parameters assum i ng that the mater ial i s
isotropic.

The computer program BUBCHAR is listed in the Appendix following,

and if the author is sent a blank half-inch magnetic computer tape , he
will write card images of the program on the tape and return it. Be sure

to specify density , number of tracks , and any standards or conven ti ons
that would make the tape easier to use . As a poor alternative , the author
can provide a card copy of the program (Be sure to specify the keypunch

standar d needed. Onl y “029” keypunch standard cards can be interpreted

at this facility).

• 25
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A PPENDIX

A. INTRODUCTION

A CDC Fortran Extended computer program has been written primaril y
to analyze sets of experimental data and calculate static bubbl e materials
parameters . Three out-of-plane measurements are needed , plus one in—plane
measurement to specify the an i sotropy. The com puter then calculates
interpolations and ratios analogously to the graphical procedure desc ribed
by Thie le 16 to determine the bubbl e materials static parameters . The
program will also accept a complete set of bubble materials parameters
and calculate values of all the experimental and materials parameters .

If a sufficient set of out -of-plane parameters is input , the program

calculates a set of stable bubbl e diameters and applied fiel d values .

If no in-plane info rmation is input , the program simply does not calculate

anisotropy field , anisotropy energy density or q-factor.

B. INSTRUCTIONS FOR INPUT

Program BUBCHAR is written to accept data cards consisting of an
instruction (columns 1— 10) fol lowed by a number (containing a decimal

point) in columns 11-20. Non-instruction comment cards may be used

wi thout restricti ons. The permiss ib le i nstruc ti ons are l i sted and
defi ned in Table Al.  As soon as three out-of-plane parameters are
input (incl uding at least one each magnetic and linear quantities), the

program calcula tes all the other quant ities from Th i ele Theory16 or Kooy

an d Enz Theory18 . An in-plane parameter may be input anywhere in the

data deck or may be omitted .
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TABLE A- i

INSTRUCTIONS FOR INPUT DATA : PROGRAM BUBCHAR

Instruction Classification Definition

out of plane magnetic bubble collapse field U (Oe)
HCOLL ‘I ‘I 

C

UcOLLAPSE “

HSO “ bubble stripe out field H50 (O e)
HSC I’ ‘U

USTRIPEOUT “

T out of plane linear bubble material thickness h (microns)
THICK “ “
THICKNESS
H “

XØH “ zero—magnetization susceptibility times thickness
CH IØH “

zero—magnetization stri pewidth (microns)
S tI I,

STRIPEWIDT “

STRIPWIDTH “

MAC out of plane magnetic saturation magnetization (gauss)
MS
4.P I .M S “

K “

I out of plane linear chara cteristic length 2 (microns )
CHARLEW~ T’T-I ii

xo our of plane magnetic zero—magnetization susceptibi lity (Gauss/Oe)
CHlO “

Q in plane magnetic anisotropy quality factor
RU “ anisotropy field (Oe)
hA
IlK “

KU “ anisotropy energy density (ergs/cm 3)
4. PI .M Out of plane magnetic saturation magnetization calculated on callen & Jo seph approx
CJM “

11(1/2) “ field for half—saturation magnetization (Oe)
Hl/2 “ “

‘U ‘I

HHALF “

LPIBEI. Alphantm*erjc identifier (up to 70 characters)
TITLE
My Other Comments (printed as they are punched) Do not use just before an in—plane card .

28
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C. EXAMPLES OF USE OF BUBCHAR

1. Example 1:

Input: H
SW
HCOLL
HK

Output : Fig A—i

2. Example 2:

Inpu t: H
CHIOH
liso
HK

Output : Fig A—2

3. Example 3:

Inpu t: H
4 .Pl.MS
L
Q

Output : Fig A—3 - -

4. Example 4:

Input : H
x$
SW

Output : Fig A— 4

D. Listing of Program BUBCHAR

_ _ _ _ _ _  

_ _  

29 
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PROG RAM OUB C HAR

H 2. ’ .OQO O
SW i . 800C 0
HCOL L ‘.0 9 . 0 0 0 0 0

H .2 ’ .C 0 0 ) E+0 i ,  I = . i69 ’.7 1E # Q 0,  CH IO = . i 478B i .~~~+ G i , SW = .iB~~ QGE.01
. 6 7 3 0 0 1 E+03 ,  MS = . 33 ~~122L +C3 ,  NC = .~.~ 9 C 0~ Et 0 3 , BULK WALL ENERGY = • 61Q8 2~ E+ C 0

H1/ 2 (FIELD FOR HALF—sATu RAT I oN FIAGNET IZA T ION I = • 2 19570 E+ 03

BUBBLE DIA METER (HICROtIS APPLIE) FIELD tOE)

1.12 
— 

‘+0 6. 5 2 
— — —

1.29 ‘.00. 56
392.75

1.63 354.06
1.~~) 37I. .93
1.97 365.66
2.1’. 356.44
2.3 0 3 1+7 . 1+ 1

— 
2 .47  3 3 8 , 62

BUBBLE COLLA PSE DIAMETER = .95 MICRONS
BU UBLE COLLA PS FI~ L0 1+0~~.O3 OERSTEDS
BUBBL E RUW OUT J IA MET ER 2 .6 ’ . MIC RONS
BUBBLE RU WOUT FIELD = 3 3C . 1 2  CE RSTEO S

HK 1+ 17 2 .00000

MAXIMUM TW IST ~~~~~~~~~~~~~~~~~~~~ 88 . ’+3-. 2 DEGREES C j .5I RAD.)
DOMA IN WALL E M !RG Y . . . . . . . . . . . . . . = .58 5585 E40 0  ERGS/ SQ. C N .
WALL T H IC K N ES S. . . . . , . . . . . . . . .. . . = .~.1+8~362 E—0i  MICRONS
II = 6.i~~ , KU . i i l 7 i 7 E + 0 6 ,  1K • 1 + 1 7 2 0 0 E + C 4 ,  AND EX C HANG E CONSTANT = .20873 5E —06

Figure A-i Output from computer program BUBCHP.R for Example 1. ThIs calculation
is for the standard characterization measurements with thickness H =

2.40 micrometers , zero-magnetization stripewidth SW = 1.80 micrometers ,
bubble collapse field HCOLL = 409.0 Oersteds , and anisotropy field HK =

4172.0 Oersteds.

30
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PROG RAM BUBCHAR

H 2 . 1 . 3 0 0 0
CHICH 3 . 3 a 0 3 0
HSO 29 9 . 60 0 0 0

H . 2 ’ . 0 0 0 3E* 3 1 ,  L = . i 2 2 C 8 3 E4 0 0,  CHIB = •13”5CcE+Gl , SW = .1’ .9772E~~Q1
‘..PI,MS .5’.5355E+03, HS .2995CCE~ C3 , NC = . 36 1 636 El - a~~~, BULK WALL ENERGY = .289567 E~00
M1/2 (FIELD FOR r4A L F SA I U RA T I O N  M A G N ET I Z A T I O N )  • 193128Z+03

BUB BLE D IA M ET ER (MIC~~ONS) APP LIED FIELD t OE)

.92 353 .79
355.3 4

1.20 3 1+9.4 2
1.31. 3’ .2.65
1.43 335.48
1.61. 3.~8.18
1. 75 3 2 0 . 8 7
1.89 3 1 3 . 6 3
2 .03  306 .53

BLJhBLE COLLA PSE DIAM ET ER = .78 MICRONS
RUBB L E COLLAPSE FiELD = 361.6 ’ .  OERST EOS
BU OBL E RUNOUT O TA M ET ER = 2.17 MICRONS
BUBBL E RUNOUT FIELD = 293.60 DERST EDS

HK 1273 .0 3 03 0

MAXI M UM TW IST ANGLE : 8 7 .30 25  DEGREES C 1.52 RAD. )
DOMAIN W ALL EN ERGY .= .2626 3 2 Es00 ERGS/SQ .CIl .
WALL THICKNESS .= . 9 3 5 6 4 8E— 3 1  M ICRONS
O = 2.332, KU .276fl2Ei~05, IlK = • 1 2 7 3 3 0 E + C 1 +, AND EXCHANGE CONSTANT = .189510E—O6

Figure A-2 Output from computer program BIJBCHAR for Example 2. This calculation
is for the suggested optimum characterization measuroments with the
thickness H = 2.40 micrometers , zero—magnetization susceptibility
times thickness CHIOH = 3.30 EMU-micrometers, bubble str ipout field
HSO = 299.6 Oersteds, and anisotropy field HK = 1273. Oersteds .

31
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PROGRAM BUB CHAR

H 3 .10000
k.PI.MS 537.50000

.0 9 71 +0

H = .31000GE~ O1, I = •97400C1—01, CHIO = . 12 70 63 E+C 1 ,  SW = .1’ .9998E+01
k.PI.MS = .537500E+03 , HS = .3 36 13 2E #0 3 , HC = .39262’.E+03, BULK WALL ENERGY .223927E+U0
Hi/Z (FIELD FOR tIA LF— SATU R A T IO I MAGNETIZATION) = .2075’.”E+03

BUBBLE DIA METER (MICRONS ) A PPLIE D FIELD tOE)

.91 390.9-1
1.0’. 387 .01
1.18 381.83
1.32 375 .89
1.1.5 369.49
1.53 362.8 ’ .
1.73 356.09
1.86 349.34
2 . 0 3  3’ .2.69

BURBLE COLLAPSE DIAMETER = .77 MIC RONS
BU BB LE COLL APS E FIE LO = 392.b’. OERST EOS
LUBB LE RUN OUT OIAME TER = 2.1’. MIC RONS
BUBBL E RUNOUT F IELD = 336 .15 CERST EDS

Q 3 . 20 0G 0

MAXIMUM TWIST ANGLE. •~~~~~ • = 8~~~ . 52 Z C  DEG R E E S  C 1 . 5 5  R AD . )

D OM A I N  W ALL EM ERGY .214 858E+ 00 ERGS/SQ.CM.
WALL THICKN ESS ‘ .98552E—01. MICRONS
Q 3 . 20 0 ,  KU : . 36794 7 E+05,  HK .172 O~~O E+ 0 ’ ., AND LXC HA NG E CON 3 TA NT = . 85 19 71E—07

Figure A-3 Output from computer program BUBCHAR for Example 3. This calculation
is a theoretical calculation for a bubble material with thickness H =

3.10 micrometer s , rationalized saturation magnetization 4.PI .MS = 537.5
Gauss, cnaracteristi~ length L = 0.0974 micrometers , and anisotropy
quality factor Q = 3.2.
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PROGRAM BU$CHA R

H t .5 0 0 3~1. 40 9~ 0
SW 1 .03 00 0

XC WAS THE ONLY MAGNE T IC PA RA M ETER INPUT
= •1’.:9~~7E~~~j, N . 1 5 ) O ~~3 E + 3j ,  SW = .I0300CE+C1 , AND I = •860438 E—Q1.

