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GRASER: A KINETICS CODE FOR STUDY OF

GAMMA-RAY USER SYSTEMS

by

NEUTRON-PUMPED

John W. Pettit and George C. Baldwin

ABSTRACT

Description, listing, sample plots and operating instructions
are given of a computer code for the CDC-6600 which calculates
the time-dependenceof populations of isomeric nuclear states
and the time- and space-dependencesof the vector potential of a
plane wave of recoilless gamma radiation initiated by sponta-

--
-c peous emission and amplified by stimulated emission in a medium

m ~~ of Specified properties. The code is based upon a continuous-
wm ,._:-function approximation of the neutron flux arising from a fast.--.—- --g~m,

J-(v, source burst of user-specified intensity in an infinite hydro-
“= +- genous moderator. A variety of properties of the nuclear3
~~s /_ transition and of the medium may be specified by the user,z~m!

including single-resonanceand l/v capture parameters of the:~:;. .....
parent isotope; statistical weight factors, isomer inversion

;&- I ratio and lifetimes of the graser levels; and degree of line
-3;.* --~..,.__ broadening, Debye-Wailer factor and nonresonant absorption

==v/-- coefficient of
r

the medium.

I. INTRODUCTION

GRASER is a computer code that solves the Kinetics equations of the type I,
directly pumped gamma-ray lasers that are described in the documents, “Kinetics
of Stimulated Emission in Neutron-Pumped Nuclear Laser Systems,” by G. C. Baldwin
and “Notes on Graser Seminars,” by J. W. Pettit et al. GRASER calculates the
development of the wave vector potential as a function of two dimensions: X,
distance along the axis of the graser body, and time, t. The wave vector
potential is that initiated by a single spontaneously emitted gamma ray at X=O.
GRASER generates a family of plots that describe the pumping as well as the
development of the wave vector potential. These plots are placed on separate



subplot areas, one above the other,
relationships between points on the
Copies of sample plots are included

II. DATA INPUT TO GRASER

that have a common time scale so that

two plots can be easily ascertained.
to clarify this description.

There are twenty-four variables that GRASER reads in to evaluate the graser
kinetics of a particular transition in a solid of specified properties. These
variables are stored on an indirect access permanent file called DATA. The
variables in DATA can be changed to any value by the person operating program
GRASER. A call to execute program GRASER first executes program GHANGE, which
has the job of reading in all variables on DATA, asking the operator which
variable he desires to change and then inputting the new value of that variable.
This procedure is repeated until the operator signals that he desires that
program GRASER be executed at which time program GHANGE places all the changed
variables into DATA and GHANGE terminates. Program GHANGE will verify all of
the changes made by the operator by outputting to the operator the values as
they are being written onto DATA. Program GRASER is then executed. First it
reads the current contents of DATA as input, then begins analyzing the kinetics
of the transition given by DATA. In program GRASER, the variables read in from
DATA are assigned meanings according to the order in which they are read in.
The inputted variables are first read into array XDAT(I) and program GRASER
prints out the variables as they are read in so that the operator may ascertain
that the variables have their desired values before proceeding with the plotting.
The order in which the variables are read in, the meaning assigned to each,
the required units and input format are given in Table I.

III.

from

METHOD OF COMPUTATION

Program GRASER first computes a number of parameters from the data read in
DATA. These are:

1/~2, decay constant of upper graser level:

lIT1, decay constant of lower graser level;

(212 + 1)(211 + 1), statistical weight factor;

5.37 x 10-4 * ~2/A, recoil energy ineV;

Exp(-2/3 * R/K@), M&sbauer-fraction at T = @ K;

(2.45x 10-15/~2) * G * f * -rl/(l+a) * r * (T1+T2), asymptotic
va~ue of the resonant absorption or stimulated emission cross section,
cm ;

(Al+ ~z)(r - 1.0)/2.0, excess half-breadth of recoilless line;

Ph(barns) x 1.0 x 10-2” cm2, host absorption cross sections cm2;

Up(barns) x 1.0 x 10-24 cm2, parent absorption cross sections cm2j

(Nh - Np)~h + NPIIP, ifNh#()

1 nonresonant absorption

NPPP, ifNh=() -1
coefficient, cm ;

