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"LIFETIME": A COMPUTER PROGRAM FOR ANALYZING 
DOPPLEP.-SHIFT RECOIL-DISTANCE NUCLEAR LIFETIME DATA 

John C. Wells* . . 
Matthew P. Fewe11TT 

Noah R. Johnson 

I . INTRODUCTION 

For many years, the Doppler-shlft recoil-distance method has 

served as a very rel iable muthod for the determination of l ifetimes of 

excited nuclear states. I t was the advent of high-resolution y-ray 

detectors coupled with the development of accelerators offering a 

variety of energetic heavy-1on beams that enabled this technique to 

achieve I ts present prominence and sophistication. Lifetimes ranging 

from about one picosecond (ps) to several hundred ps can be determined 

1n such recoil-distance measurements. 

Until recently, most recoil-distance l i fetime measurements were 

carried out following heavy-1on Coulomb excitation. The analysis of 

such data, especially for deformed nuclei where the l i fet ime of each 

success1vely-h1gher-sp1n member of a band 1s shorter than that of the 

state below 1t , 1s accomplished In a relat ively simple manner. T*i1s 

Is not the case, however, for the data collected following a compound-

nucleus reaction. Here the problem 1s complicated by the fact that a 

given level often has appreciable side feeding from unseen transitions 

from the t -ray continuum. Further, this side feeding frequently has 

*Permanent address: Tennessee Technological University 
Cookevllle, TN 38505 

Permanent address: The Australian National University 
Canberra ACT, 2600, Australia 
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long lifetimes associated with 1t which can cause ambiguities 1n the 

solutions of the Bateman equations describing the decay chain. These 

problems can be surmounted, however, and we describe here a computer 

program which handles these complexities, thus opening the oppor-

tunities to obtain very valuable model-free matrix elements for tran-

sitions connecting excited states 1n nuclei. 

The program LIFETIME described 1n this report 1s designed to 

extract lifetimes of nuclear levels from Doppler-shlft recoil-distance 

experiments by performing a least-squares f i t to the experimental data 

(shifted and unshlfted photopeak Intensities and branching ratios). 

The starting point for our program was the program MASTER supplied to 

us from G.S. I . , Darmstadt, by Hans Emllng.1 I t Incorporates the 

program MINUIT, a general-purpose program for function minimization 

and parameter error analysis developed at CERN by F. James and M. Roos.2 

In i t ia l populations of levels and transition rates between levels are 

treated as variable parameters. In terms of these parameters, the 

population of each level as a function of time 1s determined by the 

Bateman equations, and the calculated values of the shifted and un-

shlfted Intensities are obtained. 

Included 1n LIFETIME 1s the option of making a number of correc-

tions to the data. These consist of corrections for position- and 

velocity-dependent changes 1n the solid angle subtended by the detec-

t o r , for the effect of attenuation of alignment during f l igh t , and for 
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y rays emitted during the slowlng-down time resulting 1n an energy 

distribution between the shifted and unshlfted energies. Since these 

corrections depend on the parameters which are being varied, the pro-

gram provides the option of making them either at every Iteration, 

which can be very time-consuming, or just once with the in i t ia l values 

of the parameters. 

Very often the s1de-feed1ng pattern to the levels of Interest 1s 

not known. Thus, 1t becomes necessary to define additional levels 

from which feeding tr? >s1t1ons occur. In this program, the In i t i a l 

population and transition rate for each modeled feeding level are 

treated as variable parameters. A further option, which 1s available, 

1s to assume a rotational band to model the feeding pattern to a par-

t icular level (e .g. , the highest level 1n a cascade). The transition 

rates (In ps- 1) are defined in terms of a quadrupole moment Q 

(1n e«b) and transition energies Ejk (1 n keV) for Kj • Kj( • 0 as: 

Xjk - 1.2253 x lO" 1 5 Ej|(5 Q2 ( J j 2 0 0 | J* 0 ) . 

Here, Q and the In i t i a l population of the highest level In the band 

are treated as variable parameters. Experimental values for tran-

sition energies may be used. 

The possibility that the measured zero target-plunger distance 1s 

not the true zero 1s considered by subtracting a term D0 from each 

f l ight distance. The quantity D0 Is treated as a variable parameter 

1n the least-squares f i t . Further, 1f there are two or three 
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transitions out of a given level and the branching ratios are known 

experimentally, these branching ratios may be entered as data and wi l l 

be Included 1n the least-squares f i t . 

I f a photopeak 1s known to be a multlplet consisting of two or 

more transitions 1n the same nucleus and 1f the positions of these 

transitions 1n the level scheme are known, the program can be In-

structed to sum the calculated Intensities of the transitions and to 

make a multl-component f i t for the l i fet imes. 

Sometimes 1t 1s Important In the l ifetime analyses to u t i l i z e 

data from different experiments; e .g . , from experiments involving d i f -

ferent reactions to give the same final nucleus. The program LIFETIME 

has been written so that such data from two or more different experi-

ments can be simultaneously included In the analysis 1f 1t can be 

assumed that the relative Intensity of each transition 1s the same 1n 

a l l of the experiments. A normalization factor for each experiment Is 

treated as a variable parameter. 

The recoil velocity with sol Id-angle corrections 1s calculated 

from the shifted and unshlfted energies 1f an energy calibration and 

data on the shifted and unshlfted peak centrolds are provided as Input 

Information. 

The program LIFETIME 1s written 1n FORTRAN 77 and versions are 

available for the Perkln-Elmer 3230, VAX 11/780, and UNIVAC 1100/82 

computers. 
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I I . THE INPUT FILES 

A. DATA FILE 

Each line 1n the Data File begins with a data type Identif ier 

(which must begin 1n column 1) that Identifies the data on the l ine. 

All lines are in free format. Allowable delimiters are blank, comma, 

semi-colon, <, and >. Zero values may be omitted I f no non-zero 

values follow. Energy levels are referred to by assigning each one a 

level Ident i f ier , which 1s a character constant. Each level ID (or 

group of level ID's) must be enclosed 1n parentheses In order tu be 

decoded as a character constant rather than as a number. Level ID's 

may be composed of up to four numbers, letters, or symbols, except for 

the above-mentioned delimiters. 

Blank lines are Ignored, and may be Included to make the f i l e 

more readable. Each data type Identifier may be abbreviated by the 

f i rs t two letters. A description of each line follows. 

NUCLEUS, ZR, AR 

NUCLEUS: Data type. 

ZR: Atomic number of recoil nucleus. 

AR: Atomic nuss of recoil nucleus In u. 

This line should be f i r s t . 

LEVEL, (L ID( l ) , LID(2) LID(N)) 

LEVEL: Data type. 

LID( I ) : Level ID. 



This line should be second, and must come before any other reference 

to Level ID's. The Level ID's must be ordered so that each succeeding 

level decays to a level or levels already l isted. I f al l the Level 

ID's cannot be listed on one l ine, they may be continued on additional 

l ines, each beginning with the data type Identif ier LEVEL. The maxi-

mum number of levels cannot exceed NL (see Sec. V I I . C). 

OPTIONS, ICOR, IPOS, IVEL, IALN, 1SHP, IVOL, IPLT, NPTS, NPTG 

OPTIONS: Data type. 

ICOR « 0 Corrections are not made. 

» 1 Corrections are made In i t ia l ly only. 

» 2 Corrections are made every iteration. 

IPOS » 0 Positional sol id-angle corrections are not made. 

- 1 Positional solid-angle corrections are made. 

IVEL » 0 Velocity sol Id-angle corrections are not made. 

• 1 Velocity sol Id-angle corrections are made. 

IALN s 0 Alignment attenuation corrections are not made. 

* 1 Alignment attenuation corrections are made. 

ISHP • 0 Uneshape corrections are not made. 

a 1 Llneshape corrections are made. 

IVOL • 0 Detector surface 1s assumed to be black for a l l -y-ray energies. 

• 1 Solid angle 1s calculated by Integrating over the volume of 

the detector. 

IPLT « 0 L1ne-pr1nter plots are not made automatically. 

- 1 L1ne-pr1nter plots are made automatically, 6 lines per inch. 

» 2 Line-printer plots are made automatically, 10 lines per Inch. 
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NPTS: Number of points 1n numerical Integration along f l ight path. 

NPTG: Number of points 1n numerical Integration over detector volume. 

Zero values may be omitted I f no non-zero values follow. I f NPTS or 

NPTG 1s specified as zero, Its default value 1s 11. I f this line 1s 

omitted, the default values are: OPTIONS, 1, 1, 1, 1, 1, 1, 0, 11, 11 

ALIGNMENT, TAU2, TAU4 

ALIGNMENT: Data type. 

TAU2: Relaxation time for alignment attenuation coefficient a I n ps. 

TAU4: Relaxation time for alignment attenuation coefficient 1n ps. 

I f this line 1s omitted, the default values are: ALIGNMENT, 30, 10. 

BAND, (LBND), (LFST), AJB, NSTATES, EGB(l) EGB(NSTATES) 

BAND: Data type. 

(LBND): Level ID of level being fed by band. 

(LFST): Level ID of f i rs t level 1n band. 

AJB: Spin of f i rs t level 1n band. 

NSTATES: Number of levels 1n band. 

EGB(N): Transition energies, 1n keV, starting with the transition to 

level LBND and proceeding up the band. I f zero, these wil l be deter-

mined Internally with EGB(l) = 500 keV. 

Level ID's must be enclosed 1n parentheses. This line 1s omitted 

1f there are no feeder bands. I f there are more than one band, then 

there must be one BAND line for each. The maximum number of bands 

cannot exceed NB, and, for each band, NSTATES < NS (see Sec. V I I . C). 
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BRANCH, (IBR), (JBR(l)), BR(1), BRR(l), (JBR(2)), BR(2), BRR(2), . . . 

BRANCH: Data type. 

(IBR): Level ID of In i t i a l level. 

(JBR(K)): Level ID of final level. 

BR(K): Branching rat io. 

BRR(K): Error 1n branching ratio. 

Level ID's must be enclosed 1n parentheses. Zero values may be 

omitted 1f no non-zero values follow. A maximum of four branching 

ratios for each in i t ia l level is permitted. This line 1s omitted 1f 

there are no branching ratios or repeated 1f there are more than one 

level for which branching ratios are available. The total number of 

branching ratios cannot exceed NR (see Sec. V I I . C). 

EXPERIMENT, L 

EXPERIMENT: Data type. 

L: Experiment or data set number. 

Experiments must be numbered sequentially. All data following this 

line and before the next EXPERIMENT line are assigned to experiment L. 

I f there 1s only one experiment, this line may be omitted. The number 

of experiments cannot exceed NE (see Sec. V I I . C). 