ALL THAT CAN BE S A I D  A B O U T  THE OT N ER  MA G N ET I C  PA R A MET E R S  IS
HC/— .PI.MS = • o4 3 i iSE + 0 A~1O I IS/ 1..PI.MS = .!,2791.Z E+03.

Figure A-4 Output from computer program BUBCHAR for Example 4. Note that the
character ization is incomplete, as zero-inaanetization susceptibility
(or zero—magnetization susceptibility times thickness) is insufficient
to specify the magnetic parameters of a material. Input was thickness
H = 1.50 micrometers , zero—magnetization susceptibility XI’) = 1.409 EMU ,
and zero-magnetization stripewidth SW = 1.00 micrometers .

33
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PR O G R A M  OUBCHAR ( I NP U T =1 O 13 , O U TP UT = i C 1 B, TA P E5 = I N PUT , T A P E 6 ~~ - O U T PUT )  BUBCH 1

DIMENS ION PHI1 (12)) , EDA SH (120),RAT IO (12 0) BUBCH 2
• DIMENSION HCBYMS (’.G),HCBYHS(L’0) BUBCH 3

D I M E N S I O N  H S B Y M S t ’ + C ) ,W O V H t ’ + C ) , CH I O( L .~~~) ,LA B E L ( B )  BUBCH 1.

DI ME NSION INS TR(35) ,CARD (8),K FIAG (2),KL EN( 2),D I(56 ) BUBCH 5
UIM ENS ION HHALF ( . .0)  BUBCH B
REAL L , H S , L O H , L O V H ( 4 C ) , K U  BURGH 7
COMMON /AA/ Q BURGH 8
DA T A  OI /56~~1 ./ , L A B E L / 8 ~~iH / BURGH 3

C BUBCH 10
C I = 1 2 3 4 5 6 7 3UBCH it
C BUOCH 12

DATA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ BURGH 13
C BURGH 1.
C 8 9 13 11 12 13 14 15 BUBCII 15
C BU BCH 16

1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ BUBCH 17
C 

- . BU B CH 18
C 16 17 18 19 20 21. 22 23 BURGH 19
C BURGH 20

2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ BUL3 CH 21.
C BURGH 22
C 2’. 25 ~26 27 28 29 30 31 32 33 BU B CH 23
C UUBCH 2~.3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ BURGH 25
c BUBC H 26
C 3’ 35 BURGH 27

1. M12~~, ”HMA LF / BUBCH 28
C BURGH 29

O DA T A  PHI1/6 ’O.  , .O 1 , . 0 3 , . 0 5 , .  0 ? , . 1 . , . ’+ , . 5 8 , . 9 , 1.14 ,1.26 , 1.3 3, 1 .  375, BURGH 30
1 1- 4 , 1 . 4 2, i . ’ .35 ,t . 4 8 , i . 4 8 5 , i . 5,1 .52 , 1 . 5 25 , 1 . 53 1,1 . 537 , i .5’ ., t .5 4 , t3Ut3GIi 31.
2 6 ~~3 . , . O i , . 0 3 , . O 5 ,. 0? ,. 08 ,. 3 5 , . 5 , . 8 6 5 ,1 .D8 , 1 .23 ,1.31, OUBCH 32
3 1. 35 , 1. 38 , 1 . ’ . 1 , 1.4 2 , 1 . 47 , 1 .4 8 5 ,1.~~, 1 . S2 , i . 5 2 5 , 1 . 53 1 , 1 .  537 , 1. 5 ’ ., BU RGH 33
4 1 .5* 5 , 6 0. , . 0 1 , . 3 3 , . O ’ + , . 0 6 5 , . 0 7 ,. 2 7 , . 4 , .7 6 , 1 ., 1 . 1 . , 1 .2 6 , i . 3 2 , BUBCH 3~.5 1. 3~~,t . i+ , 1. ’ .1, i. .1.8,1. 4 8 5 , 1 . 5 , 1 .5 2 , 1 . 52 5 , 1 . 5 31 , 1 .  537 ,1. 5-. I.UBCH 35
6 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 65 , . 84 ,. 99,1.1 , 8U BCH 36
7 1 .2 ,1 . 2 5 , 1 . 3 , i. +5 , 1 . 47 , 1 . 5, i . 5 2 , 1 . 5 25 , i .53 1 , 1  537 ,1 .5 ’ + , 1. -~45/ b U R GH 37
O B A T A  ~.DASHf.825,.3’.,.38 ,1. ,i .2,1.2L ,i •2B ,i.32, 1..36,i.’.,i.~+5, l.5, BURGH 38
1. 1.5,1. 45,1.4,1.37,i.372,1.4 ,1.’.1B,i.’+4 ,1.~~7 ,1.59,1.6,1..8,1.52, BUtJ CH 39
2 1.56 ,1.58,1.8,1. 82 ,1.525 ,1. C8,1. 1~3 ,i.22,1.2 8,1.3’.,1. ’+ ,i. 43,1.’.?, BUBCH ‘.0
3 i.5,i.52 ,1.55,1.565,1.58,1.52,1.45,1.’.’.,i.1+3,1 .L5 ,i. 45,t.’.8, i.52, BUBCH 41.
4 1.6t,i.61,1.49,i.53 ,1.57 ,1.59,1.51,1.83 ,1,83 3 ,1.5,1.~~25,i .55 , BU BCH 42
5 1.5?5,1.6,1.625 ,i.65 ,i.675 ,j.7 ,1.72,1.7’.,i.75 ,i.749,1 . 71,1.7 , BURGH 43
6 1.62 ,1.632,1.65,1.67,1..675 ,1.69,1.72,1.75 ,i. 79,1.805,1. 32, BURGH 44
7 i.a35,i .842 ,1.85,1.8,5 ,1.o3 ,1.81.,1.85 ,1.835 ,1 oB,1 .87,1 88 ,1.9, BURGH 45
8 1. 903 ,1.9G7 ,1.91,1.915,1.92,1.91, i.9,1.895 ,1. 094,i.89,1.58~~,1.883r3UBCH 46
9 ,1.is8,1.3~ 5,1.89,1.835,1.9,1.9C5,1.9i,1.913 ,1- 916,1.919/ BURGH 1.?
O D A TA RATIO/ .35 ,.365,. 375~~,Lj , .-..‘,,‘.65,.49,.52, .5L.,.56,.599,.7 , 3UBCH 48
1 .‘2 ,.755,.7’,.723,.78 ,.725,.73 ,.7.,.75 ,.795,. 8,. 8’.,. 86, 87 ,. 88 BUBCH 1.9
2 ,.99,. 895,.9,.43,.49,.5,.527,.55 ,.565,.59,.618,.63 ,.6’.5,.66, 9UBCH 50
3 .75 ,.7 6,.718,.755,.74 ,.738,. 738,. ’46 ,.75 ,.76 , . 8C5,.81,.~~5,.87 , BURGH 51
4 . 38,.89,.3,.905,.91,.725,.73, .735,.75,.76,.78,.79,.797 , 8,.808, BUBCH 52
5 .815,. 85,.86,.86,.85 ,.83 ,.82,.82 ,.82,.B2,.83 ,. 8’.5,.85E~,. 88,. 9, BURGH 53
6- .909 ,. 92,.928 ,.928,.329,.9C3, .9C9,.912 ,.915 ,.~~it~,.92,.928 ,.93, BUBCH 5’.
7 . )35,.938,.94,,95 ,.955,,96,.96,.97,.9L5,.)’.3,.93,.93,.93,.92,.92,BUBCH 55
8 .92, .91.,.9~+5, .95, .955 , .957, .959/  BU B CH 56
DATA P14/12 .5663702/ BUBCH 57
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DATA ( LOV H( I) , 1 1,4 0 ) / 0 . , .J 0 1 , . 0 C 5 , .31 , . 32 , . 03 , . 04 , .&5 , . 06 , .C7 ,  ~IJ3CH 55
1 .08,.U9,.1,.1L,.12,.13,.14,.15,.16,.17 ,.15,.t9,.2 , .21,.22,.23, 3UBGH 59
2 .24 ,. 25 , .26 , .2?, .28 ,  .29,.3, . 3 1 , . 3 2 , . 3 3 , . 3 9 , . 3 5 , . 3 6 , . 3 7 /  BUBCH 60