.
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x = Xendhl

%% = ‘.t.rt/p It_= 2“4 * ‘2’

(
distances in cm over which to calculate the

vector potentia~,

maximum time in seconds at which pumping and vector
potential are calculated

Program GRASRR now solves the four first-order, coupled differential
equations which describe the pumping. The solutions are given at twenty-six
values of time between zero and ~a. The equations are

~p = -R(t) Np(t) >

ETIR(t) Np(t) - ~2N2(t) ~

(1)

N2 = (2)

&l = ~(1-m) R(t) Np(t) +~2 N2(t) - Al Nl(t) > (3)

6 = N2(t) - G Nl(t) . (4)

The symbols have the following meanings:

Np(t) is the parent nuclide number density as a function of time.
This is included to allow for depletion of the parent.

N2(t) is the number density of the upper graser level as a function of time.

Nl(t) is the number density of the lower graser level as a function of time.

Q(t) is&e time-integral of the inversion density, N*(t),given by
= N2(t) - G Nl(t), where G is the statistical weight factor.

The rate functi:n R(t) is defined as

R(t) =
/

(Y~ap(V) @(V,t) dV e-t/tn,
o

where V is the velocity of the neutrons, ~cap(v) iS the velocity-dependent
neutron capture cross section of the parent nuclide and O(V,t) is the time- and
velocity-dependent neutron flux per unit velocity, given by

Q(v,t) = S (VZst)2 e
_(vz@*

The above expression for the neutron flux per unit velocity is strictly valid
only for an infinite homogeneous hydrogenous moderator, so we attach a leakage

term e-t/tn to allow for the loss of neutrons out of the sample. tn is the
neutron lifetime, Z’sis the macroscopic scattering cross section of the
hydrogeneous moderator and S is the number of fast neutrons injected by the
neutron source burst at t = O. The neutron capture cross section is described
by a single effective neutron capture resonance at energy ~ with resonance
integral IY and a l/V contribution whose thermal capture cross section is ‘th.
The capture rate at a time t is thus given by R(t)Np(t). The formation of
the graser isomeric levels from neutron capture and subsequent decay of the
compound nucleus is described by the variables G and q.

11 II

lower graser level A (l”V)E
I

(1-E)

Other Levels



~ is the fractionof all captures that go to either graser level in a time
short compared to the lifetime of the graser level. (1-E) is the fraction of
all captures that go to other levels. ~ is the fraction, of those captures
that go to either graser level, which go to the upper graser level. (1-rl)is
the fraction of E that go to the lower level. This essentially gives two
degrees of freedom to describe decay processes that may be quite complex.
To clarify these concepts, consider as an example the nuclide 82Kr which goes
to 83Kr upon neutron capture and has a M&sbauer transition, between a 9.2-keV
level and the ground state, of lifetime 2 x 10-7seconds. Measurements of
activation cross sections indicate that two-thirds of all captures go to an
isomeric level above the 9.2-keV M&sbauer level. This capture level has a
lifetime of 1.85 hours, so that it is useless for feeding the M6ssbauer level,
although all decays eventually proceed through the upper M&sbauer level. So
in this case C = 0.33 and v = 1.0 since all captures that do not get stuck in
the 1.85-hour level do go to the upper isomeric level and the ground state is
not fed directly by pumping.

GRASER calls a library-supplied ordinary differential equation solver
subroutine named ODE (D204A ODE in PIM-2) with absolute and relative errors
of 0.000001 and will print out a flag if it cannot solve the equations to
the specified tolerances. This situation has never arisen over the few months
that GRASER has been used to date, but if it does, ODE will calculate the
solution as accurately as it can in 500 steps and then continue, so that a
fatal execution error is avoided.

GRASER next computes the vector potential as a function of time, holding
X constant. This is done for five equally spaced values of X between the
ranges of X supplied by the program operator as input. These computations
are stored to be plotted later. The equation used to evaluate the vector
potential, A(x,t), is

(A2t +px)

A(x,t) = e ~ ~lco+e-Art(BESSL - 1.0)],

where BESSL = Io{2~} if Q(t)X > O?

= Jo{2_ if Q(t)X < O?

and Ar = (Al+ ~2)(r - 1.0)/2.0.