DETECTOR, TDD, DL, DRO, DRI 

DETECTOR: Data type. 

TDD: Target-detector distance 1n cm. 
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DL: Detector length In cm. 

DRO:, Detector outer radius 1n cm. 

DRI: Radius of Inactive core of detector 1n cm. 

I f these values are the same for al l experiments, this line need be 

Included for the f i rst experiment only. 

DISTANCE, DIST(l), DIST(2), DIST(NDIST) 

DISTANCE: Data type. 

DIST(I): Recoil f l ight distance 1n ym. 

I f NDIST distances cannot be listed on one l ine, they may be continued 

on additional lines with the same data type Identi f ier . NDIST cannot 

exceed ND (see Sec. V I I . C). 

VELOCITY, BETA, DBETA, ZS, AS, RHOST, FOIL, BETA1, DBETA1, FWHM, STIME 

VELOCITY: Data type. 

BE. I A: Recoil velocity, v/c (Default value 1s 0.01). 

DBETA: Error 1n recoil velocity. 

ZS: Atomic number of stopper material, may be set to zero for Pb. 

AS: Atomic mass of stopper material 1n u, may be set to zero for 208Pb. 

RHOST: Density of stopper material 1n g/cm3, may be set to zero for 

Pb or Au. 

FOIL: Thickness of slowing fo i l 1n mg/cm2. Complete stopping Is Indi-

cated by setting FOIL - 0. 

BETA1: Slowed velocity, v/c, for retarding fo i ls . 

DBETA1: Error In slowed velocity. 
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FWHM: Full width at half maximum 1n keV of an unshlfted peak at 500 

keV (Default value 1s 1.5 keV). 

STIME: Stopping time or slowing down time. ( I f STIME - 0.0, 1t wi l l 

be calculated by the program.) 

Zero values may be omitted 1f no non-zero values follow. 

TRANSITION, (LNI, LNF), EGAM, AJI, AJF, IFIT, ALF 

TRANSITION: Data type. 

(LNI): Level ID of In i t i a l level. 

(LNF): Level ID of final level. 

EGAM: Transition energy 1n keV. 

AJI: Spin of In i t ia l level. 

AJF: Spin of f inal level. 

IFIT • 0 Do not Include this transition. 

• 1 Include only unshlfted data. 

• 2 Include only shifted data. 

• 3 Include both shifted and unshlfted data. 

AFL: Internal conversion coefficient ( I f zero, 1t wi l l be calculated 

Internally 1f Internal table exists; see page 42.) 

Level ID's must be enclosed 1n parentheses. 

I f this y ray 1s a multlplet ( I . e . more than one transition with 

energies too close together to be resolved), then this line must be 

followed Immediately by one or more MULTIPLET lines for the second, 

th i rd , etc. member of the multlplet. 
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MULTIPLET, (LNI, LNF), AJI, AJF 

MULTIPLET: Data type. 

The others are the same as for the TRANSITION l ine. Level 10's must 

be enclosed 1n parentheses. The total number of data curves cannot 

exceed NC, and the number of transitions, counting each member of any 

multlplet separately, cannot exceed NT (see Sec. V I I . C). 

The TRANSITION (or MULTIPLET) line must be followed Immediately 

by a set of INTENSITY lines, one for each f l ight distance, In the same 

order as 1n the DISTANCE l ine. 

INTENSITY, PS, DPS, PU, DPU 

INTENCTTY: Data type. 

PS: 1fted peak Intensity. 

DPS: Error in shifted peak Intensity. 

PU: Unshlfted peak Intensity. 

DPU: Error 1n unshlfted peak intensity. 

There wil l normally be NDIST lines, where NDIST 1s the number of 

f l ight distances. However, lines with al l zeros may be omitted 1f no 

lines with non-zero entries follow. I f DPS • 0, then the shifted data 

point is omitted from the f i t . I f DPU - 0, then the unshlfted data 

point Is omitted. 

END 

The last l ine 1n the Data File must be END. 
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B. PARAMETER FILE 

The f i rs t line 1n the Parameter File 1s a TITLE, up to 70 charac-

ters, which wil l be reproduced on the output. Each line after the 

f i rs t begins with a parameter type Identif ier (which must begin 1n 

column 1) that Identifies the parameter Information on the l ine. All 

lines are 1n free format. Allowable delimiters are blank, comma, semi-

colon, >, <, and >. Zero values may be omitted 1f no non-zero values 

follow. Level ID's must be enclosed 1n parentheses. Each parameter 

type Identi f ier may be abbreviated by the f i rs t le t te r . There must be 

one line for each parameter, as follows: 

TYPE, IDENT, PARA, STEP, ALO, AHI 

TYPE - TRANS - transition rate. 

POP - In i t i a l population. 

QUAD - band quadrupole moment. 

DZERO - distance zero offset. 

NORM - data set normalization factor. 

END - end of parameter f i l e , must be last. 

IDENT - (LNI, LNF), In i t i a l and final level ID's of transition rate. 

(LNI), level ID of in i t i a l population. 

(LBND), level ID of level being fed by band. 

L, experiment number for zero distance or normalization. 

PARA - starting value for the parameter. Default value 1s zero for 

a l l parameter types except NORM, for which I t Is one. 
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STEP • In i t i a l step size for minimization search. I f STEP - 0, the 

parameter will be permanently fixed. 

ALO • lower bound on parameter. 

AHI • upper bound on parameter. 

I f both ALO - 0 and AHI - 0, the parameter 1s unbounded. The last 

line must have TYPE • END. The maximum number of parameters 1s NP, 

and of variable parameters 1s NV (see Sec. V I I . C). 

C. VELOCITY DATA FILE 

The format for the Velocity Data File 1s the same as for the Data 

File (see Sec. I I . A). A description of each line follows. 

EXPERIMENT, L, AA, AM, AB 

EXPERIMENT: Data type. 

L: Experiment or data set number. 

AA, AM, AB: Coefficients 1n the energy calibration 

E • AA + AM*C + AB*C**2, where C 1s the channel number 

and E 1s the energy In keV. 

Experiment numbers must agree with those 1n the Data Fi le. All data 

following this line and before the next experiment line are assigned 

to experiment L. Calibration coefficient default values are AA * 0.0, 

AM - 1.0, AB - 0.0. 



14 

TRANSITION, (LNI, LNF) 

TRANSITION: Data type. 

(LNI): Level ID of In i t i a l level. 

(LNF): Level ID of final level 

Level ID's must be enclosed In parentheses. 

CENTROID, CS, DCS, CU, DCU, CL, DCL 

CENTROID: Data type. 

CS: Centrold channel number of fully shifted peak. 

DCS: Error in ful ly shifted centrold. 

CU: Centrold channel number of unshlfted peak. 

DCU: Error 1n unshlfted centrold. 

CL: Centrold channel number of less shifted peak. 

DCL: Error 1n less shifted centrold. 

The TRANSITION line must be followed Immediately by a set of 

CENTROID lines, one for each f l ight distance, In the same order as 1n 

the DISTANCE line for experiment L which appears 1n the Data Fi le . 

There wil l normally be NDIST lines, where NDIST 1s the number o* 

f l ight distances. However, lines with al l zeros may be omitted I f no 

lines with non-zero entries follow. Any centrold entered as zero (or 

negative) 1s omitted from the calculation. Any error entered as zero 

(or negative) 1s set by default to 0.05. 

END 

The last l ine in the Velocity Data File must be END. 
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I I I . HOW TO RUN THE PROGRAM 

For deflnlteness, this section refers to the version on the Perkln-

Elmer computer. The other versions are essentially similar. 

A. TO RUN THE PROGRAM IN INTERACTIVE MODE FROM THE TERMINAL: 

Set up the Input f i les with a single f i le name and different 

extensions: 

Parameter f i l e : FILENAME.XXX 

Data f i l e : FILENAME.YYY 

Velocity f i l e : FILENAME.ZZZ 

(For example: YB160.P01, YB160.DU1, YB160.V01) 

At the terminal, type LIFE FILENAME,XXX,YYY,ZZZ. I f no velocity calcu-

lations are Intended, the last extension, ZZZ, may be omitted. 

After reading the Input and performing the I n i t i a l calculations, 

the program wil l ask: WHAT NEXT? At this point, one may enter from 

the terminal one of 24 possible commands, which are described 1n Sec. 

I I I . C. Following some of the commands, numerical arguments may be 

specified (on the same l ine, separated by blanks or commas). Zero 

arguments may be omitted i f no non-zero values follow. Some commands 

wi l l ask for additional information which should be entered as re-

quested. As each stage in the program 1s completed, the message WHAT 

NEXT? wi l l appear on the terminal. At that time the user may enter 

the next desired command. 
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B. TO RUN THE PROGRAM IN BATCH MODE: 

Set up two additional f i les: FILENAME.JOB and FILENAME.CMD. The 

JOB f i l e , FILENAME.JOB, has three lines: 

S User 1d, acct no, password 

LIFE FILENAME,XXX,YYY,[ZZZ],FILENAME.CMD,NULL: 

SIGNOF 

The CMD f i l e , FILENAME.CMD, contains the commands to be executed, one 

per l ine. At the terminal, type SUBMIT FILENAME.JOB. The resulting 

output wil l be saved 1n FILENAME.PRT. 
« 

C. THE COMMANDS: 

ALTER 

This gives the user the opportunity to change the corrections 

being made, the data curves and branching ratios being included 1n the 

f i t , and the highest and lowest levels Included 1n the calculations. 

In Interactive mode, the Instructions for making these changes wi l l 

appear on the terminal. In batch mode, four lines must follow the 

command ALTER 1n the CMD f i l e (or three lines 1f there are no branch-

ing rat ios). On the f i rs t l ine, specify the new values for ICOR, 

IPOS, IVEL, IALN, ISHP, and IVOL. On the second l ine , enter the data 

curve number and value of IFIT for each data curve to be changed (e.g. 

1 ,1 ,2 ,1 ,3 ,1 1f data curves 1, 2, and 3 are to have only unshlfted data 

f i t t e d ) . Data curves are numbered 1n the order In which they appear 

1n the data f i l e . Enter 0,0 1f there are no changes. On the third 

l ine , enter the branching ratio number and the number 1 (Include 1n 
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f i t ) or 0 (do not Include) fo r each branching r a t i o t o be changed. 

Enter 0,0 1f there are no changes. Omit t h i s l i n e 1f there are no 

branching r a t i o s , on the four th l i n e , enter the new LIO's fo r LMIN, 

LMAX in parentheses. 

CALL 
t 

The value of x2 (FCN) 1s calcu lated and displayed on the te rm ina l . 

C'v RECT 

The correct ions to the data are calculated using the current 

parameters. This command may be used to pe r i od i ca l l y update these 

cor rect ions when using opt ion ICOR • 1. 