DA T A  ( W O V H ( I ) , I = j , 4 - 3 ) /  . 3 3 0 3 C 0 E 1 - O O ,  . 85854~.E— ~~1, .191961.E +3 0 ,  RUB CH 61
1. . 2 7 1 4 9 3 E + 3 0 ,  . 3 8 4 4 G - ~E.0 : ,  . 4 724 4 1 E + 3 . ) ,  . 5 1 + M 7 j B E + 0 , .6j8242~~.3;,3J9CH 62
2 . 68 35 8 9 E+ O i j , . 7 4 6 2 2 6 E + 3 3 ,  . 8 0 7 3 9 2 E + 0 3 ,  . 8 6 6 8 4 3 E + O L ,  . 92 5 3 4 7 E . .~: ,3U3 CH a3
3 .98’.762E .33, .1Q1+ 357E.31 , .110261~~+...1, .1162~~5F +’J1, .122233E+Jl , I3UBCH 6’.
1. .1292 91+E G 01 , .134446E+~~1, .1.j7C5E +31 , .11+7~~72E +31, . 1 5 3 5 5’ .~~.: 1 , 3 J 3 C H  65
5 .16~.172E +J1, .166925E+31, .173925 .+ j ,  .180881 E+01,  .isstc2:~~:t ,3uqc Il óS
6 .1951+95Ei-J1 , .2 t~3~~72E s u 1 ,  .21~~839E +~~1, .218 8 •6E+ J 1 , .22 6382E4-:1 ,BUBCH 67
7 .235375E .-J1, .2’.3 991+E401 , .2528493+ ,~1, .2629’.8E+O1 , .272332 ~ + 3 1 ,BUBCH 68
S .281921E +-31. .291912E ~~O 1/ 3UBCH 69
DATA ICHIU(I ) ,I 1,1+ _ ) /  .~~-:- 0~~c cE +o1, .133937E+ j, .1 925?E+ )1, 9U~ CH 73

— 1 .113 6c7E+Oi , .12 01+12E ’-31 , .12626SiE+jl. , .131741 ~~+01 , .137344t4 j1 ,BUBC H 71
2 .1422 89E+~~i., .11+75 3 9E~~~i , .152532E+ 31 , .1552)2E4 31 , .163665c 4- 1 ,3J 3CH 72
3 .169249E .O1,  .17’ .959E.B~~, .1 a O 9 E # .~i, . 1 8 6 8 1 1 E +O 1 ,  . 192977E + J 1 , B ’ J B G H  73
4 .19931’.E+0j, .2D58 31E ~~J 1 ,  .2 1 2 5 3 8 ~~÷ . j ,  .219’ . 1+ I E +0 1 ,  . 2 2 6 5 5 2 E + 0 1 , 3 J B C H  7’.

P 5 .233876E# Q1, .2’.11+23E+~~t~ .2 1 + g Z C j E i - L i ,  .257217E+01 , .265L .82E+ 1,BUB CH 75
6 .274O ~ 2E +Oi , .28 2 798 E +-31 - , . 2 915 ’.7 E +~1, .3L1j~~LE+31, .313925E+J1,BJ 3CN 76
7 .32D765E-i-01, .33t[15E ~~,i, •3~s 1S98 ~ + L1, •352 491+E+ -)1, .363T 44E fJ 1 ,BU BC H 77
8 .3753 1+B E+ O j, .387319E~~O t / BUBG H 7 5
DATA (HSBYHS(I ) ,I=t , 1+C ) ’ .1u 0 C C j E # ,~1, .91 351 6E + -J0, .827575E4.~~, R L J B C H  79

1 .76 7021E+0 ,, .688159E ’-OJ , .6322i4~~+ j ,  .‘S 8832-. E~ 0C, .5518~3 9E+0J ,3UB CH 8~
2 .519989E+0J, .4921 27E1-OJ , . 1 + 6 7 2 E 5 r ÷ 3 i J , . 4 k 4 6 1 1 + F + 0 C ,  .L+23992E’-0), ’3UBGH 51
3 .4C4978F+ ~~., .3 87335E .C~~, .37:973• +L 0 , .35 5625E +Ot , .141221E .3:.BUBGH 82
4 .327698E+3 ~~, .3 1’ .93  3 3 ,  . 3 C 2 9 7 2 ~~+~~0, . 2 9 1 ’ . O C E + O C - , .2 8 [ 5 3 3 ~ 4 Q 3 , B J B G H  83
5 .270227E +C0, .26)365E~~O 3, .2S3982r +~~3, .21.1971+ ’ + O C ,  . 23 3 4 3 6 c 4 O J , BU R G 1  N ’.
6 .22523 3 E # O J ,  .217388E+00 , .2 ’381+O ’-+ uQ, .202612E+JL, .i957OBE+E ,3UBGH 85
7 .18907 4E+33 , .182 6B3E f03, .176523E+C ., .17E612 E +OE, .16 ’ .31+5E’-33 ,B~J3CH 86
8 .i59475E +-30 , . i54 iqSE ,Q0/  BUBCH 87
DATA (HCBYM S (I),I=1 , )/ J . 1 3 C C C ~~E +3i , .93289 E+ ,33, .888869E+0 , 9U~ CH 85

1. .841.ul6E + 0J, .782610E.D0, .736317~~i O ,  .59N. 7 3 E + 0 , . 6 6 53 6’ . E + 3 E, R~ J B CH  89
2 .635771E4-03 , .6G92 72E fO3, .585& 33~Et~~J , .562550E +36 , .541623 . i- 3 :.3JBGH 9:
3 .521935E ’OO , .5C3513E +00 , .1+86055~~+u D ,  .4 6961+ .J E + OiD , .453S61~~+ O D , 3 U 3GH Bi
1+ .43 8925E+ 0Q , .42’.66 9E+03, .L 1L33T 4- ~ u, .397 963E+i33 , .385417~ + J j , B U B C H 92
5 .373357E+3O, .361754E .0J, .35C586 ~~+~~U, .339 831E+ i]C, .329’.5L.E+~. ,BU-3CH 93
6 .319’.31E +oQ, .3 0971+ 3E f QO, .33-:382E+ ~~3, .29L3 45E +Q C, .282~ t 3 E e 3 3 1 O U 3 G H  9’.
7 .274169E#0O, .2 66002Ef00, .25339 4E~~u -3, .25,31+ 3üE+ 3C, .21+2993 F+03,BIJ3GH 95
S .2 .35789Ei-OG , .223T8 8E~~00/ B’JBCH 95
DAT A  (HCBYHS (I) ,I= 1, L~E)/0. 1 u 0 0 C 3 E + 3 1 ,  .13238 7E+)1, .1C7406E+C1 , BURGH 97

1 .11303 8E+Ej , .1j3725E+ ~.1, .llS 4bSE [1, .jj .8555E+31, .12G551E4- ~~1 ,B’J3GH 9~
2 .122266E +O1 , .123801+E .01, .12521 3E ~~~1, .126926E+U1, .12774’.E+ - 3 1 ,BU3C H 99
3 .128895E+01, .l29994Ef31, .131:22E 4- ~~1, .i32~~32 E~~01, .i33 31 1~~÷E 1 ,BJB C H1~~-:
1. .1339 42E+Q1 , .j31+8’.L.E + ’31 , .135712E# ~~1, .136569E +U1, .1373 84E+O1,B U BG H IC1
5 .139161+E+Q1 , .138941E #G1, .t33B55 f~~1, .i1+ 0 1+4 1E + 31 , .141132 :s-Ji, -1JBGHI:?
6 .14182 1+E+ Q j , .142494E+0t , .143l’+ 8E.~~i. .t 1+3? q 5E~~~1, .t1+ .07& +jl .B (J IOG H I...3
7 .11+503 6E+Oi, .i.45608E.O1, .11+62i +~~1, .11+6 783E+ 01 , .14732 1E 401 ,BJBGHL ’ .
S .1k?853E +01 , .148376E+U1 / BtJB C HIC5
D A T A  (H ’IA LF (I) ,I=j ,4C )/ .1+38618E~-E 0 . .47381+ 3EfOD, .451.93CE ~~33 , 3UB GHIC 6

1. .43621+ 3E+O j , .4 (9608E’-0O, .3 98815 t+ ~j3, .370 454E +Ou , .35 5 )55F fu3,BtJ -3CH13 7
2 .340511E#O.3 , .327E53E403, .3j’.4RDE+~~3, .3 665E4~~G ,  .2 Q 1 5 1 5 E + - 3 3 , B ’ 13 C H 1 : R
3 .28U 9’ .SE+00,  . 2 7 0 9 0 7 2 + O D ,  .26 13 1+4~~~~3, .2 5 2 2 1 8 E + 0 G ,  .24 3~ 96~ ,’L,BJ’3CHtEq
I. .23511+5~ +00 ,  .227i5~ E +00 ,  . 2j B ’ . 7 8 - + O~~, . 2 1 2 1 1 3 E # 0 3 ,  .2c5)37F.J :,3’J~3cH11:5 . 19 8 2 3 4 E+ O t l , .191613 9 E+Ot ) , . 1 8 5 3 8 8 R + u J ,  . 1 7 9 3 2 3 E + 0 C - , . 1 7 3 L e 7 3 E + I ) J , BUB CH 1I1
6 . 1 6 7 8 3 8 E+ 0 Q ,  . 1 6 2 1 + O 3 E f O ..., .157160E+ 9- j , .1521NE +OL ,  .1472t7~ + 0~~,!3UBCH112
7 .142 532E i-03 ,  .137947E.03, - .j 3 3 54 3 E .~ J, . 1292 ) S E+s3 C,  .125191S .U3.B :JOCHII 3
8 . 12 12 21E +0 J ,  . 1113 8 3 Ei 0 0 /  B U 3 C HI I 1 +

35
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9 MS=0. 9UBCHI.t 5
10 CONTINUE BUBCHI.16