This completes the computational portion of GRASER. The remainder of
GRASER is devoted to plotting the output.

IV. OUTPUT SECTION OF GRASER

The finished output consists of two subplots on a single page. The lower
plot gives Np(t), Nl(t), N2(t) and Q(t), and the upper plot gives A(x,t) vs t
for five values of X within the ranges specified by the user. The time scale
is normalized to units of ~2t. In order to convert the scale to absolute time
units, one multiplies by T2. Similarly, for labeling of the distance X, it is
given in units of absorption lengths (i.e., VX = 3, PX = 6, etc); in order to
convert to centimeters, one divides by p, the absorption coefficient. A
number of other parameters are also listed to the right of the plots. Sample
copies of the output are appended for illustration.

.

.
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GRASER uses the graphics package DISSPLA to generate the plots. The
output may be sent either to a Tektronics terminal, to a Zeta plotter or
to the FR80 microfiche by specifying the value of the last input variable
IPLOT.

IPLOT = 1, output sent to Tektronics terminal,

IPLOT = 2, output sent to Zeta plotter,

IPLOT = 3, output sent to FR80 microfiche.

v. OPERATING DETAILS

GRASER is the name of a procedure file that does all of the necessary file
manipulations and operations, There are four files associated with the graser
program. A list of these is:

1. GRASER: A procedure file

2. TEST2 : The name of the program that does the computation

3. DATA : A data file

4. GHANGE: A program that is used to change the data on DATA interactively

5. DAT : A temporary working storage file used by GHANGE

These files and programs are set up for operation on the KRONOS operating system
and reside on machine zero.

To use GRASER, one must first sign on machine zero and enter the BATCH
subsystem. Then one gets file GRASER with the control statement GET, GRASER@*.
To execute the procedure file GRASER, one types in<RASER@. This will
cause the proper files to be retrieved and the DISSPLA graphics package to be
attached to the working files. Program GHANGE is first executed. It reads in
the file DATA, outputs it to the terminal and asks the program operator what
variable he desires to change. Table I defines each variable and gives its
ordinal number. When the integer number corresponding to one datum is entered,
program GHANGE then asks for the new value of that variable. This must be
entered with the format indicated on Table I. When it is entered, GHANGE again
asks for a variable to be changed and this procedure is repeated as often as
the program operator desires. When the program operator is satisfied that the
data file contains the proper values for a run, he enters zero when GHANGE next
asks what variable is to be changed. This causes GHANGE to print out the
amended data list, write it back on to DATA and store it.

Program TEST2 is then executed with no additional interaction with the
program operator. Program TEST2 performs all of the computation and plotting
described in the previous section. TEST2 first prints out the data as it has
been read in from DATA and also outputs a number of parameters that have been
calculated. TEST2 then prints a message that plotting is commencing and asks
the operator to enter line speed and term type when executing the program from
a Tektronics terminal. At this point, while TEST2 is waiting for input before
plotting, the program operator may cake the time to make a hard copy of the

e This indicates carriage return. The characters to be typed in are
underlined. This is the same convention as ip the NOS manuals.



data and parameters to be associated with the plot if he is using the
Tektronix terminal. One may also type in a message explaining what variable
has been changed or what one is looking for, before makin the hard copy.

bWhen it is desired to produce the plot, one enters 120,3 C .
When it is desired to output to the microfiche or plot on the Zeta

plotter, the procedure is slightly different. First of all, IPLOT on the
data file must be set to its proper value for the desired output device.
This is done as if one were changing any other variable on DATA, as described
above. To send the output file to be processed on microfiche, one executes
GRASER in the usual manner as described above, but the program will termimte
without asking for the line speed and term type (as it does when outputting
to the Tektronics terminal). The following control card must be executed in
order to write the output to the microfiche processor: PFICHE, FR80,FR80.N@S
FR-80 FORMAT TEST@. The response from the computer is FICHE COMPLETE. This
is described in Chap. 8 of the LASL Guide to NOS, PIM-4, p. 8-4 next to
DISSPLA File. -

When one is operating at a terminal which has a Zeta plotter, the output
can be plotted by setting IPLOT equal to 2. The output will be on a file
called ZETA and, after the program has stopped, one executes the following
control cards to commence plotting on the Zeta:
REWIND,ZETA @
TERM, TTYD @
LIST,F=ZETA ~.