END 

The program 1s terminated wi th a f u l l p r i n tou t of the f i n a l 

r e s u l t s . I f IPLT > 0 , p r i n t e r p lo ts are produced a lso . 

ERROR, a rg l 

The value of a rg l becomes the value of the var iab le UP, a con-

f idence i n te rva l used ty the subroutines SIMPLEX, MIGRAD, and MINOS. 

For example, as FCN 1s a ch1-squared func t ion , 1f the user desires a 

68% confidence I n t e r v a l , then UP • 1, which 1s the de fau l t value. 

EXIT 

The program 1s terminated wi th no f i n a l p r i n tou t or p l o t s . 
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FIX 

Parameters are removed from the var iab le 11st , and t h e i r values 

f i x e d at the values they have at the time the command 1s executed. No 

•nnre than NF parameters may be f i xed at one time (see Sec. V I I . C). 

. I n te rac t i ve mode, the ins t ruc t ions fo r spec i fy ing the parameters to 

be f i xed w i l l appear on the te rmina l . In batch mode, on the l i n e 1n 

the CMD f i l e fo l low ing the command FIX, speci fy the parameter numbers 

o f parameters to be f i x e d , separated by blanks or commas. A range of 

numbers may be designated wi th a dash (e .g . 1,3,5-8 means tha t param-

eters 1, 3, 5, 6, 7, and 8 w i l l be f i x e d ) . Parameters are numbered 1n 

the order 1n which they appear 1n the parameter f i l e . 

HESSE 

The covariance matr ix 1s ca lcu la ted. I f a covariance matr ix 

already e x i s t s , 1t 1s replaced by the new one. 

MATOUT 

MATOUT p r i n t s the covariance mat r i x , and calcu lates and p r i n t s 

the ind iv idua l co r re l a t i on c o e f f i c i e n t s , which are the normalized o f f -

diagonal elements of the covariance mat r i x . 

MIGRAD a r g l , arg2, arg3 

The program performs a minimizat ion using the MIGRAD technique, 

which Is described 1n Section VI . B. The command may have three argu-

ments, which contro l the convergence. 
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a r g l : NFCNMX - Maximum number of ca l l s to FCN. The minimizat ion 

w i l l be stopped a f t e r t h i s number of ca l l s even 1f convergence has not 

been a t ta ined . I f NFCNMX-0, there 1s no maximum. 

argZ: EPSI - Tolerance on the minimum FCN value. The program 

has the a b i l i t y to p r e d i c t , from the covariance matr ix and the f i r s t 

de r i va t i ves of FCN, how fa r 1t 1s v e r t i c a l l y from the t rue minimum. 

When t h i s predicted distance SIGMA becomes smaller than EPSI fo r two 

consecutive I t e r a t i o n s , t h i s convergence c r i t e r i o n 1s s a t i s f i e d . The 

de fau l t value - 0.1 UP (see ERROR). 

arg3: VTEST - Tolerance on the s t a b i l i t y of the e r ro r mat r ix . The 

program calculates the average f r ac t i ona l change 1n the diagonal e l e -

ments of the covariance matr ix from one i t e r a t i o n t o the next . When 

t h i s quant i ty 1s smaller than VTEST for two consecutive I t e r a t i o n s , 

t h i s convergence c r i t e r i o n 1s s a t i s f i e d . The defau l t value 1s 0.04. 

Convergence 1s at ta ined when both the EPSI and VTEST c r i t e r i a are 

s a t i s f i e d simultaneously, or when SIGMA (defined above) becomes less 

than 1 0 - 5 E P S I . 

MINOS, a r g l , arg2, arg3 

A MINOS error analysis 1s performed on spec i f ied parameters. The 

arguments are the same as fo r the command MIGRAD: NFCNMX, EPSI, and 

VTEST. (However, here VTEST has a defau l t value o f 0 .20 . ) In i n t e r -

ac t i ve mode, the program w i l l ask you t o speci fy the parameter numbers 

of the parameters fo r which a MINOS analys is 1s des i red. In batch mode, 

t h i s must be done on the l i n e 1n the CMD f i l e fo l l ow ing the MINOS 



20 

command. A range of parameter numbers may be designated w i th a dasli 

(e .g . 1-3 means parameters 1, 2, and 3 w i l l be analyzed). Parameters 

are numbered 1n the order 1n which they appear 1n the parameter f i l e . 

MINPLOT, a r g l , arg2, arg3, arg4, arg5 

The MINOS subroutine ca lcu lates and produces a p r i n t e r p lo t of 

FCN as a func t ion of a selected parameter at ten equal ly spaced values 

of the parameter on each side of I t s best value. At each step, FCN 1s 

renrfnlmlzed by varying a l l the other parameters. 

a r g l : parameter number of parameter to be p l o t t ed . 

arg2: range of p lo t on each side of best value ( I f zero, MINOS 

w i l l determine range.) 

arg3: NFCNMX 

arg4: EPSI 

arg5: VTEST 

These l as t three have the same defau l t values as fo r the MINOS command. 

OUTPUT, a r g l 

I f a r g l = 1, the values of the parameters are pr in ted 1n f u l l 

whenever SEEK, SIMPLEX, or MIGRAD 1s executed. Also, a t ab le of popu-

la t i ons of levels as a func t ion of time 1s included 1n the f i n a l ou t -

pu t . I f a rg l * 0, these are not p r i n ted . (The de fau l t value 1s 0 . ) 

PAGE 

The p r in tou t begins a new page at the point t h i s command 1s 

executed. 
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PLOT, arg l 

A p r i n t e r p lo t Is p r in ted Immediately without terminat ing the 

program. I f a rg l • 1, the p lo t 1s adjusted fo r 6 l ines per Inch; 1f 

a rg l * 2, fo r 10 l ines per Inch. I f no argument 1s given, the de fau l t 

value 1s IPLT from the Input data f i l e . (The l i n e p r i n t e r of the 

Perkln-Elmer computer must be set manually fo r 6 or 10 l ines per Inch 

before executing t h i s command). 

PRINT 

The f i n a l output Is p r in ted Immediately without terminat ing the 

program. I t 1s useful 1f one wants an Intermediate output to de te r -

mine what t o do next . 

RELEASE 

Fixed parameters are made var iable again. In I n te rac t i ve mode 

Ins t ruc t ions fo r spec i fy ing the parameters to be released w i l l appear 

on the te rmina l . RELEASE can operate only on parameters which were 

o r i g i n a l l y var iab le and were f i xed by a previous FIX command. I f a 

covariance matr ix ex is ts at the time of the execution of a RELEASE 

command, only the diagonal element fo r the restored parameter 1s e s t i -

mated. In batch mode, on the l i ne In the CMD f i l e fo l l ow ing the com-

mand RELEASE, speci fy the parameter numbers of the parameters to be 

released, separated by blanks or commas. A range of numbers may be 

designated wi th a dash (e .g . 1, 3 , 5-8 means tha t parameters 1, 3 , 5, 

6, 7, and 8 w i l l be re leased). 
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RESTORE, a rg l 

This command 1s s i m i l a r to RELEASE, except tha t e i t he r a l l pre-

v ious ly f i xed parameters are returned t o var iab le s ta tus , or only the 

l as t parameter f i xed becomes var iab le . 

a rg l • 0: A l l prev iously f i xed parameters are released. 

arg2 • 1: The l as t parameter f i xed 1s released. 

SAVE 

SAVE causes the current values of the parameters to be stored 1n 

a f i l e 1R a format such that the f i l e can be used as the Input Param-

eter F i l e when the program 1s run again. In I n te rac t i ve mode, a f t e r 

the command SAVE 1s entered, the program asks fo r the name of the f i l e 

1n which to store the parameters. I f t h i s f i l e already e x i s t s , the 

program asks 1f the user wishes to overwr i te 1 t . The user 1s given 

the opportuni ty to provide a new t i t l e t o replace the t i t l e on l i n e 1 

of the f i l e . In batch mode, the l i n e 1n the CMD f i l e fo l low ing the 

command SAVE must have the name of the f i l e 1n which the parameters 

are to be saved, and the next l i n e must contain the t i t l e . I f the 

f i l e already e x i s t s , 1t w i l l be overwr i t ten au tomat ica l l y . 

SEEK, a rg l 

SEEK causes a Monte Carlo search f o r the minimum of FCN. The 

argument 1s the number of FCN ca l l s to be made dur ing the search. The 

de fau l t value 1s 10 NPAR, where NPAR 1s the number of var iab le param-

e te rs . For each FCN c a l l from SEEK, a l l var iab le parameters are cho-

sen randomly according t o uniform d i s t r i b u t i o n s centered at the best 
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parameter values wi th widths equal to the previous step s izes . At the 

end of SEEK, the parameters are those corresponding to the lowest 

value of FCN. 

SEND PROGRESS 

SEND PROGRESS can be executed at any t ime. I t i n t e r rup t s th* pro-

gram, and, 1f one of the f i t t i n g rout ines (SIMPLEX, MIGRAD, OR SEEK) 

1s 1n progress, 1t wr i tes on the terminal the time of day, FCN value, 

number of c a l l s to FCN, and the current value and percent change of 

each parameter. Control 1s then returned to the program Ins t ruc t i on 

fo l l ow ing the las t one executed before the I n t e r r u p t . I t 1s useful 

f o r checking on the progress of a f i t which may otherwise go on fo r 

hours before convergence or maximum c a l l s to FCN 1s reached. (SENO 

PROGRESS may be abbreviated SEND P). 

SEND STOP 

SEND STOP may be executed at any time a f i t (SIMPLEX, MIGRAD, 
* 

or SEEK) or MINOS 1s 1n progress. I t causes the f i t t i n g rout ine to 

terminate smoothly at the end of the current I t e r a t i o n . The program 

then asks "WHAT NEXT?" and accepts a new command from the te rmina l . 

Since the f i t t i n g rout ine d id not converge, the parameters are prob-

ably not at optimum values, but w i l l have values corresponding to the 

smallest value of FCN obtained so f a r . 
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SIMPLEX a r g l , arg2 

The program performs a minimizat ion using the SIMPLEX technique, 

which 1s described 1n Section VI, B. The command may have two argu-

ments, which cont ro l convergence. 

a r g l : NFCNMX - Maximum number of c a l l s to FCN. The minimizat ion 

w i l l be stopped a f t e r t h i s number of c a l l s , even 1f convergence 1s not 

a t ta ined . I f NFCNMX - 0, there 1s no maximum. 

arg2: EPSI - Tolerance on the range of FCN values. Default 

value - 0.1 UP (see ERROR). 

Convergence 1s a t ta ined when the funct ion values at the NPAR + 1 

simplex points d i f f e r by less than EPSI. 