IF (MS.EQ.C,) WUTE(6,5000) BUBCHII7
5000 FO R MA T r 1  PRO RAH BU8CHAR~V~~

) BUBCH1.18
NMA G=Q BUBCHI.19
NLEN O BUBCHI2O
KIPH G BUB CHI2I

I R E A O ( 5 , 9 5 0 )  INS BU’3CH122
950 FORMAT (416 )  BU3CH 123

IF ( EOF (5 ) )  1.00,1.5 BUBCH12I.
15 CONTINUE BU RC H1.25

BA CKSPACE 5 RURCH12S
00 2 1=1,35 BU9CH1.27
IF( INSTR( I) .EQ. INS) GO TO 3 BUBCH128

2 CONT INUE BURCHIZ9
READ (5 ,961) CARD 8U3CHI 3C

951 FDRM AT (-5410 ) BU9CH 1iI
IF (E O FC5)) 100,25 BUBCH 132

25 CONTINUE BUBCH I33
W RI TE CB,1060 ) OA R O BUBC H1 3 1+

1 6 0  FO RM AT( LX ,8A 10) BJBC HI35
IF (INS .EQ .~~TITLE .OR .INS.E ~~. LABE L ” GD TO 85 BUB CH1 36
GO TO 1 BURCII137

3 R EA D ( 5 , 9 6 2 )  INS,A1 B’J8GH138
962 F O R M A T ( A 1 Q , Flu.i.) B1Jf3CH139

I F ( E O F ( 5 ) )  1 -30,35  B UBCHI L .C
35 CO NTINUE BU3CHI4I

W R I TE ( 6 , 1 07 0 )  INS , A 1  BUB C H I ’ + 2

1070 FO RMAT ( 1X ,A 1Q, F 15 .5 )  BUBCHI’.3
0) 4 1=1,35 BURC H 14L.
IF( INST c R( I) .EQ . INS) 0 10 6 B’J-3C HI4S

4 CO NTINUE BU3C HIL .6
STOP 4 BU’3C H147

0 - BUBCH I4 S

C I = 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 3’JBCHI’.9
C BUt3C H1SC

6 GD T O ( 1 1 ,j j , j j ,2 0 , 20 ,2 3 , 3 0 ,3 0 ,3 3 ,3 Q  , 4 C . . 3 , 5 0 ,5 G . 5 O , 5 C  , 6 C , 6 0 , B 3 ,6 - 3  ,BU3CH1B1
C BUBCHI 52
C 21 22 23 21. 25 26 27 28 29 30 31 32 33 34 35 BUBCIIIS3
C BUBCHI54

1 7~~,7 0 , 8 3  ,8 C , 8 1 , 8 2 , 8 2 , 8 2 ,8 3 ,  8 4 , 8 4 , 8 6 , 8 6 , 5 6 , 8 6 ) ,  I BU 3CH I5S
C - B UB G H I S S

C 
- 

INPUT THE C3LL A PSE FIELD IC. KMAG = 1 B U B C H 1 5 7
C - 

B U B C H 1~~~8

t i - H~~~A 1 B URC HIS9
NMAG N MAG+j  B U3CH 16C- 
K M A G ( N M A G ) = 1  B UB C HI61
I F ( N L E N .G E . 1 . A N D. NMA G . G E . t . A N O . N L E N# M M A G . E :2 , 3  GO TO 90 BUBCHIS2
GD TO 1 B U B C H 1 6 3

C BUBCHI6’.
C IN0UT THE STRIP OU T FIELD )IS. KMAG 2 B’J R C H l S S
C OUBCH16 F~20 HS=A i BURCH1B?

N’ IA G= NMA G + 1 BUR GH IbM
K M A & ( N M A G ) = 2  BUA G HI69
Ir ( N IEN.GE.1 . A N O . N M A G . G E . 1 . 4 N D . N L F N I N M A G . E~~. 3 )  GO TO 90 B U B C HIT3
GD TO 1 BUBCHI71 
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B LIBCHI7 2
C INPUT THE T IICXNESS H. XLEN ~ I B U9C HL7 3
C BUt3CH17’.

30 H~~~i BUBCHI75
MLEN:NLEN•I BURCHI76
KL ENINL EN)’t 8U6CH177
IF(N L EN.GE.1 .A ’ 4 O .NMA G .GE. i .ANO.N L EN#N MA &.E~~.3)  GO TO 90 BUBCHI78
63 TO 1 BUBCH179

8U9CH180
C INPUT THE SUSCE PTIB IL ITY TIMES THICKNESS X j - 4 . KL EN = 2 BUBCHI8I
C B UBCH1S2

1.0 X O H = A i  BUBC HI83
NLE N NLEN+1 BUB CH1B4
KL E N( N LE N) : 2  B URCH185
IC tW LE N.GE.1 ,AND.NM A G.G E.1.A ND. NLE N+N’ lAG .E~ .3) GO TO 90 RUBCH1NB
GD TO j  BU B C H 1 8 7

C BUBC HI88
C IN~ UT THE STR IPEWIO TH SW. KLEN 3 RUBCNI8 9
C B UB CH19O

50 54:41 BUBCN 19I
NLEN =NLEN+1 8U6C11192
KLE N( N LEN) 1 BUBCHL93
I F ( N L E N . G E . 1 . A N O . N M A G . G E . 1 . A W D . N L E N . N M A G . E L 3 )  GO TO 90 B U3C Il194
GO TO 1 B U BC H1 9 S

3U8CH196
C INPUT THE S A T U R A T I O N  M A G N E T I Z A T I O N  ‘IS. KIIA = 3 BU B CH1.9 7
C BUf3 CH1’~8

SC MS:A 1 BU3C P$ 199
NMA G : N MAG4 1 BU!3CH2~. 3
K M A G ( N M A G ) -3 9URCH?~~1IF (N LEN .GE .1.AWO .NMA G .GE .1 .A ND .NLV N +NMA G.E 2. 3 , GO TO 90 BUBCH2~~2
GO 10 1 R U 9 C H 2 C 3

C BUBC H3I’.
C INPUT THE C~ AR ACT ER IS T IC LENGTH L. ‘(LEN BURCH2:5
C BUBCH2C- 6

70 1 A 1  B UB CH ’ 37
NL EN= NLE N+1 BU BCI- l?: - 8
KLEN ( NL E N) =4  B URCH2 L9
I F ( N L C N . G E . 1 . 4 N D . N r l A G . G E . 1 .A N O . N L E N . N ’ ~t A G . E ~~.3)  GO T0 90 B’J3 CH2IO
GO TO 1 RUDC H211

C RUBCH 21 2
C INPUT THE SUSCEPTIBILITY X C .  ‘ (MAC = 4 BU3GH2I3
C BUBf O H2I4

80  X 0 41  B UBCH21S

NMA G :t. IMAG+1 BURCII2 IS
K M A G ( N M A G ) = 4 I3UBCFI’17
I F ( N L E N . G E . t .A N D . N M A r, . G E. 1 . A N D . N 1 E N4 N M A & . E~~. 3)  GO TO 90 DUB C H? 15

• 
GO T O  1 BU-3CH 2 1 9

c RUB CH22
C INPUT THE QUA LIT Y FACTO R 0 KIP’I = 1 B UBC I-$?21
C BUBCHZ22

81 Q =A1 3U9C H223
KI PM =1 f3UBC~I~~24
I F ( MS . N E . 0 .)  GD TO 140  B U BC H 22 S

GO 10 1. B UBG H22S
C 30RC H227
C INPUT THE A N I S O T R O P Y  FIEL D 111< K IPH 2 BJ BCII2 2N

37
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C 80BC H229
52 H ’ (=A I BUBCH23i)

KIP II=2 BURCH23 I
IF(P$S.NE.0.) GD TO 13Q 8U9CH232
GO TO j  RUBCH233

c B Uf3CH ? 34
INPUT THE A NI SOT RO PY ENERGY DENSITY KU (1PM 3 B’JBC H?35

C B URCH23 B
83 K L J :A i  B U BC H 2 3 7

KT PM=3 8U3CH238
IF (MS .NE .0.) GD TO 125 BURC H?3’)
GD 10 1 BUHCH2 i.~c BUBC H21+1

C INPUT M A G NE T I Z A T I O N  DE T E R M I NED  FROM  C O L L A P S E  FIELD BUB GH21+2

C USING THE CA L L E N  AND JO~ EPHS A P P R O X I M A T I O N  ‘ ( HAG = 5 R U B C H ? 4 3
C RU3CH2’ + 4

B’. CJM A I B U RCH ? 45

N HA G= N M A G + 1 .  BUBCH2’e6

K MA G ( N M A G ) 5 3UBCH247

IFC NLE H .G E. 1.AN D.NMA G.GE .1.A ND . NL EN+ NMAG. Er ~.3 GO TO 90 RUBC H?45
GD TO 1 BURCH’49

C BUBCH25O
C INPUT AN IDENTIFYING LABEL.  9UF3G H’51
C BU -3CH252

85 BACKSPACE 5 BLJ I3C H?53
REAO (5,961 )  LA B EL 81J F3 C H 2 54
GD TO 1 E3UBCH2 55

C B U BG H2B 6

C INPUT THE FIELD FOR HALF — S A T U R A T I O N  MAG N ETIZATION K !IAG S BUBCH!57
C BUOCH ’SN

86 H 1 2 = A i  9UBCH?59

H MA G NM A G #i BUBC H2 6O

K M A & ( N M 4 G ) : 6  B UB CH!61
I F I N L E N . G E . 1 . A 1 O . N MA G . G E . 1 .A N O . N L E N + N M A G . E ~~.3)  GO t O 90 B UBCN2S 2
GO TO 1 BU R CH 2 6 3

• 
~D IF (’ (MA G(1 ) .EQ.t. ANO.K MA G (2).EO.)) GO TO 13 1 RU R G H264

IF ((KMAG(1) .EQ .1.ANO.KMAGC2) .EQ.2 ).O~’.(KMA~~(1 ).EQ.2 .ANO.KMAG (2) BUDGHE€ - 5
1 .EQ.t)) GO TO 99 BU I3CH2SS
IF I (K M AG (1 ) . E Q . 1 . AN O . K M AG ( 2) .E Q . 3 ) .O R . ( ’ (M A (1).EQ.3.AND .KM4G(2) ‘3UOGH?67

1 .EQ.1)) GO ID 98 RUO CH 2SN
IFHKMAG (1) .E Q. i.AN D .KMA G (2 ).E Q. ’+).OR . (K 1IA O(1).E Q .4 .A N D .KMAG (2 ) Bt JBCH269

1 .E Q.1)) GO TO ~~ BLIBCH2?’3
IF (XMA & (1) .E Q .2.AN O.<M A G( 2 ).EQ. U) GO TO ICI 9U9CH271
IF ( KMAG (1) .EQ.2.ANO.KIIAG (2).EQ.3) .0S.(Kr44 ( 1 ) .E Q .3 .A N O . KM A G ( 21  B UB C H 2 T2

I . EQ. 2 1)  GO TO 95 RUBCH27 3
I F H K M A G ( 1 ) . E Q . 2 . A N D . K M A G ( 2 ) . F Q . 4 ) . O P• . ( K M A G ( 1 I . E Q . 4 . A N D . K M A G ( 2 )  3U B GH2 T L .