When the plotting on a Tektronics terminal is completed it is necessary
to press the carriage return and enter STOP @ one or more times to rapidly
terminate the program. In the other cam the program terminates rapidly.
To execute the program again, simply enter +RASER @, make any changes
desired when it is indicated to do so, enter O to terminate GHANGE and
execute TEST2 and so forth. To sign off, enter ~ @

The next several pages illustrate several examples of the use of GRASER.

.
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ORDER OF

INPUT ORDER

XDAT(1) +

XDAT(2) +

XDAT(3) +

XDAT(4) +

XDAT(5) +

XDAT(6) +

XDAT(7) +

XDAT(8) +

XDAT(9) +

XDAT(10) +

XDAT(ll) +

XDAT(12) +

XDAT(13) +

XDAT(14) +

XDAT(15) +

XDAT(16)

XDAT(17) +

XDAT(18) +

XDAT(19) +

XDAT(20) +

1.2ULJi 1

INPUT, DEFINITIONS, UNITS AND FORMAT FOR VARIAELES IN FILE DATA

VARIAELE FORMAT

s

N
P
T2

-cl

Nh

u~

Vp

E
Y
12

11

l-l

E

E.

lY

%h

@

a

A

r

xstart

(Number of fast neutrons injected at t=O, cm-3)

(Number density of parent nuclei at t=O, cm-3)

(Lifetime of the upper graser level, seconds)

(Lifetime of the lower graser level, seconds)
-3)(Number density of the host, cm

(Microscopic nonresonant absorption cross
section of the host, barns)

(Microscopicnonresonant absorption cross.
section of the parent, barns)

(Energy of the gamma transition, keV)

(Spin of the upper graser level, dimensionless)

(Spin of the lower graser level, dimensionless)

(Fraction of all upper graser levels formed by
neutron capture in the parent, or isomer ratio,
dimensionless)

(Fraction of all captures which form either
graser level, dimensionless)

(Effective energy of a single neutron capture
resonance in the parent nuclide, eV)

(Resonance integral of the capture resonance
in the parent, barns)

(Thermal neutron capture cross section of the
parent nuclide, barns)

(EffectiveDebye temperature of the host-
parent system, “K)

(Internal conversion coefficient of the graser
isomer, dimensionless)

(Atomicmass number of the graser isomer,
dimensionless)

(Factor by which the graser gamma line is
inhomogeneouslybroadened, dimensionless)

(Distance in absorption lengths at which it
is desired that GRASER start calculating the
vector potential, dimensionless)

E7.1

E7.1

E7.1

E7.1

E7.1

F1O.4

.,
F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

F1O.4

12



TABLE I - Continued

INPUT ORDER VARIABLE FORMAT

XDAT(21) j Xend (Distance in absorption lengths at which it
is desired that GRASER finish calculating
the vector potential, dimensionless) F1O.4

XDAT(22) + z~ (Macroscopicneutron elastic scatterin cross
fsection of the neutron moderator, cm- ) F1O.4

XDAT(23) + tn (Neutron lifetime in the moderator, seconds) E7.1

IPLOT + The plot option. IPLOT must be either 1, 2, 3 11
IPLOT = 1: Plot is done on Tektronics scope
IPLOT = 2: Plot is done on Zeta plotter, output is

on file ZETA
IPLOT = 3: Plot is done by FR80 camera on microfiche

I
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COMPLETE PROGRAM LISTING

LASL Identification: LP-0712.

LI13Rt3RY<DIZSPLR}
RE1.dItiD<TESTS )
!?ETURN(LGU)
FIJN<t~rI=TEST~ )

REftDY .

?R13GRI=IlIl GRH”2ER

‘3RH”2ER PROGRRM

Ef<TERNHL F

.

.

.
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1: CFILCIJLHTE ItiITIRL ‘AWJES
c

NEL!=4
I FLRG= 1
RELERR=13.000001
RBSERR=0.00g0Ol

.

T=O. O
TCIIJT=O .0
DEC=l . i).iTI=I}J

.