VELCOMP 

The program computes the reco i l ve loc i t y (and the slowed ve loc i t y 

1f appropr iate) from the s h i f t e d and unshl f ted (and less sh i f t ed ) 

photopeak centro lds In the Veloc i ty Data F i l e (see Section I I . C). 

The current values of BETA (and BETA1) are replaced by the newly 

ca lcu la ted values. 



IV. HOW TO USE THE PROGRAM 

The f i r s t step 1s to construct an energy leve l diagram which 

shows a l l the t r a n s i t i o n s for which you wish to Include r e c o i l -

d istance data. To t h i s , add add i t iona l pseudo-levels to model the 

feeding pat tern to each real l e v e l . Give each level an ID, which may 

consist of up to four l e t t e r s , numbers, or symbols (except b lank, 

comma, semi-colon, parentheses, <, >, - ) . Figure 1 shows a sample 

leve l scheme. Levels L I - L4 are real l e v e l s , and t r a n s i t i o n s from 

these leve ls are those fo r which reco i l -d i s tance data e x i s t s . Feeding 

t o level L2 1s modeled by pa ra l l e l t r a n s i t i o n s from feeder leve ls F2 

and F2 ' . Feeding to level L3 1s modeled by the two-step cascade from 

leve ls F3 and F3 ' . Feeding t o level L4 1s modeled by a ro ta t i ona l 

band wi th a constant quadrupole moment. 

The next step 1s to decide which of the l e v e l s ' I n i t i a l popula-

t i ons w i l l be f i xed at zero and to assign s t a r t i n g values to the I n i -

t i a l populations of the remaining l eve l s . In the sample case of F1g. 1 

we might decide t o f i x the I n i t i a l populat ions of leve ls LI - L4 and 

B1 - B3 at zero and to assign 5 un i ts to level F2, F2 ' , F3, and F3 ' , 

and 20 un i ts to level B4. We must also assign I n i t i a l values t o the 

t r a n s i t i o n rates fo r each of the t r a n s i t i o n s , and these should a l l be 

d i f f e r e n t . We might assign O.Olps '1 to the t r a n s i t i o n L2 + L I , 0.10 ps 

t o L3 • L2, 0.18 p s " 1 t o L3 • L I , 0.20 ps" 1 t o L4 + L3, 0.25 ps " 1 t o 

F2 • L2, 0.35 ps" 1 t o F2' L2, 0.50 ps" 1 t o F3 •»• L3, and 1.0 ps " 1 t o 

F3' • F3. We may choose a s t a r t i n g value of 2e*b fo r the quadrupole 

moment of the ro ta t i ona l band. 
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ORNL-DWG 8 5 - 7 2 2 4 

B4 

Fig . 1. Level Scheme for the sample case 
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5.0 1.0 0.0 100.0 
5.0 1.0 0.0 100.0 
5.0 1.0 0.0 100.0 
5.0 1.0 0.0 100.0 

20.0 1.0 0.0 100.0 
0.01 0.005 0.0 500.0 
0.10 0.05 0.0 500.0 
0.18 0.05 0.0 500.0 
0.20 0.05 0.0 500.0 
0.25 0.05 0.0 500.0 
0.35 0.05 0.0 500.0 
0.50 0.10 0.0 500.0 
1.00 0.20 0.0 500.0 
2.0 0.2 
0.0 0.1 -1 .0 1.0 
1.0 0.1 

These s ta r t i ng values are entered In the Parameter F i l e (see 

Sec. I I . B) which would look l i k e t h i s : 

CASE 1: INITIAL ESTIMATES 
POP (F2) 
POP (F2®) 
POP (F3) 
POP (F3') 
POP (B4) 
TRANS (L2.L1) 
TRANS L3,L2) 
TRANS (L3.L1) 
TRANS (L4,L3) 
TRANS (F2.L2) 
TRANS (F21,L2) 
TRANS (F3.L3) 
TRANS F3',F3) 
QUAD (L4) 
DZERO 1 
NORM 2 
END 

For each parameter, the f i r s t l e t t e r 1n the key word I d e n t i f i e s 

the parameter. For I n i t i a l populations (POP), the next symbols are 

the level ID, and the numbers are the value of the parameter, the step 

s ize wi th which tha t parameter 1s varied I n i t i a l l y , the lower l i m i t , 

and the upper 11m1t. The parameter 1s required to remain between 

these l i m i t s . For the t r a n s i t i o n rates (TRANS), the ent r ies give the 

I n i t i a l and f i n a l level ID 's , the value, the step size and the lower 

and upper l i m i t s . For the ro ta t iona l band quadrupole moment (QUAD), 

the symbols I den t i f y the level ID of the level being fed, fol lowed by 

the value of the quadrupole moment and the step s ize . I f * as 1n t h i s 

case, both the lower and upper l i m i t s are zero or blank, then the 

parameter has, by d e f a u l t , no l i m i t s . I f the step size i s zero, or 

1f the step size and both l i m i t s are blank, then the parameter 1s f i xed 

at the s ta r t i ng value throughout the m1n1m1m1zat1on. The parameter 
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DZERO 1s a distance o f f s e t 1n tin subtracted from each f l i g h t d istance 

to correct fo r the p o s s i b i l i t y tha t the measured zero distance 1s not 

the t rue zero. The parameter NORM 1s the normal izat ion fac to r f o r 

data set 2 t o make 1t compatible wi th data set 1, which has a nor-

mal iza t ion fac to r of 1.0 by de fau l t . 

One should then construct the Data F i l e (see Sec. I I . A) . For 

our example (F1g. 1) , assuming two experiments, 1t might look l i k e t h i s : 

NUCLEUS 70, 160.0 
LEVEL L l , L2, L3, L4, F2, F2 ' , F3, F3 ' , B l , B2, B3, B4 
BAND (L4) , ( B l ) , 6 .0 , 4 , 500, 600, 700, 800 
BRANCH (L3) , ( L l ) , 0 .6 , 0 .1 , (L2) , 0 .4 , 0 .1 

EXPERIMENT 1 
DETECTOR 5 .0 , 2 .0 , 1 .2, 0.2 
DISTANCE 10.0, 20.0, 50.0, 100.0 
VELOCITY 0.02, 0.002, 82, 208.0 
TRANSITION (L2.L1) , 300.0, 1 .0 , 0 .0 , 3 
MULTIPLET (L4.L3) , 4 .0 , 2.0 
INTENSITY 0.09, 1.00, 33.98, 1.00 
INTENSITY 0.27, 1.00, 33.44, 1.00 
INTENSITY 1.81, 1.00, 30.81, 1.00 
INTENSITY 7.11, 1.00, 24.46, 1.00 
TRANSITION (L3,L2) , 400.0, 2 .0 , 1 .0 , 3 
INTENSITY 0.09, 1.00, 6.48, 1.00 
INTENSITY 0.40, 1.00, 6.21, 1.00 
INTENSITY 1.80, 1.00, 5.12, 1.00 
INTENSITY 3.69, 1.00, 3.63, 1.00 
TRANSITION (L3,L1) , 700.0, 2 .0 , 0 .0 , 3 
INTENSITY 0.23, 1.00, 16.34, 1.00 
INTENSITY 1.00, 1.00, 15.34, 1.00 
INTENSITY 4.35, 1.00, 11.91, 1.00 
INTENSITY 8.55, 1.00, 7.73, 1.00 

EXPERIMENT 2 
DISTANCE 15.0, 30.0, 60.0 
VELOCITY 0.06, 0.006, 79, 197.0, 0 . 0 , 4 .5 , 0.04, 0.004 
TRANSITION (L3,L2) , 400.0, 2 .0 , 1 .0 , 3 
INTENSITY 0.02, 1.00, 8.03, 1.00 
INTENSITY 0.10, 1.00, 7.93, 1.00 
INTENSITY 0.43, 1.00, 7.55, 1.00 
END 
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In t h i s f11e» the f i r s t l i n e I d e n t i f i e s the reco i l nucleus as 

160Yb. Line 2 gives a label f o r each l e v e l . Line 3 Indicates that 

there Is a ro ta t iona l band feeding level L4, tha t the f i r s t leve l of 

the band 1s B l , whose spin 1s 6, and that there are 4 leve ls 1n the 

band wi th t r a n s i t i o n energies 500, 600, 700, and 800 keV. Line 4 

gives the branching ra t i os from level L3 to leve l L l (0.6 ± 0.1) and 

t o leve l L2 (0.4 ± 0 . 1 ) . The OPTIONS and ALIGNMENT l i nes are omitted 

because the defau l t values are desired. Blank l i nes are Ignored. 

Line 5 designates the data fo l low ing as experiment or data set 1. 

Line 6 gives the ta rge t -de tec to r distance ami detector dimensions 1n 

cm. Line 7 gives the f l i g h t distances 1n gm. Line 8 gives the reco i l 

v e l o c i t y (v /c ) and e r r o r , i d e n t i f i e s the stopper mater ia l as 20 f lPb, 

and spec i f ies that the reco i l s are stopped completely. Line 9 gives 

the I n i t i a l and f i n a l leve l ID ' s , t r a n s i t i o n energy, and I n i t i a l and 

f i n a l spins fo r the f i r s t t r a n s i t i o n , and spec i f ies tha t both the 

s h i f t e d and unshl f ted data be Included 1n the f i t . Line 10 Indicates 

tha t t h i s t r a n s i t i o n 1s a doublet , and gives I n i t i a l and f i n a l leve l 

ID's and spins fo r the second t r a n s i t i o n of the doublet . Lines 11-14 

give sh i f t ed and unshl f ted In tens i t i es and er rors f o r each of the four 

f l i g h t distances. Lines 15-24 give the same Informat ion fo r the 

second and t h i r d t r a n s i t i o n s . 

Lines 25-31 give s i m i l a r Information fo r the second experiment. 

Line 27 Indicates tha t the r e c d l ve loc i t y 1s 0.06 ± 0.006, the slow-

ing f o i l mater ial i s 1 9 7Au, the slowing f o i l has a thickness of 4.5 
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mg/cm2, and the slowed ve loc i ty 1s 0.04 ± 0.004. The DETECTOR l i ne 1s 

omitted here because the target -detector distance and detector dimen-

sions 1n t h i s example are assumed to be the same as 1n experiment 1. 