1 .EQ..2)) GO 10 94 BU D G H2YS
IF (KKA G (1) .Ea.3.AN D .KMAG C2 ) .EQ. )) GO TO 131 BUBGH?76
IF ((K G(1).E Q.3.AND.KMAG (2).E0 .4).O~~.(K’IA~~(1).E ~~.1..AND. KMAG (2 ) 3U3G H277

I .EQ .3)) GO TO 92 BUBCH27S
— 

IF (KMA G (1).EO .4 . A ND .K MA G( 2 ) .EQ.3) GO TO j t . j  BUBCH?79
IF(KMAG (1).E 1 .5 .AND.K MA G (2).EQ .J) GO TO 103 BUB CH2 SC
IF (KNAG (1) .EQ .6 .AN D.KMAG (2 ) .EQ.J) GO TO 134 BU3CH2S1
STOP ••90 •• B09C H2 82

C BU B CH 2 S3

C XØ AND MS W ERE INPUT. K MAG 3 A N D 4 Bt JBCH 281 +
C BUBCH28~

38 

- 
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92 CALL LAGINT (X 3,CH IO ,DI,H C3YMS ,HCOVM S ,k0) BUBCH286
CALL LAGINT (X0, CHI O ,DI ,HSBYM S ,IISOVM S,1. 0) 0U9CH287
CALL LA GINT (XC,C HIO ,OI ,LOV II ,LOH ,40) BUOCH2SS
CALL LA GINT(X G ,CHIO ,D I , WOV 1, WOH .Z.C) BURCH2 8 9
CALL LA GINT (LOr I ,LOVH ,OI ,HHA LF , 14120VM ,1.0) 3U 9CH290

- 

, HC HCOVM S~ MS BUBCH29I
HS HSOVM S MS B IJBCH2 92
GD TO 102 8U9CH293

C BUIICH294
C XC AND HS WERE IN ~ UT . ‘(MAC 2 AN D 4 RUBCH295
C 3UBCH !9 6

94 CALL LA GINT (X 0,CHIO ,DI ,HSBYMS, HSOVM S, 4J) 3U 8CH297
CALL LA GINT (X ~~,CHI0 ,]I,MC 9YMS, HGOV M S , z.j) BUBCH?9 8p 
CALL LA G INT (Xi3 ,CHIO , OI,LOV H,LOH ,40) BUR CH2R 9
CALL LA GINT (K3 ,CHI0 ,DI , W O V~~,W O H , 4C ) BUBCH 306
CALL LAG I NT (LOH ,LOVH , OI ,HHA LF ,H12OVM ,43) BU BCH 3CI
HS=HS/HSOVM S BUR CH 3D 2
HC HCOVMS ~ NS BUR C ’I3C3
GD TO 102 BU F3CH33 4

C BU9CH3~ 5
C HS AND MS WERE INPUT. ‘(HAG 2 AND 3 BU B CH 3CB
C BUR CH 3C 7

95 HSOVM S=HS /MS 9UBG H 3LB
C A L L  L A G IN T  (HS3VMS,HSBYMS,OI , H CBY M S , H CO V M S ,4 3 )  BUB CH SO 9

CALL LAG INT (HSOVMS,HS B YMS ,OI ,LOV H, L OH ,40) BU R CH 31 C
CALL L A G I N T ( H S DV M S , HSBY ’I S, O I , W O V H , W O H , 4t3 ) B URCH311
CALL LAG INT ( HS DVM S , H S B Y M S , 0 I , C H I 3 , X : , k 0 )  BURCH3 12
CALL LA GI NT (LUr ~,LOVH, D I,HHA LF ,H120VM ,43 ) BUL3 CH313
HC= HCOV M S~ MS BUr3 CH 31 L.
GD TO 102 BUBCH3 I5

C BUBCH 316
C XC AND HC WERE INPUT. ‘(MAC = 1 AND 4 BUBCH317
C BUBC H II8

97 CALL LAG INT (X 0 ,CHIO , OI ,HGBYHS ,H CO VM S , 4 Q )  RUBCH3 I9

CALL LA G IN T (X 0, CH IO ,D I ,HSB YMS ,N SOVM S ,43 ) BLJB C H 32 C
CALL LAGINT (X- .,GHI ] ,OI,LOV II,LOH , t.C- ) 0U 8CH321
CALL LA G INT (X C ,CH I3 ,DI , WOV I1.WO H ,L.C) BUB CH I22
CALL LA GI NT (LOII ,LOV H , DI ,HMA LF ,l4120VM ,40) BUB CH3 23
MS HC /HCOVMS RU RGH 32L.
HS=HS OVMS M S BUB C H3 2 5
GD TO 102 8Ufl CH326

C 9UBCH32 7
C HC AND MS WERE INPUT. K F-I A G = 1 AND 3 BUB CH32 ~
C BIJBCHI2 9

98 HCOV 1IS HC/MS BU3C H33 O
CALL LA GINT (H S 3VMS, H Cf3 YMS,DI ,WDV H,W ’l ’-l , ‘+0 ) BUB CH 3 3 1
CALL LAGI N T (HCDVMS ,HCBYM S .DI ,L OVH ,LOH ,L.0) BU’3CH332
CALL LAGI NT (HCDVMS ,HCBYMS, Dt ,HSE3V MS ,HSOVMS,4 3 ) 3 (JBCHI3 3
CALL LA G INT (’ISDVMS ,HCBYMS,DI,CHIO, X ,’.3) BL JB CH 3 3L,
CALL LA GIN T (LO-I ,L OV H ,DI ,HHA LF , f4120 VM,4C ) 0U8CH335
HS=HSOVM S ’MS B W 3C H 3 3R

GD TO 102 BUB CH337
C BLJB CH33B
C HC AND HS WERE INPUT. KN AG = I AND 2 BUB CH33 9
C BUBCH3 ’.0

99 HC3VHS HC/HS BUBCH341
CALL LAGINT (HCDVH S,HCBYHS ,OI ,LOVH,LOH,40 ) BUBCH3 ’.2

39

-- I- -_ - - - - - -~~~-—- -~~ 



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

I

AFAL—TR-79-1 128

CALL LAG !NT (HC3V HS ,HCBYHS,OI ,W OVH ,WOH ,40 ) BUBCH3 43
CALL LA GINT( IICDVHS ,HCBYHS ,OI,HCBYM S ,HCOVM S , l.0) BUBCH344

• CALL LAGINT (HC 3VHS ,HC BYHS ,3I,HSBYMS, HSOVM S ,4~~) BUR CH 345
CALL LAGIN T (HC 3VHS ,H0B YHS ,OI,C ’4I0 ,X~~,4.O) BU3CH3 4B
CALL LAG INT (LOH ,LOVH , DI ,HHALF ,H12OVM ,4O) BU9CH347
NS~~(HC/HCOVM S +r4S/HSO VM S ) ‘0.5 BUBCH3 4S
GO TO 102 BUrICH3 1+9

101 IF((KLEN (1) .E Q.i.ANO .KLEN (2) .EQ.2) .OR. (KLEN( t) .EQ .2.AND.KLEN (2) BUBC H35 IO
1 .EQ.1 )) GO TO 112 BUBCH35 I
IF((KLEN (1) .EQ. 1.AND .KLEN (2 ) .E Q.3) .OR.(KLE ’4 (1) .EQ.3 .AND.KLEN (2) BUB CH352

1 .-EQ .1 )) CO TO 111 8U3CH353
IF( (KLEN( 1) .EQ.1.ANO .KLEN(2 ).E Q .4).OR .(KLEW (i) .EQ .L..AND .KLEN (2 ) RUR CH 35 ’.

1 .EQ.1)) GO TO 116 8U13CH355
I F ( ( K L E N ( 1) . E Q . 2 .A N O . K L E N (2 ) . E Q .3 ) . O R . ( K L E N( 1) . E Q . 3 . A N D .- KLEN(2 )  BUBCHI56

1 .EQ .2)) GO TO 109 BUBC H3S 7
IF((KLEN(1 ) .E Q .2.AMD.KLEN (2 ) .EQ.4 ) .OR .(KLEN (j) .EQ.4.ANO.KLEN (2 ) BUB -CH358

1 .E Q .2)) GO TO 108 3UBGH359
IF ((KLEN( 1).E Q .3 .AND.K LEN (2) .EQ .1+).OR . (KLEN (1).EQ.4.AND .KLEN (2) BUB CH36O

I .E Q.3)) GO TO 107 BUBC HI61
STOP 1.01 BUB GH 3b2

102 IF(KLEN (1) .E Q .i) GO TO 113 BUB CH 3 63
I~~(KLEN (1I.E Q .?) GO TO 11.4 BUBCH3S4
IF (KLEN (1) .E Q .3) GO TO 115 BU(3C H365
IF(KLEN (i).EQ .4) GO TO 116 BUB GH 36 6
STOP 102 3U 3 C I E~67

103 IFU KLEN (1) .EQ .i.ANO.KLEN (2) .EQ.3) .OR . (KLEN (1 ) .EQ .3.AND .KLEN(2) .EQ BU3 CH3 6N
1.1)) GO TO 1221. BUBG H369