DEC1=l .O.-’TFNJ1
I“31=SL@ .0
Is~=slJ+2.1)
\g=(<2. O+SIJ}+l.O?~( <2.0+”3L)+1.03
SI13=2.45E-15.~(E13++2)w+( 1 .O.Z<l .()+RLPHF!>)
RECDIL=5.:37E-4+ (EEo02>.+’!7MRS

FMX=EXP<-(2 .O.~2.0>+REC131L..’<S .517E-5+DTH:I )
“~IGM=SIG.~FLIN+FMX+TRIJl+( 1.OZ(TFW1+TRIJ> )
DELGHM=<IIE12+13EC1)+<FLIN-1 .0)/2.0
RBH=IJH*l.OE-24
R13P=IJP*1. OE-24
XDIF=XtiH-XNP
IF<XDIF .LT. 0.0> XDIF=I).O
RBSCU=<<XDIF>+RBH)+<XNP*RW)
:<MRX=lJND.03BSCCl
:<MIN=UST.-’RBSCCl
TMRX=2.4+TWJ
XE=TX.SECT+l. OE–24+220000 .II
XNPT<l)=XNP
:<2(1)=0.0
:<1(1>=0.0
TC<l>=O.O
12<1>=0.0
QB<l>=O.O
Y<l>=XNP
y(z)=~mo

Y(”3>=0.O
“)’(4)=0.0
❑lJTfVJTsSSI=lBSCO sGsETRs:<MfW~XNP sTRIJ~:W’’lINSDTH ~RLPHR
❑IJTPIJT,SIGM sSIJsSL 3FfWgT:<SECT sRESINT~IPLflT sES

c
1: Ct7LClJLt7TE DENSITIES FtYR TNENTY SIX WWJES UF TIME
c

Do 10 1=2s26

TtlUT=TCllJT+TMfW.-’25 .0
TC(I)=TUIJT
CRLL llDE<FsNEQsYsT ~TUIJTSRELERR sRBSERRSIFLRGS1.J~K~IIA~> .

:<NPT(I)=Y<l)
Xi2<Il=YC2)
X1<T)=Y<”3) .

16



‘./ECT(I,.J)=~Bs<VE~T<I ~J?)
CONTItilJE

~I;RLE TIME IN lJIYIT’3 IIF LRMINWT

Ml 40 1=2~26
TC(I)=TC(I)+DEG

PL!3T REZIJLTS

TUP=}{NP
YSTP=TCIP’5.O
l~a TO (101)J200S:300> SIPLDT

CflLL TEKTRN
En TO 400

CflLL ZETR
50 TO 4011
CRLL FRSO(”3)
cj3NTINlJE
CRLL BGNPL(0)
CiiLL PHYSUR(I .I)~l .0)

17



CFtLL
CftLL
CRLL

CRLL
CRLL
CHLL
CftLL
CRLL

CftLL
CfILL

CflLL
CfILL

CRLL
CRLL

CfILL
CRLL

CRLL
cRLL
CfILL

CflLL
CflLL
CRLL
cRLL

CRLL
cRLL
CFILL
cRLL

B!7SRLF(SHSTRNDRRII>
MIx13LF<6HL./csTD>
MX3flLF<5ttGREEK s lH%)
MX4RLF<8HL.’’CGREEK s1 t-t+)
TITLE<lH 31 s5H+L(T) s5s7HIIENSITY s7s5.11~4.0>
5RRF(0.030 .SJ~.5SO.OS’fSTp sTOP>

.

CIJRVE<TGSX2 s26~5)
CURVE(TCSX1 32635)
CUF?VE<TC~G!Bs26s5)

*

CIJRVE<TC~XNPT s26s5)
LINES<12HUPPER LEVEt_S~IPRK~l)
LINES<12HLUkJER LEVELS31PRKS2)
LINES(16HINTEr3WlL ❑F INV$SIPRKS3)
LINES(15HPRRENT IIENSITYS31PHK94)
LEGENn(IPRKY5 s5.032.o>
MEssRG<5H&G+T=35?5 .o!4 .75>
RE!3LNIJ<FLINs 2s4HRBUT~4HRB~JT >
MESSRG<5H+S =9595.094.5)
REf3LNfl(TXSECT J1s4HRBUTS4HRBIJT>
MESSfIG<4H(TH) s4s5.1s4.46>
MESSfi13<3H&Q=~3S5 .0S4.25)
RERLNU<IITH? l~4HfllYJT ~4HRlYJT>
MESSRG(4H(F>=?495.094.0}
RERLNCI(FMX92 34HRBuT?4HftB~JT )
ENDGR<l)
PHYSIIR<l.0>6.0)
TITLE(7HVP VS T~7~5H+L(T) s5J6HLUG ‘#Ps6~5.0s4.0>