I f one wishes to use the sh i f ted and unshl f ted centro ld data to 

compute the recoi l ve loc i t y wi th sol id-angle cor rec t ions , a Veloci ty 

Data F i l e (see Sec. I I . C) may be constructed. For our example, 1t 

might look l i k e t h i s : 

EXPERIMENT 1, 0 , 0.5 , 0 
TRANSITION (L3.L2) 
CENTROID 816, 0 .1 , 800, 0. 1 
CENTROID 816, 0 .1 , 800, 0. 1 
CENTROID 916, 0 .1 , 800, 0. 1 
CENTROID 816, 0 .1 , 800, 0. 1 
TRANSITION (L3.L1) 
CENTROID 1428, 0.2 , 1400, 0.2 
CENTROID 1428, 0.2 , 1400, 0.2 
CENTROID 1428, 0.2 , 1400, 0.2 
CENTROID 1428, 0.2 , 1400, 0.2 

EXPERIMENT 2, 0 , 0.5 , 0 
TRANSITION (L3.L2) 
CENTROID 848, 0 .1 , 800, 0. ,1, 832, 0. 1 
CENTROID 848, 0 .1 , 800, 0. 1, 832, 0. 1 
CENTROID 848, 0 .1 , 800, 0. ,1, 832, 0. 1 

END 

The f i n a l step 1s to run the program. Suppose the Parameter F i l e 

1s cal led CASE1.P01, the Data F i l e CASE1.001, and the Veloci ty Oata 

F i l e CASE1.VOl. At the te rmina l , enter 

LIFE CASE1,P01,D01,V01 

and wait fo r the terminal to respond, 

WHAT NEXT? 
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Then enter a ser ies of commands, one at a t ime, each time WHAT NEXT? 

appears. A t yp i ca l ser ies of commands might be: 

SEEK 

CORRECT 

SIMPLEX 

VELCOMP 

CORRECT 

MIGRAD 

CORRECT 

SAVE 

END 

This series of commands t e l l s the program to perform a SEEK (Monte 

Carlo) min imizat ion, ca lcu la te the correct ions to the data, perform a 

SIMPLEX min imizat ion, ca lcu la te the corrected v e l o c i t y , correct the 

data again, perform a MIGRAD min imizat ion, correct the data again, 

save the f i n a l values of the parameters, and end wi th a f u l l p r i n t o u t . 

(The command SAVE must be fol lowed by answers to questions asked by 

the terminal a f t e r command Is entered, s p e c i f i c a l l y , the name of the 

f i l e 1n which t o save the parameters and whether a new t i t l e 1s 

des i red . ) 

We have used the program LIFETIME to analyze several sets of 

reco i l -d i s tance data at ORNL (See Ref. 3 ) , and suggest the fo l l ow ing 

procedure. F i r s t , d i v ide the leve ls In to reasonable groups, e .g . each 

Iso la ted band and the region where the bands come toge ther . Use two-
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step cascade feeding In to each leve l fo r which the observed i n t e n s i t y 

1n 1s less than the observed In tens i t y out . Estimate i n i t i a l popula-

t ions from the I n t ens i t y balance, d i v i d i ng 1t between the two levels 

1n the feeder cascade. Estimate t r a n s i t i o n rates from other nearby 

nuclei when ava i l ab le . Set lower l i m i t s on i n i t i a l populations and 

t r a n s i t i o n rates to zero, and upper l i m i t s at a phys ica l ly r e a l i s t i c 

p o i n t . Use ICOR » 1 and c a l l CORRECT a f t e r each f i t . Taking one 

group at a t ime, c a l l SEEK and SIMPLEX wi th a l l parameters va r iab le . 

Then, s t a r t i n g wi th the highest level 1n the group and working down, 

c a l l SIMPLEX and MIGRAD f i r s t varying only the parameters associated 

wi th t h i s l e v e l , then varying the parameters associated wi th t h i s 

leve l and a l l above i t . The l as t step ca l l s SIMPLEX and MIGRAD wi th 

a l l parameters va r i ab le , and, without c a l l i n g CORRECT, c a l l MINOS to 

get uncer ta in t ies 1n the l i f e t imes which Include cor re la t ions wi th the 

other parameters. • 

I t 1s of ten the case that data fo r lower leve ls have smaller un-

c e r t a i n t i e s than those fo r higher leve ls and, when a l l parameters are 

va r i ab l e , the e f f e c t of the lower leve ls may s h i f t the t r a n s i t i o n rates 

of the higher l e v e l s . This may be noticed during the f i t t i n g as one 

comes down the cascade 1n step two. A suggested procedure 1n t h i s case 

1s to s t a r t at the top and f i t three levels at a t ime, adopting the l i f e -

t ime of the middle level as the best value. (E .g . , vary parameters asso-

c ia ted w i th leve ls 10, 9, and 8 to get l i f e t i m e of level 9 , vary param-

eters of leve ls 9 , 8 , and 7 wi th 10 f i xed to get l i f e t i m e of level 8 , e t c . ) 
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V. ORGANIZATION OF THE PROGRAM 

The program Is 1n two f i l e s , LIFETIME.FTN and MINUIT.FTN. 

LIFETIME.FTN contains the main program and the physics ca lcu la t i ons . 

MINUIT.FTN contains the minimizat ion and e r ro r -ana lys i s subrout ines. 

The main program LIFETIME reads the data f i l e and parameter f i l e 

by c a l l i n g INDATA and INPAR, performs necessary I n i t i a l i z a t i o n s , per -

forms correct ions on the data 1f ICOR * 1, p r i n t s out i n i t i a l I n f o r -

mation, and t rans fe rs cont ro l to COMMAND1. COMMAND1, along wi th 

C0MMAND2, decodes and executes each command entered from the t e rm ina l . 

The value of x
2 1s ca lcu lated by ASSIGN and FCN each time 1t 1s 

needed. Corrections to the data are performed by CORRECT every t ime 

FCN 1s ca l led 1f ICOR » 2, or else I n i t i a l l y and fo l low ing the commands 

CORRECT and ALTER 1f ICOR = 1. Values of sh i f t ed and unshl f ted In ten -

s i t i e s are ca lcu lated by MASTER, 1n which the time-Independent coef-

f i c i e n t s are ca lcu lated by COEFF, and the time-dependent I n t e n s i t i e s 

by DECAY. A f low chart Is shown 1n F1g. 2. 
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HESSE 
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HESSE HESSE 

SYMINV 

HESSE 

SYMINV 
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EXTOIN 
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RAZZIA 
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INTOEX 

MIGRAD HESU 
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INTOEX 
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INTOEX 

FCN 

OUTPAR 

HESSE 

MIQFLAD 

INTOEX 

EKTOIN 

FCN 

FIXPAR 

REST0R 

SIMPIX 

OEXDIN 

OOTR 

ALTER 

FCN 
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MASTER 

SEEK ' » | RANDOM | 

FCN |> FCN |> 

EXTOIN J EXTOIN J 

OUTPAR J' OUTPAR J' 
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RANOE 

SOLCOR 

- — « • { CORRECT } - — -

~ [ 
DSET 

F i g . 2. Flow char t f o r the program LIFETIME. 



Although MINUIT has been adapted to some extent to make 1t more 

I n t e r a c t i v e , 1t 1s bas i ca l l y as described 1n Ref. 2, to which the 

reader 1s referred fo r more d e t a i l . We Include here some of the 

desc r ip t ion of MINUIT from t h i s reference. 

MINUIT incorporates three minimizat ion rou t ines : (1) SEEK - a 

Monte Carlo searching subrout ine; (2) SIMPLEX - a minimizing sub-

rout ine using the simplex method of Nelder and Mead,1* which 1s "safe" 

and reasonably fas t when fa r from minimum and which does not compute 

the covariance mat r i x , g iv ing Instead order-of-magnitude estimates of 

i t s diagonal elements (parameter e r r o r s ) ; (3) MIGRAD - a minimizing 

subrout ine based on a var iab le -met r ic method by F l e t c h e r , 5 which i s 

extremely fast near a minimum or 1n any "nearly quadrat ic" region but 

slower i f the func t ion 1s badly behaved. 

The value of any var iab le parameter can be forced to stay w i t h i n 

spec i f i ed l i m i t s . This i s done by creat ing two parameter se ts , ca l led 

i n te rna l and ex te rna l . These are re lated by 

U » A + (s in X + 1) (B-A) /2 , 

where X 1s an in te rna l parameter, U is the corresponding external 

parameter, and A and B are the lower and upper bounds on U, respec-

t i v e l y . I t 1s seen tha t although X may vary from - « t o +«, U w i l l 

remain bounded by A and B. The minimization rout ines see only the 

In te rna l parameters, whi le the external values are used to compute 

FCN, which y ie lds x2* I f a" external parameter 1s unbounded, then 

U = X. Since X i s unbounded, 1t 1s possible tha t I t s value may exceed 
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(16) l \ for which s in X cannot be calculated and 1s set to zero. This 

has the e f f ec t of f i x i n g U at (A+B)/2. I f a message on the terminal 

Ind icates that t h i s has occurred, the user should use SEND STOP to 

terminate the rout ine (SIMPLEX or MIGRAD). This automat ical ly puts 

a l l In te rna l parameters back between - ir /2 and n/2. The user may then 

c a l l the rout ine again. 

An I n i t i a l l y var iab le parameter may be f i xed , 1n which case i t 1s 

removed from the In ternal parameter 11st but remains 1n the external 

11st and Is Included 1n the ca l cu la t i on of FCN. 

Parameter errors are determined from the diagonal elements of the 

covariance mat r i x . This 1s the Inverse of the matr ix whose elements 

are second der iva t ives of FCN with respect to the parameters. This 

covariance matr ix 1s updated by MIGRAD as a by-product of the minimi-

zat ion process. An exact confidence In te rva l fo r any parameter may be 

ca lcu la ted by MINOS. This is the In te rva l over which the funct ion FCN 

takes on values less than FMIN + UP, where FMIN 1s the minimum of FCN 

and UP i s a pos i t i ve constant . The defau l t value of UP 1s 1.0, which, 

f o r a ch1-square func t i on , determines a confidence level of 68%. 

The covariance matr ix V ( I , J ) may be approximate w i th varying 

degrees of accuracy dur ing the ca l cu la t i ons . A covariance matr ix 

code, LVCODE, 1s used to Ind icate the degree of accuracy as fo l l ows : 

LVCODE = 0 : The covariance matr ix does not e x i s t . 
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LVCODE • 1: Only the diagonal elements arp est imated. This 1s 

done by SIMPLEX 1f a bet ter matr ix does not e x i s t , 

and by HESSE when I t s f u l l ca l cu la t i on f a l l s . 

LVCODE • 2: The ca lcu la t ion by HESSE ( Inve r t i ng the second-

de r i va t i ve matr ix) was successful , or MIGRAD has 

completed at least one successful I t e r a t i o n . 

LVCODE • 3: MIGRAD has converged. 