STOP 1 0 3  8U8CH3 70
104 IF ((KLEN(1).EQ.1.AND.KLEN (2).EQ.3) .O0 .(KLEN (1).EQ .3.ANO.KLEN(2) B U BC H I T I

1 .E Q .1)) GO TO 1222 BUB CH372
STOP 104 R U B C H 3 7 3

0 R U B C H3T ’.

C SW AND L WERE INPUT. ‘(LEN 3 AND 4 BUOCHI75
C BU’3CH375

107 CALL LAGINT (—S d/L ,W OVH, LOV H, LOV N ,LOH , 1+3 ) BU BG H3 77
CALL LAGINT (LO’I,LDVH, DI,HCBYM S,HCOV MS,4,J ) BUBCH3?8
CA LL LAGI NT (LO-4,LOVH ,OI,HSBYHS, I-4SOVMS, L.3) - 

3U 8CH 379
CALL  LAGINT( LO r I , LOVH,D I ,CH I3 ,X 0 ,4 i2 )  BUBCH INC
CALL LA GINT (LO ’I,LOV H, DI,H HAL F ,H 12OV l,43) BJ 9CH38 1
H :L/LOH 13Ut3CH382
GO TO 11.7 BUBGH383

C BU BCH 3 8~+C L AN D X OH WERE INPUT. ‘(LEN = 2 AND 1+ BU 3CH3 N5
C BU3CH 1B6

105 CALL L A G I N T (— X O H / L , C H I O , L O V H , L OV H , L O H , 1 + 0 )  BURC H!87
CALL L A G I N T ( L D - l , L O V N , D I ,W O V H , W O H , 1.0 )  B UB C H3N8 —

C A L L  L A G I NT (L O I , L OV H , O I ,C H I j ,X 0 ,4 0 )  DU B C H 3 8 9

CA LL L 4 G I Nt ( L O ~4 , L O V H , 0 t , H C B Y M S ,HDOV MS, 4~~) B URGH I9C
CALL LA G I NT (L O4, LO V H , OI ,HSBYMS , H SOVMS,4;) RU~ CH~ 91
CA LL LAGINT (LO ~I,LOVH , O I ,HHA L F ,H12 OVM ,43 ) BUBCH3 92
H :X GH/X G 8U 9CH3 93
SW :WOH ’H BU ICH39L.
GO TO 117 BUBCH 395

C BUBGH~ 96
C X O H AND SW ~IERE INPUT. ‘( LEN 2 AND 3 BUBCHI9 7
C BU B G H3 9 S

11.9 CA L L  L AG IN T (-X ) I I/ SW , C H I O , W D V H , L O V H ,LOH ,L.3) BW3C’I399
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CALL LAGINT (LOll,LOVH, OI ,W OV H ,WOH. 40 ) BUBCH I.0O
CALL LAG INT (LO I,LOVM ,DI,CH Iu , X 0,40 1 BURCH4DI
CALL LA GIN TI L OI, L OV H ,OI ,HC9Y M S ,HCOVMS, 40) BUQCH4C2
CALL LAr,INT (Lur ~,LOVH ,D I ,HSRYM S,HSOv’lS,40) BUBCH I.03
CALL LA GIN 1 (LOH,LOVH ,DI,HHALF ,HI2OVM,43 ) BUOCH434
H=XO H /X 0 BUBCH4C5
SW WOH’H BUBCH4 66
GO TO 11? BUBCH 4G7

C BUBCH43S
C H AND L WERE INPUT. ‘(LEN = 1 AND 1. BUBCH4G9
C 3UBCH4LO

Ito LOH L/H BUBCH ’+11
CALL LAG INT (LO~l,LOV N,DI ,HS 9Y MS, HS OV M S ,4CJ BUBCH412 —
CALL LAGINT (LO’ I,LOVN ,OI ,HC RYMS ,M COV M S ,4 G )  BUBCH’.1 3
CALL LAGINT (LO~1 ,L OV H ,DI ,CHI3 ,X3, 4C ) BUBCH4I 4
CALL LA GINT (LOr I,LOVH ,OI ,WO V H,W OH,40) BUBCH4I5
CALL LAG INT (LO-I ,LOVH, DI, Hl4AL F .HI 2OVM,40) BUBCH4I6
SW WOH ’H BUBCH 4IT
GO TO 117 BUt3CH’+18

C BUBCH 41S
C H AND SW WERE INPUT. ‘(LEN = I AND 3 BUBCH1+20

C 3URCH42I
111 W O H SW/H BUSCHL.22

CALL LA G ! N T ( W O I , W O V H ,DI ,HSBY MS, HSOVMS, 4U ) BUBCH423
CALL LA GI NT (WDrI,WO VH , O I , HCBY M S,H COVMS ,ki.) BUSCH42 1+
CALL L A G I N T ( W O r I , W O V H , O I , G H I ) , X u , 4 0 )  BUBCH 1+25
C A L L  L A G I N T (W O d , WO V H ,OI,LOV ~I ,LOH ,1+3) BUB CH1+2 6

CA LL L A G I N T ( L O H , L O V H ,  O I , H HA L F , H I2 OV M , 1 + D )  B 1J3 CH4 27
L LOH’H 3U8CH428 •1
GO TO 117 BUBCH’+29

C BURCH43O
C 14 A N D  X OH WERE INPUT. ‘(LEN = I AND 2 BUB CH 1+3 1
C BUBC H’+3?

112 X 0=XCH /H BUB CH Z.33
CA LL L A G I N T ( X C , C H I O , O I , H S B Y M S , HSO V M S , 1 + 0 )  BU RCH’ +34
CALL LAGI N T (X C ,GHI0 ,OI,i-f C ’3YMS ,HCOVM S ,~.0) 3tJ9CH4 35
CALL LA GI NT(X C, G HIC, D I, WOV ~4,W O H .’+G ) BUB CH4 3S
CA LL LAG INT( X t ,CHIO ,OT,L OVM, L OH ,4]) BURCH4 37
CALL LAG INT (LO I ,LOVK, OI, H HA LF ,H 12 OVM ,’.0) BUB CH ’+38
L :LOH’H RUBCH4 39
SW WOH ’H BU 9CH ’+ ’.
GO TO 117 SURCH4’.1

o BU B G H 1 + 4 2

C H WAS INPUT ‘(LEN = 1 BUBCH’+4~~
C BUSCH’.41+

113 L=LOH ~~H
SW :WOH ~ H BUB CH 4L.6
60 10 122 BU SCH’.’.?

C B U BC H 1 +L.8 - 
-

C XG H WAS INPUT ‘(LEN = 2 BUBCH’+49
C BUBCH45C

114 H X C H / X 3  BUB CH4SI
L LOH’H BUB CH 1+52
SW =WO H’ H 8U3CH4 53
GD TO 122 BUBCH4S 4

C BUBCH-,55
C SW WAS INPUT ‘(LEN = .3 BUBCH456

41 
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C BUBCH’.57
11.5 H=SW /WOH BUBCH458

L LOH’H BURCH 1.59
GO TO 122 BU9CH463

c BUBCH4B1
C L WAS INPUT KLEN = 4 BU BCH462
C BUBCH’ .63

1.16 H=L /LOH BUBCH ’ .6l.
SW=WOH ’H BUBCH 1+65
GO TO 122 BUBCH4 66

C BUB C H’ .67
C SELECT THE MA NETIC PARAMETERS YET TO BE CALCULATED
C BUBCH469

117 IF (NMA G .GT .1~ STOP 117 BUBCH47G

IF IK MA & It ) .E 0 . t)  GO 10 118 RU B C H L .71

IF (KHAG(i ) .E Q.2) co TO 119 BUBCH4 72
I F( KMAG ( 1) .EQ. 3 )  GD TO 123 BUBCHI+73
IF (KMAG(i ).E Q.4) GO TO 121 BURCH4 7L.
STOP 1170 3UOCH ’.75

C BUBGH ’ .76
C HC WAS INPUT KPIAG = 1 BUBCH ’.?7
C BUB CHL.78

118 MS= HC/HCOVMS BU B C H479
HS HS OV~1S’MS BURC H 4 8O
GO TO 122 BU9GH’+61

c BUBCH’.82
C HS WAS INPUT ‘(NAG 2 BU’3CH483
C BUBCH484

119 M S=HS /HSOVM S BUBCH ’ .85
H =HGOV MS’MS BUBCH48 6
GD TO 122 RUDCH 1+ 87

C BU9CHL.88
C MS WAS INPUT ‘(HAS = 3 BLJBCH’.89

BU3GH493
120 H0=HC OVM S ’M S RUBCH ’ .91

HS HSOVMS’IIS RU BC H 1+92
GO TO 122 BU I3CH’.93

C RUBC H4B’.
C XC WAS IN PUT ‘(MAC 4 81J3CH495

C B U f 3C H L+96
121 W RI TE (6,10iO ) KC ,H,SW ,L ,HCOV M S,HSOV M S BUBCH ’+97

1010 FD RMAT (/ XC W AS THE ONLY MAGNETIC PARAMETER INPU T~~/~ X 4 = ~r12.5 RU3CH’.95
1 “, H “E12 .6 , SW E12. 6~~, A N D L 12.6~~.