TCIP=O .0
DU 50 J=1s5
DO 50 1=1s26

qO Tnp=RMRXl<VECT(I~.J} ~TllP>

TIIP=RLUG1O(TUP>
TUP=TUP+O.5
ITUP=TUP
T13P=ITUP
CRLL GRRF(O. OSO.2S2.5~-3s0 ~1.OSTUP>
DU 70 .J=l~5
Dll 60 1=1726
IF(\/EcT(I,.J) .LT. 0.001) VECT<IS.J>=O.001

50 R<I>=RLUG1O<VECT(I ~J))
Cf)LL CURVE(TCSft~26S5>

70 CUNTINIJE
.JDIJM=LINEST< IPRK~80s8>
CFtLL LINES(71i+l’’t(X= SSIPFWS1)
CRLL LINES{7H+M(X= SSIPRK~2}
CRLL LINES(7H+M<X= SSIPFtKS3>
CRLL LINES(8H+M<X= %sIPRKs4)
cRLL LINES(SH+M<X= SSIPRK9S)

1
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~~LL LEGEND<Ip~K,5,5.~,2.95)

CRLL RERLNO(XLC (l) J4s5.6~3.7S)
CHLL RERLNU(XLC (2)~4S5.6J3 .55)
CFILL REfiLti13{XLC(3> >4Z5.6 s3.35?
CRLL REf)LND(XLC(4) s4~5.6 93.15}
CRLL RERLNU(XLC<5) ~4~!5.6~2 .95)
CftLL MESSRG<2HS=S2 y5.0S2 .7)
CfiLL RERLNIJ<SJ-l >4HRBUTS4WBIJT>
cHLL MESSRG(2HN=S2S5 .0S2.45>
CXILL RERLNU(XtlP S-2~4HflBlJTS4HfIBUT)
CRLL MESSRG(3H+T=S3J5 .0g2.2)
cfiLL REMNCI<TRU,-2,4.HRBtJT,4Hf3BUT)
CHLL MESSRG(3H+C=S3S5.0S1 .95)
CRLL RERLN(ETflr2~MBUT~4HRBlJT)
CHLL IvIESSRG<3H+M=J3Y5 .OS 1.7)
CRLL RERLNO(RBSCCIs-2>4HfiBUT s4H13BlJT?
CHLL NESSRG(3H+X=J3s5 .OY1 .45)
CHLL REfILNn<sI,2,4HRBlJT,4~BUT)
CRLL MESS13G(4H+S =s4Y5.0sl .2)
CRLL RERLNU(SIGIl~-2s4HRBUT s4HRBIJT)
CRLL MESSR13(2H+GS2 J5.lY1. 1)
CfILL MESSRG(3HI .=S3S5.OSO.95)

CFILL RERLNCI(RESINT S1S4HRBIJT s4HRBIJT>
CflLL MESSflG(2H+GS2S5.1 JO.S6)
CRLL MEssRG<4HE+f3=g4~5.0 ~o.7)
CHLL REHLM<EOSl!4HREUTJ4H~~T)
~RLL MEsSfiG(4HE+G=s4J5. OTO .45>
cRLL RERLNU(EGql y4HRBUTP4~BlJT>
CRLL MES.SRG<3HIl=s3g5 .0s0.2)
LfiLL INTNU(ISl s4HRBlJTJ4H~BlJT)
ERLL MESSRG(2H/2s2s4HfqBlJT ~4HRBuT>
cfILL MEsSRG<3H12=S3~5. OS 0.0)
cRLL INTNU<IS2S4HRBIJTZ4HRBUT)
CRLL MESSflG<2H./2~2~4Ht3NJTS4HflBlJT?
CflLL ENDGR<2)
CRLL LfiSLClG0(2 .0~6.5Sl .0)
CRLL ENDPL(0)
CRLL D13NEPL
STOP S END
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