One should use the parabol ic er rors on the parameters wi th caut ion 

unless (a) MIGRAD has converged a f t e r a number of successful I t e ra t i ons 

or (b) HESSE has successful ly ca lcu lated the f u l l covariance mat r i x . 
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VI . SUBROUTINES AND FUNCTIONS 

A. LIFETIME.FTN 

Program LIFETIME 

This 1s the main program. In the Perk1n-E1mer vers ion, I t sets 

up the In te r rup t rout ine t o handle SEND STOP and SEND PROGRESS by 

c a l l i n g INIT and ENABLE. I t then reads the Data and Parameter F i les 

w i th INDATA and INPAR. Necessary I n i t i a l i z a t i o n s are performed by 

these subroutines and by ANGDIS, ASSIGN, RANGE, DSET, COEFF, and 

CORRECT. I n i t i a l output 1s provided by OUTI, OUTC, and OUTPAR. 

Control 1s then t rans fe r red t o COMMAND1 which, along wi th C0MMAND2, 

Implements each of the ava i lab le commands. 

Subroutine ALTER 

This subroutine al lows the user to make changes 1n (1) the cor-

rec t ion opt ions, (2) the data curves being used 1n the f i t , (3) the 

branching ra t i os being used 1n the f i t , and (4) the range of leve ls 

used 1n the ca lcu la t ions wi thout terminat ing the program and making 

the changes 1n the Input f i l e s . 

For each of these, the current status 1s displayed on the term-

i n a l , and the user Is Ins t ruc ted how to make the changes. Then, I f 

the changes require 1 t , the data curves are reset to uncorrected 

values, the reference s o l i d angles are reca lcu la ted, the correct ions 

are reca lcu la ted, and the value of minimum FCN 1s reca lcu la ted. This 

subroutine 1s ca l led by C0MMAND2 fo l low ing the command ALTER. ALTER2 

Is the entry point f o r the command CORRECT. 
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Subroutine ANGDIS . 

This subroutine calculates the angular d i s t r i b u t i o n coe f f i c i en t s 

A2 and Ai, for a nucleus assumed to be completely al igned In a s ta te 

wi th JQ • 50, and which then deexcltes by stretched-E2 t r ans i t i ons to 

s ta te J « AJI and makes an observed t r a n s i t i o n from J • AJI to 0 • AJF. 

In the formalism of Yamazakl,6 fo r a stretched-E2 t r a n s i t i o n , 

Ak(Jl.Of) - P k (J l ) F k ( J i , J f , 2 , 2 ) 

where the s t a t i s t i c a l tensor p^ 1s obtained from that of the pre-

ceding s tate by 

»k<Jn-2> " P k < J „ M - 1 > 2 J n ( < i ! J n + 1 > < 2 V 3 > ' V 2 W<J- J n V 2 V 2 ' k 2>-

For complete al ignment, 

(2J 0 +1) V 2 ( -1 ) J o (JQ 0 JQ 0 | k 0) (JQ I n teg ra l ) 

Pk(«Jo) 
( 2 J 0 + 1 ) ^ ( - 1 ) J o - V 2 ( j o 1/2 Jq -1/2 | k 0) (JQ h a l f - I n t e g r a l ) 

In the above, 

F ^ . J ^ . L , , ) - ( - l ) J f " J 1 - l ( ( 2 L l + l ) ( 2 L 2 + l ) ( 2 J 1 + l ) ) 1 ^ 

X (LJ 1 L 2 -1 | K 0) W(J1 d i LJ L 2 ; k 0 F ) 

Here, (a b c d | e f ) Is a Clebsch-Gordan c o e f f i c i e n t , and W 1s a 

Racah c o e f f i c i e n t . For J 0 » 50, one obtains A2 • 0.368 and A,, » - 0 . U 2 , 

Independent of the spin of the f i n a l s ta te . ( I n the 11m1t as J 0 • »» 

A2
 m 0*357 and A^ * -0 .101.) I f the spin change, AJI - AJF, 1s less 
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than 2, ANGOIS assumes that the multlpolarlty 1s pure El , multiplies 

A2 by F2(Adl ,AJF, l , l ) /F2(AJI ,AJI-2,2,2) , and sets A^ equal to zero. 

ANGDIS also includes the solid-angle correction factors 1n A2 and A M 

which are calculated by the function SOLCOR. 

ANGDIS calculates reference values for the solid-angle correc-

tions and the alignment-attenuation corrections. The reference solid 

angle 1s chosen to be that of a nucleus at rest at the position of the 

target. The reference angular distribution 1s chosen to be that of a 

stretched-E2 transition from a nucleus with A2 • 0.368 and Ai, - -0.112: 

W0 • 1 + 0.368P2(1) - 0.112P„(1) - 1.256. 

This subroutine 1s called once by LIFETIME. 

Subroutine ASSIGN 

This subroutine assigns to the physical parameters (POP, FAM, 

DZERO, ANORM, QUAD) the values of the external parameters (U) In 

MINUIT. This 1s simply a convenient piece of bookkeeping. The 

assignment 1s as follows: 

MP1 > 0, MP2 - 0, POP(MPl) - U 

MP1 > MP2 > 0, FAM(MP1,MP2) - U 

MP1 * 0, MP2 > 0, DZER0(MP2) - U 

MP1 - -1 , MP2 > 0, AN0RM(MP2) - U 

MP1 > 0, MP2 - - 1 , QUAD(MPl) - U. 

In this last case, QUAD 1s used to evaluate the transition probabili-

t ies of the transitions 1n the rotational band, where, with EY 1n keV, 

Q0 1n e*b, and xnm 1n PS"1, 
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Xnm - 1.2253x10"15 E® Q0
2 (Jn 2 0 0 | Jm 0 ) 2 

- 1.8379x10-15 E 5 Q | J N ( J N - l)/(2J„ + 1){2J„ - 1). 

This subroutine 1s cal led Immediately a f t e r the parameters are 

read 1n by INPAR, and by FCN each time 1t 1s executed. 

Subroutine C0NV(E,L,Z) 

This subroutine calculates Internal conversion c o e f f i c i e n t s by 

In te rpo la t i ng or ext rapola t ing from values given Roesel ,et a ! . 7 

The tab le of values Includes E l , Ml, E2, M2, E3, and E4 conver-

sion coe f f i c i en t s for E > 2.2 keV and fo r Z • 58, 60, 62, 66, 70, 77, 

79, and 90. Other values of Z may be added as desired. This sub-

rout ine 1s ca l led by 0UTR to calculate B(E2) values. 

Subroutine CORRECT 

This subroutine calculates correct ions to the data fo r changes 1n 

so l i d angle due to the changing pos i t ion of the reco i l nucleus along 

the f l i g h t path, fo r the relat1v1st1c ve loc i ty t ransformation of the 

so l i d angle, fo r changes 1n the angular d i s t r i b u t i o n due to attenua-

t i o n of alignment i n f l i g h t , and correct ions fo r the gamma-ray In ten-

s i t y between the sh i f ted and unshl f ted peaks emitted by reco i l s slow-

ing down 1n the stopper. (See discussion 1n Refs. 8 and 9 . ) 

The s o l i d angle subtended by the detector when the recoi l 1s at 

some point along the f l i g h t path 1s given by 

An • / sine d+ de d r , 

where the in tegra t ion 1s performed over the volume of the detec tor . 
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I f the reco i l 1s moving w i th ve loc i t y v , then the angle 0 must be 

transformed from a moving t o a rest frame of reference by the t rans -

format ion 

cose - (cose' + + £ cose ' ) . 

The ve loc i t y t ransformat ion and the In tegra l over the detector volume 

are ca lcu la ted by the func t ion SOLCOR. 

The so l i d angle f o r the s h i f t e d component must be averaged along 

the f l i g h t path, 

where t x - d/v 1s the f l i g h t t ime, X 1s the decay rate and p ( t ) 1s the 

populat ion at time t ca lcu la ted by subroutine MASTER. 

The angular d i s t r i b u t i o n of rad ia t ion from al igned nuclei can be 

w r i t t e n 

W(t) - 1 + A2 ( t )P 2 (cose) + Ak(t)Pi»(cose), 

where A2 and Ai» are the angular d i s t r i b u t i o n c o e f f i c i e n t s and P2 and 

Pi, are Legendre polynomials. 

I t 1s assumed tha t the at tenuat ion can be described by an expo-

nent ia l model, f o l l ow ing the frequent ly-used treatment by Abragam and 

Pound,10 

A2 • A2 0 e _ t ^ T 2 

and 
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where A2o and A ^ are the c o e f f i c i e n t s assuming complete alignment at 

s ta te J - 50 and no a t tenuat ion . These are ca lcu la ted by subroutine 

ANGDIS. 

The In tens i t y fo r the sh i f t ed component must be averaged along 

the f l i g h t path, 

<WS> « W ( t ) x p ( t ) d t / < J t l x p ( t ) d t . 

These three In teg ra ls are performed by Simpson's Rule over the 

f l i g h t time using NPTS in teg ra t i on po in ts . The de fau l t value of 11 

usual ly gives s u f f i c i e n t accuracy, but t h i s may be changed at the 

user 's opt ion . I f a data curve 1s a m u l t l p l e t , the correct ions are 

averaged over the t r a n s i t i o n s 1n the m u l t l p l e t . 

For the unshl f ted component, the s o l i d angle 1s simply ca lcu la ted 

a t the pos i t ion of the stopper f o r a reco i l at r e s t , and the alignment 

a t tenuat ion 1s assumed to stop when the reco i l enters the l a t t i c e of 

the stopper, so tha t 

<flu> = fl(t!) 

and 

<WU> = W ( t O . 

Again, the correct ions are averaged over the t r a n s i t i o n s 1n a m u l t l p l e t . 

I f the experiment Involves slowing the reco i l ra ther than stop-

ping 1t completely, then the so l i d angle and In tens i t y of the less 

s h i f t e d component must be averaged along the f l i g h t path a f t e r passing 

through the slowing f o i l , 
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<n > - n( t )xp( t )dt /^ t 2 Ap(t)dt 

and 

<Wi> • I * 2 W(t )Xp( t )dt / / t 2 Ap(t)dt, 
M 

where t ! - d/v and t 2 Is a time sufficiently long that all activity 

wil l essentially have ceased, but not so long that every point 1n the 

numerical Integration after the f i rs t would be zero. The value chosen 

for t 2 1s seven times the largest of either the lifetime of the tran-

sition I tse l f or the lifetime of any transition feeding 1t. 