”/
~~ A L L  T H A T  CA N  BE R IJ3GH L .99

2 SAID A R O U T  THE O T H ER  M A G N E T I C  P A R A ME T ER S  IS~~~V H0/4.PI.MS = BU3CH5~~J
3 E12 .6~ AND HSi’ 4 . P I . M S  = ~E12 .6~ . / / )  BuBC H531

GO TO 1~) RUBCH~~U2
C RUBGH5~~3
C CALLEN AND JOSEPHS MAGNETIZATION , STRIPEWIOT ’-l , AND T HIC KNESS BUB CH BC4
C WERE INPUT. CALCULATE ~4C , SET ‘(MAC TO 1, AN D  GO T O 111. BU9CH5t~5
C BU B CH S 3 6

1221 W 3 1f :SW/H BUB CHS67
CALL L A G T N T ( W O 4 , W O V H , D I , L O V H , L O H , 4 0)  BUBCH5 i..8
H0=( 1. +0.75’LOH—SQRT (3 .’LO II))’CJM BUSCH5C 9
KHAG (1)=1 BUS CH5IO
GO TO 111 BUBCH5XI

C BUOCHSI2
C LASER SPATIAL FILTERING CHARAC TERIZATIO N . BURG H S13

42
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C FIELD (H12) FOR HALF-SATURATION MAGNETIZATION , 8U3CH514
C THICKNESS, A N D  Z ER O— M A G N E T I Z A T I O N  S T R I P E W I O T H  W E R E  INPUT . BUBCH5IS

C BUBCHS16

C CALLEN AND JOSEPH S APPR O XIMATE ANALYSIS IS ASSU M ED AND BUBCH5I7
C CORRECTED BV TH IELE A N A L Y S I S  USING DERIV ED OURI3LE COLLA3SE BUBCH3IS

C FIELD BtJB CH5I9
C BU BCH 52O

1222 WDH SW/H BLJRCH52 I
CALL LA G INT (t4 O .I,WOV H ,OI,HHALF ,H120VM ,kJ) BUBCH522
CJM:Hi2/H I2OV M 8U9C H523
GD TO 1221 BUBCHS24

122 CONTINU E BUBCH525
H12:II12OVM ~ MS 8U9CH526
W A L L MS~ M S~ L/PI’+ BURCH527
WALL=WALL ’l .E- ’. 8U8CH528
WRI TE (6,j000 ) LABEL, 1 ,L, X0 ,S W ,MS .HS,HC ,W A LL,H 12 3U9C14529

j O u C  F3RMA T( /1X, 8A 1~ /~ H = ~E12 .6~~, L ~E12.6~~, CHIJ = ~E12 .6~~, SW = ~ SU SCH5 3 0
1 E12.6/ ~ 4 .PI.NS = ‘~E12 .6”, HS = ~E12.6~~, IC = ~E12.6” , BULK W A L L  B tJ3 G H 531
2 E N E R G Y  = “E12 .S/” H1J 2 (FIELD FOR HA L F — S A T J R A T IO F1 M A G N E T I Z A T I O N )  =B U FO C HS 32
3 E12 .6//) SUBC H533
CALL STARLT (LO r I ,H ,MS ) BU 3CH~~34
IF (’ (IPH .NE.O ) 0 TO 12’. BL JB CH535
READ (5,960) INS BURCH S3 6
IF (EOF(5)) 130 ,1.23 BUB CH 537

123 BACKS PACE 5 BUS CH S3A
IF (INS .EQ .~~Q’~.3R .INS.EQ. ”HtJ~~.OR .INS .E Q .~~HA .OR.INS. EQ .~~HK”.OR. BUB CH5 39

1 INS .EQ.~~KU~~) 0 TO 10 BU3CHS 43
GO TO 9 RUBCH5’.l

124 CONTINUE BUBCH5 ’.2
WRITE (6,10 90) 3USCH5’.3

1090 F 0RM A T( / 1CX ~~IN -PLAN E P A R A M E T E RS (A CGO ~~DIN G TO OE B ON TE FOLL OW :”// )BUB C HB 4L.
IF (K IPM.E Q .1) O TO 140 BUBCHS4S

IF(KIPM .EQ.2) 3D TO 130 BU3CH5 ’.6
C BUBCH5L.7
C AN ISOTROPY ENERGY DENSITY KU W A S  INPUT KIPH 3 BUBCH5 ’ +8
C BUB CHS 49

125 CONTINUE BIJBC H5SG
HK =2 .~~KU~~PI4/ MS BIIBCH55I
Q:HK/15 5 BURC H552
GD TO 150 BLJ BCHS53

C BUBCH 554
C ANISOTROPY FIELD HK WAS INPUT ‘(1PM = 2 BUBCH5S5
C BUBCH5Sb

130 Q=IIK /M S BUSCHS57
KU3 .5’HS’HK/PI4 RU3CH5S8
GD TO 150 RUBCHSS9

C BUBCH56C
C QUAL ITY FACTOR Q WAS INPUT KIPM = 1 BUBCHSBI
C BUBCH S 62

140 HK :Q ’ MS BUB C HS63 —

KU 0 . 5~ MS’HKfP I’ . BU’~CH56’ +
C BUBC H56S
C COMPUTE THE RE MAININ G IM PLA NE P A R A M E T E R S  cJUBCH56S
C BUBC IP5B7

150 EXCO NS W ALL ’W A LL/ (lB.’KU) BUR CH568
COASH 1Z Q/LOH BUBCHSS9
CALL LA GRGE (COA SH1 ,PHI I ,Y1 ) BUB C HS7O

43
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CALL LA GRG E (CDA SHI ,EOAS H, Y2) BUBCH57I.
CALL LAGRGE (CDA SH I ,RATIO,Y3 ) BUBCH5 T2
AL .ENTH (PI4’0.25/Y3)’S QRT (EXCONS/KU )’10006 . BUBCH573
YI1 Y1’720./PI4 RUBCH5T ’ .
Y2~ Y2’2. C’SQRT (KU EXCON S) BUBC II5?5
W R ITE (6,1083) VL1, Y 1,Y 2 ,ALENT H ,Q,KU,HK ,EXCDNS 8U3CH576

1080 FORMA T (////~ MA X I M U M  TWIST A NGL t3(~~.~~)~~~”F8.4 ,3X~ 0E3REES”3X, BUBCH57 7
1 “ ( F5.2~ R A D . ) ~~/ DOMAIN WALL ENERGY ~~i4 (” .~~) = E 1 ’ . . 6 , 3 X ,  BUB CH57S
2 3X ERGSISQ.CM. / WALL T HI C KNE SS~~1S(~~.~~) = ~~E1 4 .6 , 3X  3U3CH579
3 MI CRON S~ /~ ~ = FIu .3 , KU = ~E12 .6~~, 1< E12,6~~, AND EXCIANGBUSCH5 8~3I.E CONSTANT = “E12.6) BUBCHSB1

MS : O. B UBCH S82
GD TO 10 RUBC H58 3

100 STOP BUBC HS8’.
END BUBCH5 S5
SUBROUTINE LAGI NT (X, A RG1 ,AR G 2~ VAL ,Y ,NO IM) L A G N T  1

C LA GNT 2
C THIS IS THE SUBROUTINE WHICH PERFOVI S THE 4—POI NTS LAGNT 3
C LA G RAN ES INTERPRETATIO N FOR THE D A T A  L A G H T  4
C LA G N T  5

DIMENSION ARG1 (56),ARG2 (56),VAL (56),RR(56) LA GNT 6
DO 10 J :j~~55 LAG NT 7

10 R R (J ) 0. LAG NT 8
I F ( X . L T . ) . )  GO TO 6 LA GNT 9
00 1 1=1, 1401)1 LA GH T 10
I F ( A R G 1 ( I ) . E Q . 0 . . A N D . X . N E . J . )  GO 1 0 1  L A G N T  ii
IF (ARG2 (I).LT.1.E—6 ) ARG2 (I )=t.E—6 LAGNT 12
I F ( A R G1 ( I ) / A R G~~~( I ) — X )  1.2.3 L A G N T  13

I CONTINUE LA GNT 1.6
2 Y = V A L ( I )  L A G N T  15

RE TURN LAG H T 16
3 I P IV = I LASNT 17

IF (IPIV.EQ .2) 1114= 1 L A GN T  18
IF (IPIV .GT.2 ) IIW = IPIV — 2 L A G N T  19
1IAX= IP IV+1 LAG H T 23
IF (MIN.LT.1) M I N = 1  LA G N T  21
IF (M IN . G T . N OIM )  NIN:NOIM L A G N T  22
IF (MA K .GT.NDIM) M A X = N D I M  L A G N T  23
IF (MAX.LT.MI W ) M A X = M I N  L A G N T  2’.
DO 4 N=MIN ,PIAX L AG NT 25
R R( N) : t .  LA G HT 26
DO 4 I=M IN,M A X LA G N T  27
IF (N.E Q .I) GO TO 4 LAGHT 28
I F (A B S (A RG1 ( M )~~A R G 2 ( N ) - A R G l ( I ) / A R G 2 ( I ) ) . L E . 1 . E - 6 )  GO TO Li L A G N T  29
R R ( N ) = R R ( N ) ’ ( X — A R G L ( I ) / A R G 2 ( I ) ) / ( A R G 1 ( N ) / A R G 2 r I ) — A R G 1  ( I ) / A R G 2 ( I ) )  L A G H T  3