Finally, each of the data points 1s multiplied by the factor 

fl0W0/ <n)(> <Wk>, where k represents s for shifted data, u for 

unshlfted data and 1 for less-shifted data, and where Is the 

reference solid angle subtended by the detector for a nucleus at rest 

at the position of the target, and WQ » 1.256 1s the reference angular 

distribution. Both n and VL are calculated by ANGDIS. o o 

A correction 1s made to include the gamma-ray Intensity emitted 

while the recoils are slowing down 1n the stopper. This Intensity 

would l i e between the shifted and unshlfted peaks, or between the 

shifted and less shifted peaks, as shown 1n F1g. 3. The peak-f1tt1ng 

program takes a background above the region I rather than the true 

background under I . Since the f l ight distance, and therefore the 

f l ight time t l f 1s measured to the front surface of the stopper, 

counts 1n I must be added to U. This 1s done by calculating the 

stopping time t s with the function STOPTIME, and then multiplying the 
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ORNL-DWG 8 5 - 7 2 2 2 

UNSHIFTED REGION 

Fig. 3. Schematic spectrum showing typ ica l sh i f ted and unshl f ted 
photopeaks, and the region between them due to y rays emitted whi le 
the reco i l nucleus 1s slowing down. This Intermediate in tens i t y Is 
included in the unshl f ted i n t ens i t y . 
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unsh l f ted I n t e n s i t y data by the r a t i o U f t x J / l K t j + t s ) , where U( t ) 1s 

the ca lcu la ted unsh l f ted I n t e n s i t y fo r a f l i g h t t ime t . 

Subroutine FCN(F) 

This subrout ine ca lcu la tes the ch1-square f unc t i on : 

X2 = (U™ P ( t k ) - u " 1 ( t k ) ) 2 / ( A U l j ( t k ) ) 2 

+ ( s i J P « * ) - s f j V o M A S u ( t k ) ) « , 

where U^j and S-fj are the unsh l f ted and s h i f t e d I n t e n s i t i e s between 

leve l 1 and leve l j , AÛ J and aS-jj are the corresponding uncer ta in -

t i e s , and t k » dk/v 1s the f l i g h t t ime. 

I f a y ray 1s known t o be m u l t i p l e , then the ca lcu la ted 

i n t e n s i t i e s fo r a l l members of the m u l t l p l e t are summed before 

computing x2« 

I f b ranch ing- ra t io data are inc luded, the f o l l o w i n g terms are 

added t o x 2 ; 

f j t ' 7 • ' u ^ ' O u ) 2 -
where 

cal 
B 1 j a x 1 j ^ } , x 1 j ' ) 

and 1s the f i t t e d t r a n s i t i o n rate from leve l 1 t o leve l j . 

This subrout ine c a l l s CORRECT 1f ICOR » 2. 

Function FCT(N) 

This func t ion ca lcu la tes the value of 

FCT - (N - l J I / l o N - 1 . 

I t 1s ca l l ed by THREEJ and RACAH. 
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Function FMU(E) 

This funct ion calculates the l i near absorption c o e f f i c i e n t 1n pur1 

of a y ray of energy E (1n keV) 1n germanium. I t performs an In terpo-

l a t i o n between ent r ies 1n a tab le using a cubic polynomial ( A i t k i n ' s 

method). These absorption coe f f i c i en t s are used by funct ion SOLCOR. 

Subroutlne GRAPH(XHI,IP,NP,LSET,TIME,IPLT,IUNIT) 

This subroutine produces a l i n e p r i n t e r p lo t showing sh i f t ed and 

unsh l f ted I n tens i t y data and f i t t e d decay curves. I t 1s ca l led by 

PLOT. 

Subroutine HOLDIT(MESSAGE) (Perkln-Elmer version on ly . ) 

This 1s the subroutine to which control i s t rans fe r red by ENABLE 

when the asynchronous t rap command SEND "message" 1s executed. I f 

"message" i s STOP, the f i t t i n g procedure 1s terminated at the end of 

the current I t e r a t i o n . Otherwise, OUTPAR 1s ca l led to d isp lay FCN, 

NFCN, and parameter values and changes on the te rm ina l . Control 1s 

then t rans fe r red t o the Ins t ruc t i on fo l low ing the one being executed 

when the In te r rup t occurred. 

Subroutine INDATA 

This subroutine reads the Data F i l e . I t i n i t i a l i z e s cer ta in 

arrays and var iab les , checks tha t data arrays do not exceed dimen-

s ions, and converts a l l data un i ts to un fo r length , ps f o r t ime, and 

keV f o r energy. I t c a l l s the funct ion SLOWVEL to ca lcu la te the slowed 

ve loc i t y from the ta rge t thickness 1f the experiment Involves a 

slowing f o i l and t h i s ve loc i t y 1s not suppl ied. I t c a l l s the funct ion 
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STOPTIME to ca lcu la te the stopping O P slowlng-down time of reco i l s 1n 

the f o i l . This quant i ty 1s needed to make the Uneshape co r rec t i on . 

INDATA 1s ca l led by LIFETIME. 

Function KINDA(CHAR.KODE) 

This funct ion I d e n t i f i e s a character type as a numeric, connec-

t o r , d e l i m i t e r , carr iage re tu rn , or o ther . I f K0DE»1, a dash ( - ) 1s 

I d e n t i f i e d as a minus sign. I f KODE-2, a dash 1s I d e n t i f i e d as a 

connector between a range of numbers ( e . g . , 1-10). The de l im i te rs 

recognized are: b lank, comma, semi-colon, ( , ) , <, >, ». I t 1s 

ca l led by UNPACK. 

Subroutine MASTER 

This subroutine uses the Bateman equations t o ca lcu la te the popu-

l a t i o n of each level at a given time 1n terms of the i n i t i a l popula-

t ions of the leve ls and the t r a n s i t i o n ra tes . I t also ca lcu la tes the 

t o t a l number of decays before and a f t e r the given t ime. These are the 

sh i f t ed and unshl f ted I n t e n s i t i e s . The ca l cu la t i on proceeds as 

fo l l ows . 

Assume a set of N leve ls w i th I n i t i a l populations P i ( 0 ) , and 

assume tha t t r ans i t i ons only occur from higher-Index to lower-Index 

l eve l s , so that t r a n s i t i o n rates A-fj > 0 I f 1 > j and x-jj • 0 I f 1 < j . 

Let be the t o t a l t r a n s i t i o n rate out of level 1, I . e . , 
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An addi t iona l assumption required to s imp l i f y the so lut ion of the d i f -

f e r e n t i a l equations 1s that r j * r j 1f 1 * j . The d i f f e r e n t i a l 

equations describing the decay process can be w r i t t e n : 

H N 

- £ P l ( t ) • I P j ( t ) X J 1 - P i ( t ) r i . 
d t j -1+1 

This system of master equations has the so lu t ion 

N 

P i ( t ) - | +J1J p j t t ) + b1 e x p [ - r i t ] , 

where, fo r 1 < j , \ ) l / ( r i - r j ) ( j - 1 + 1) 
a 1 j 

J-1 

( \ j 1 - I \ j k a i k ) / ( r i - r j ) ( j > 1 + 1 ) . 
k»1+l 

Also, 

N 
bi • h ( 0 ) - I a i j P j ( 0 ) . 

j - 1+1 

I f we define 

* bi 
w i ( t i ) « / P i ( t ) d t » I a i j w j ( t i ) + ( l - e x p [ - r i t i ] ) , 

o r1 

then the t o t a l sh i f ted In tens i t y at t • t j fo r the t r a n s i t i o n 1 -»• j 1s 

given by 

s i j ( t i ) - M j W i ( t l ) ( j < 1) . 

S i m i l a r l y , I f 

N b, 
v i ( t i ) = J P i ( t ) d t = I a i j v j ( t i ) + - i e x p [ - r i t i ] , 

t l j = i + l r 1 
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then the t o t a l unshl f ted i n t e n s i t y at t • t i 1s given by 

" 1 j ( t i ) • *1J v ^ t i ) ( j < 1 ) . 

The t o t a l I n tens i t y I-| of a l l t r ans i t i ons from level 1 i s given by 

Pn(0) (1 - N) 
N 

P1(0) + I X j i l j / P j ( 1 < N ) , 
j - 1 + 1 

or by 

MASTER is w r i t t en 1n two Independent par ts . Entry COEFF calcu-

la tes the coe f f i c i en t s a^j and bf and the t o t a l I n tens i t y I f . These 

are a l l Independent of t ime. Entry DECAY calculates P - | ( t i ) , S j j ( t i ) , 

and U i j ( t i ) . So COEFF 1s ca l led once, then DECAY Is ca l led fo r each 

f l i g h t time in t u r n . 

To save t ime, the ca lcu la t ions are made only fo r leve ls in the 

range'LMIN - LMAX. Also, 1f the level populat ion P i ( t i ) 1s a l l tha t 

1s needed, the ca lcu la t ion of S - j j ( t j ) and U j j ( t i ) Is omitted by 

se t t i ng the log ica l var iab le JPOP => .TRUE.; otherwise JPOP - .FALSE, 

causes the sh i f t ed and unshl f ted I n tens i t i es to be ca lcu la ted . 

Function NAME(IPAR) 

This funct ion composes a character name f o r each parameter using 

the leve l I d e n t i f i c a t i o n names f o r the leve ls that the parameter rep-

resents. 
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Subroutine OUTC(IUNIT) 

This subroutine produces on the terminal or line printer output 

which gives Information on those f i t t ing conditions which can be 

changed by ALTER during the run. These comprise (1) the corrections 

being applied, (2) the decay curves being f i t ted , (3) the branching 

ratios being f i t ted , and (4) the range of levels. I t 1s called by 

LIFETIME to record In i t i a l conditions, and by the subroutine ALTER 

each time the command ALTER Is executed. 

Subroutine OUTI 

This subroutine produces on the line printer output which gives 

Information on those Input data which remain unchanged as the program 

runs. These consist of the charge and mass of the recoil , stopper 

thickness and density, recoil velocity, target-detector distance, 

detector dimensions, and alignment relaxation times. I t 1s called 

once by LIFETIME. 

Subroutine OUTR(NFP,IUNIT) 

This subroutine produces on the line printer output which gives 

the final results of the f i t . These Include the best ch1-square, the 

l ifetimes, transition rates, B(E2)'s, transition quadrupole moments, 

quadrupole moments of rotational bands, zero distances, level popula-

tions as a function of time, branching ratios, and original and cor-

rected data curves. I t 1s called by COMMAND1 following the PRINT or 

END commands. 
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The errors 1n the parameters are derived from the diagonal ele-

ments of the covariance matrix. The errors 1n lifetimes are derived 

from errors 1n the transition rates. In addition, the relative error 

in the recoil velocity 1s added In quadrature to the relative error In 

the transition rates and lifetimes since, to f i rs t order, an error 1n 

the velocity would produce an error 1n a l l of the f l ight times 1n a 

linear way. I f there Is more than one experiment, only the recoil 

velocity error which 1s smallest 1s Included. 

Function PLE6(U,K) 

This function calculates the value of the Legendre Polynomial 

Pk(u). I t uses the recursion relation 

(k+l)Pk + i (u) - (2k+l)uPk(u) - kPk_i(u). 