4 CONTINUE LA G N T  31
Y 0 .  LAGH T 32
00 5 I IIN, M AX LAGNT 33

5 Y :Y +RR (I) ’VAL (I) LAG H T 31.
RETURN LA G N T  35

6 X= A D S  (X) LA G H T  36
03 7 I 1,N0tK LA G N T  37
IF (ARG1( t).E Q.). .AMO.X .4F.3.~ GO TO 7 LAStI T 38
I F ( A R G 2 ( T ) . L T . 1 . E — 6 )  A R G 2 ( I ) 1 . E — 5  LAG HT 39
~~~~~~~~~~~~~~~~~~~~~~~~ 3,2, 7 LA GtI T ‘.~

7 CONTINUE L A G N T  ‘.1
STOP SUBROUTINE LAGINT F A Z L E D  L A G N T  ‘.2

L. ~~~~- - 
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END LAGNT 43
SUBROUTINE STABLT(LO 14,0 ,SAT) STABL 1

STA H L 2
- 

• C THIS IS THE SUBROUTINE WHICH GIVE S THE OPERATING POIN TS STAHL 3
C FOR THE BUBBLE DOMAI NS AS WEL L AS THE COLLAPSE AND THE STA H L  1.
C RUNOUT DIAMETERS AND FIELDS STABL 5
C STAHL 6

DIMENSION O I(5B) STAHL 7
DIMENSIO N A (56),F (56),S3(56),S2 (56) ,OIM(15), HA PP (15) STA HL 8

• REAL LOM STAHL 9
DATA DI/56’l./ STAHL 10
DATA A /O .00,O .1.C,0 .20,0 .30,0 .40 ,0 .50,u .60,0.73 ,J.80 ,~. .90,1.00 ,1.1CSTABL 11

1 ,l.2,j.3,1.4,j.5,1.6,1.7,j.8,1.9,2.,2.1,2.2,2.3,2.’.,2.5,2.6, STA )3L 12
2 2.7,2.8,2.9,3.,3.2,3.’.,3.6,3.8,1..,4.2,4.4,4.o,4.8,5.,5.2,5.4, STAHL 13
3 5.6,5.8,6.,6.2,6.4,6.6,6.8,7.,7.2,7.4,7.6,7.8,8./ STAB L 1’.
ODATA F/u. ,.093~~,.j7ô5,.2493, .3137,.~~7Ij B ,.k216 ,.1.672,.5]8-3 , STAHL 15
1. .5’.55,.5794,.5164,.6393,.6655 ,.6901,.7136,.7345 ,.7547,.7737 , STABL 16
2 .7917,.8C 87 ,.8249,.846’.,.5551 ,.8692 ,.8827 ,.8956,.H081,.92J0, STA I3L 17
3 .9316,.9’+27,.-3639, .9837,1 .3C2 ’ .,1.C231 ,1.3368 ,1 .352 6, 1. 0678 . STAHL 18
4 )..0822 ,j .0960,1 .1092,1.12j9,j.131.1,1. iLi~,5,1. 1,72,t.1681 ,1.1787 , ~TA 1- 3L jq
5 j.1889,1.1988,1.2081,,1.2177 ,1.226 8 ,1.2356 ,1.2t.42 ,1.2525 , 1.25 6/ STAH L 2)
DATA S0/C .,.0u59,.C2i5 ,.34’.2 ,.0?i6,.101? ,.1332,.16 ’8,.j963,.22~ 2 STAH L 21

C ,.2552 STA HL 22
1 ,.2829,.3093,.3343,.3579,.3 80’+ ,.40i6, .4213,.1.t.10,.Li5g2 ,.6765, STAHL 23
2 .4931,.5C 89,.,240 ,.5385,.552’.,.5657 ,.5 786, .59~ 9,.6~~28 ,.6143,.5362STAqL 21.
3 , . 65 6 6 , . 6 75 9 , . 6 9 4 0 , . 7 1 1 2 , . 7 2 7 5 , . 7 4  , . ? ~~7 3 , . 7 72 ’ ,. 7 8 5 5 , . 7 9 8 5 ,  S T A H L  25
I, .8109,.8229,.83’.5, .81.56,.8564 ,.5668,.87E9,.8866, .8961, .9~ ,3, STAH L 26
5 .9142,.9229,.~~314 ,.9396/ STA HL 27

DA T~ S2/ u., .0007, .Q )28 ,.0363 ,.0111 ,.3172 ,.32L.3,.0323, .3411 , .0’5 5 , STAHL 28
1 c~,G 6a3 ,.G7O5,. 0 869 ,.O914 ,.1U26, .1126,.1231,.1336,.1’+3~~,.15 41, STAH L 29
2 .j662 ,.1741,.183a, .1933,. ~3~~7 ,.2j1-~,.22jg, .22g 7 , .28 38, .2458 , STA H L 33
3 .2551,.2712,.2866, .3051 ,.3J.~~R ,.3295,. 3 428, .3556 ,.3679, .3799 , S T A H L  31
C, .391’.,.1.026,.’.134, .4239,. 1.3’.1,.’+’.39,.4535 ,.4629 , .4?2L,.1.838, .L.894+STA’ 3L 32
5 , .4978,.505u ,.511.Q,.5218,.5295/ STAH l 33

D = O ’ 1 . E — 4  S T A H L  34
HL= 1./LOH STAD L 35
H’IL l./HL STA HL 36
CALL  L A G I N T ( H t ~L , S C , D I , A , X 0 , 5 6 )  STA H L 37
CALL  L A G I N T ( 4 H . ,S2 , D I, A , X 2 , 5 6 )  S T A H L  38
STEP :(X2—X ~~)/i3. STA HL 39
W RI TE (6,1 C ) STAHL 40

10 FD R MAT (1X ,52 (” — ) , /,” 8U~~9L! DI A M E T E R  (MICR ONS )” ,ICX , STAH L 41
1 “AP PL I~~J FIELD (OE )~~,/ ,tX ,52 (” — ” ) )  S T A H L  42
DI M (1)=X0’ O STA H L ‘+3
A S P E C T = X 0  S T A H L  4’.
DO 20 1=1,11 S T A H L  ‘+5
C4 LL L A C I N T ( ~~S ’ E C T , A , f l I , F ,Y F , 5 6 )  S T A H L  ‘.6
HAPP ( I ) = S A T ’ ( Y F - H H L )  / A SP EC T S T A H L  4 7
D I I T = D I M ( I ) ’ 1 t 6 0 0 .  S T A H L  ‘ .8
HA PPI HA P P ( I )  S T A H L  4~
IF(I.EQ.1.OR.I.E~j.11) GO TO ~~ S T A H L  50
W RI TE (6,3 0) OI - 1f , HA P PI STAH L 51

3~ F O R M A T ( 1 I X ,F6.2,24X, F6.2) STAH L 52
35 A s P E C T = A S P E C T 65 T E P  STA HL 53
20 D IM (I +i) :ASPECT’O STA H L 54

DIN (1) DI M(1)’1C30-). STAHL 55
DIM (it ):OIMtll)’lCOOO. STAH L 56

45 
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W R I T E ( 6 , 4 D )  D I M ( 1 ) , H A P P ( 1 ) , D I M ( 1 t ) , H A P P ( 1 1 )  ST AI 3 L 57
40 FORM A T (tX,52( —~~),//,~ 8UHHLE C O L L A PSE DI A M ET E R  = ,F 6 . 2 , 2 X ,  S T A H L  58

1 MICRONS ~~,/ , 2X , ~~BUB BL E COLLAPSE FI~ LO “F6.2,” OERSTEOS~~,/,STA iL 59
2 BUBSLE RUNDUT DIAMETER = ~~~~~~~~ MICRONS ” , f ,  STAHL  60
3 BUBBLE RUNO U T FIELD = ,F6 .2 ,  O E R S T E O S ~~5 ( / ) )  S T A H L  61
O=O’I.E’. S T A H L  62

8’) RETURN STAHL 63
• END STAHL 6’.

SU BROUTINE L A G RG E ( X ,V A L , Y ) L A G R G  1
C LAGRG 2
C THIS IS THE SUBROUTINE WHIC H PERFORMS THE 4—POINTS LA GRG 1 3
C LA GRA NG E S INTERPOLATION FOR THE DATA OF OFRONTE.. LA GRG ‘.
C LA G R G  5

D IHENS ION ARG (3u),VA L( 120 ) ,RQ (3 3 ) LA G RG 6
COMMON /AA/ QU L A G R C, 7

C 
- 

L A G R G  8 
- 

-

C IN SUBROUTINE LAGRGE , ~ARG~ IS THE 0E90’4TE FUNCTION C’ LAGRG 9
C LA GR G 1 3

DATA ARG,.1,.15,.2,.3,.4,.5,.S,.7,.8,.9,1.,1.5,2.,3.,4.,5.,6. ,7 .LAGRG 11 - -
~

1. ,8.,9.,1G.,15.,20.,3Ci.,40.,50.,60.,7 ..,80.,9u./ LA GRG 12
03 10 J:1,30 LAS ~RG 13

10 RR ( J ) = G .  LA G R G  11.

00 1 ‘(=1,30 L A G R G  15
L A G R G  16

IF (ARG(I)—X )1,2,3 LAGR G 17
1 CONTINUE LAGR G 18
2 I W W 1 LAGR G 19

GO TO 6 LA GRG 20
3 1WW 2 L A G R G  2 1
6 IF (QU .LT.1.28) J 0  L A G R G  22

IF (QU .GE.1.28.AND.QU .LE .1.65) J 3 0  L A G R G  2 3
IF (QU .GT.1.&5.ANfl.~~U.LE.3.0) J=60 LAGRG 2”
IF (QU.GT.3.) J 9 0  L A G R G  25
Id iIW W. E Q .2) GD TO 7 LA G R G  26
Y VAL(I +J) L A G R G  2
GO TO 8 IA GRG 28

7 IF (I.LT .3) Go ro 7~ LA G ’~G 29
M I N = I — 2  L A G R G  3-1
M A X I +t LA G ~~G 31
I~~(HAX .GT.30) GO TO 76 L A G R G  32
GD TO 78 LAGR G 33

74 MIN=1 L A G R G  34
M A X = C. LAGRG 35
GO TO 78 LA G R G  36

7, MA X 3 Q LA GR C 37
MIN=27 L AG R G 38

78 CONTINUE L A G R G  39
DO Li N=MIN,MAX LA GRG 43
RR (N) 1. LA G R G  ‘.1
DO 1 1 11114, PI AX L AG ~~G ‘ .2

• I~~(N .E Q.I) GO ro ‘. L A G ? G  ‘+~~
IF (ABS (ARG(N)—APG(IH.LE.0.30001) GO TO ~ L4GRG ‘+4

R R ( N ) = R R ( N ) ’  ( ( X — A R G I I ’ a ) / ( A R G I N ) — A R G ( I )  ) )  L A C R G  45
I. C O N T I N U E  LA S R G  46

Y=0 .0 LA G R G  4?
DO 5 I MIN, MAX LA G R G  ‘.8
M :J*I LAG P .G 49

46
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5 y :y +RR (I)’VAL (l) LA G R G 53

- • 
8 CONTINUE LA GR G 51

RETURN L A G R G 52
END LA GR G 5 3

47
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