I t 1s called by SOLCOR. 

Subroutlne PL0T(IPLT,IUNIT) 

This subroutine produces line printer plots of the shifted and un-

shlfted intensity data and f i t ted curves for a l l data being Included 

in the f i t . I t calls subroutine GRAPH to produce each plot. I t 1s 

called by COMMAND1 following the PLOT or END commands. 

Function RACAH(A,B,C,D,E,F) 

This function calculates the value of the Racah coefficient 

W(ABCD;EF). I t 1s called by ANGDIS. 

Subroutine RANGE 

This subroutine examines levels above the level with LID LMAX to 

see 1f any of them have significant transition rates Into levels 1n 

the range LMIN to LMAX. I f any are found, 1t raises LMAX to include 
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them. I t repeats the procedure u n t i l no add i t iona l feeders are found. 

I t thus establ ishes that the range LMIN t o LMAX contains a l l s i g n i f i -

cant feeders to the leve ls of I n t e r e s t . I t 1s ca l led I n i t i a l l y by 

LIFETIME and by subroutine ALTER each time the command ALTER 1s executed. 

Subroutine SAVER 

This subroutine stores the current values of the parameters 1n a 

f i l e spec i f ied by the user and 1n a format such that t h i s f i l e can 

l a t e r be read as an Input Parameter F i l e . A new t i t l e may be w r i t t e n 

1f desired. 

Function SLOWVEL(L) 

This func t ion calcu lates the ve loc i t y v x of reco i l nuclei having 

an I n i t i a l ve loc i t y vQ which pass through a f o i l of thickness Xf. I t 

solves numer ica l ly , using Simpson's Rule, the In tegra l equation 

fo r Ex where E0 * mvo/2, m 1s the reco i l mass, and S(E) 1s the stop-

ping power of the reco i l 1n the f o i l obtained from the funct ion STOPO. 

Then 

vL » ( Z E ^ m ) ! / 2 . 

This func t ion 1s ca l led by INDATA 1f V! 1s needed and not suppl ied as 

Inpu t . 
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Function SOLCOR(L, D,AMU,BETA,K,IVOL) 

This funct ion calculates the In tegra l 

Jk(EY) • / Pk(cose)( l - exp[-p(EY)X(e)])s1nede 

over the volume of a coaxial Ge(L1) detector using the method de-

scr ibed by K.S. Krane.1 1 In t h i s expression, fl Is the angle a y ray 

makes wi th the detector ax i s , Pk 1s a Legendre polynomial, u(EY) Is 

the Y - r a y absorption c o e f f i c i e n t fo r y fays of energy EY In Ge, and 

X(e) 1s the path length through the detector at angle e. 

Since (1 - exp[ -u(EY)X(e) ] ) 1s proport ional to the Y - r a y In ten-

s i t y absorbed along a path of length X(e) , then the In tegra l fo r k » 0 

1s proport ional to the absolute detc tor e f f i c i ency (or the e f f e c t i v e 

s o l i d angle fo r complete absorpt ion) . For k • 1, i t gives the average 

value of cose, which 1s needed by VELCOMP to ca lcu la te the reco i l 

v e l o c i t y . J 2 (E Y ) /J 0 (E Y ) and E Y ) /J 0 (E Y ) are the so l i d angle correc-

t i o n factors for the angular d i s t r i b u t i o n coe f f i c i en t s A2 and A^. 

For coaxial Ge(L1) detectors , the In tegra l 1s broken In to three 

pa r t s , as shown 1n Fig. 4. The l i m i t s of the regions of In tegra t ion 

are: 

ex » arctan(R-j/(D+L)) 

&2 » arctan(R-f/D) 

e3 - arctan(R0/(D+L)) 

e^ » arctan(R0/D) 



Fig. 4. Schematic cross sect ion of a Ge(L1) detector showing the 
regions used for In tegra t ing over the detector volume. The ac t ive 
region 1s the annular cy l i nde r between Rf and R0. 
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I f the dimensions are such that e3 > e 2 , then the path length 1s 

(D+L)sece - Rjcsce (e 1 < e < e2) 

X(e) - - Lsece (e 2 < 0 < e3) 

R0csce - Dsece (e3 < e < 

Otherwise, 1f e2 > e 3 , one has 

X(e) - (R0-Ri)csce (e 3 < 0 < e2) 

w i th the roles of e2 and ©3 1n the outer regions of In teg ra t ion being 

Interchanged. 

For 0X < 0 < o2 , the Integrand of Jk(Ey) m u l t i p l i e d by the 

add i t iona l fac to r exp [ -p (E y )X ' (©) ] to take In to account the a t ten-

uat ion of the y ray In the nonactlve core of the de tec to r . Here, 

X ' (e ) • R-jcsce - Dsece. 

I f 03 < e 2 , t h i s fac to r 1s also Introduced for the region 03 < 0 < 0 2 . 

Since the reco i l nucleus 1s moving wi th a r e l a t i v i s t i c v e l o c i t y , 

the angles must be transformed to the moving frame of reference, so In 

t h i s case the In tegra l has the form 

3 0'(0n+l) 
Jk(EY) » I / P k ( c o s * ) ( l - exp [ -y (Ey)X(0($) ) ] )s in$d$, 

n -1 0 ' ( 0 „ ) 

where the aberrant angle 9 ' (o ) 1s given by 

COS0' • (COS0 - 6)/(l - 6COS9) 

and conversely o(<fr) by 

coso « (cos<> + 0)/(1 + 0COS(̂ ). 

Thus, the l i m i t s of In tegra t ion are transformed to the moving frame, 

1n which the in teg ra t ion 1s performed, but the var iab le of In teg ra t ion 
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<f> must be transformed In to the lab frame to ca lcu la te the path length 

through the detec tor . 

The In tegra l 1s evaluated numerical ly 1n each region using Simpson's 

r u l e , 1n which even terms are doubled and the f i r s t and las t terms are 

halved. To avoid unnecessary d i v i s i o n s , these are i d e n t i f i e d by the 

funct ion BTEST(M,31) which returns .TRUE. 1f M 1s odd and .FALSE. 1f M 

i s even. The number of terms 1n the In tegra t ion i s NPTG. The de fau l t 

value of 11 usual ly gives s u f f i c i e n t accuracy, but t h i s may be changed 

at the user 's op t ion . 

As a t ime-saving device, SOLCOR can be Ins t ruc ted to ca lcu la te 

the funct ion Ok wi th the assumption tha t the detector 1s black; tha t 

1s, tha t a l l y rays are absorbed at the f ron t surface. In t h i s case, 

the In tegra l can be evaluated a n a l y t i c a l l y : 

Jk * (Pk-l(cos01 (®it)) - Pk+iUose'fe^)) 

+ Pk+ l (cose ' (e 2 ) ) - P k ^ c o s e ' t e ^ V U k + 1) . 

This opt ion is chosen i f IVOL = 0 , otherwise the f u l l volume In tegra l 

1s computed. 

The var iables 1n t h i s subroutine are 

D = ta rge t -de tec to r distance 1n un 

XL = detector length 1n um 

RI - radius of the Inact ive core In gm 

RO = outer radius 1n um 

AMU = U ( E y ) 1n m r 1 . 

This subroutine is ca l led by ANGDIS, CORRECT, and VELCOMP. 
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Subroutine SP00LR(SUB,I) 

This subroutine ca l l s OUTR or PLOT and sends the resu l ts to the 

l i n e p r i n t e r Immediately wi thout the program te rmina t ing . I t 1s 

ca l led by subroutine COMMAND1 fo l low ing execution of the PRINT or PLOT 

commands. 

Functlon ST0P0(ZP,AP,ZT.AT,RH0,EKEV) 

This rout ine calculates the stopping powers of 1ons In a l l so l i d 

elements, using the parameters and formalism of J .F . Z l e g l e r . 1 2 » 1 3 

The f i r s t step 1s to ca lcu la te the e lec t ron ic stopping power 

S(Ep) of protons1 2 wi th the same ve loc i t y as that of the 1on of 

I n te res t 1n the stopping ma te r ia l . The quant i ty Ep 1s given by 

Ep B mp E j /m j , 

where Ej 1s the Ion energy, mj and mp are the masses of the Ion and 

the proton, respec t i ve ly , and Ep 1s the energy of the proton wi th the 

same ve loc i t y as the Ion. Then, I f Ep < 10 keV, 

S(Ep) » AxEp1/2; 

1f 10 keV < Ep < 1000 keV, 

S(Ep) * SLSH/(SL + SH) , 

where 

SL - A2Epo.-5 

SH » (A3/Ep) l n [ l + (A^/Ep) + A s E p ] ; 

and 11 1000 keV < Ep, 
4 < 

S(Ep) - ( A 6 / B 2 ) ( l n [ A 7 B 2 / ( l - e2)3 - tJ2 - I A ^ O n E p ) 1 ) . 
1»0 
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The q u a n t i t i e s A1 t o A1 2 are c o e f f i c i e n t s which depend on the spe-

c i f i e d element of the stopping m a t e r i a l , 1 2 and 

B2 a V2/ C2 „ i _ 1/(1 + Ep/938837)2. 

These equations give S(Ep) 1n un i t s of eV/ (10 1 5 atoms/cm2). 

The next step 1s to ca l cu la te the e f f e c t i v e charge Zeff of the 

p r o j e c t i l e . For pro tons, ZEFF = 1 . For He 1ons, Zeff = 2Y(1 - e x p [ - F ] ) , 

where 

F = 0.7446 + 0.1429( ln E) + 0.01562(ln E ) 2 

- 0.00267(ln E)3 + 1 .325x10"6 { ln E) 8 

and 

Y * 1 + (0.007 + 0.00005 Z s )exp [ - (7 .6 - In E ) 2 ] , 

Zs being the charge of the stopping m a t e r i a l , Md E the la rge r of Ep 

and 15 keV. For L1 1ons, Z e f f - 3 y ( l - exp [ -G ] ) , where 

G = 0.7138 + 0.002797 E + 1.348x10"6 E 2 , 

Y being the same as f o r He, and E the la rger of Ep and 150 keV. For 

heavy 1ons, 1 3 Z e f f = Z r ( l - exp [ -A ] ) ( 1.034 - 0.1777 expC-O.OSlHZ! ] ) , 

where 

A = B + 0.0378 Sln(irB/2) 

B = 0.1772 E V Z Z j - 2 / 3 . 

Here, E 1s the la rge r of Ep and the lesser of 9Zj + 19 and 200 keV, 

and Z j 1s the 1on charge. 

The t h i r d step 1s t o ca l cu la te the nuclear stopping power , 1 3 

Sn(E) = 4.231ZIZsmI l n ( l + e)/(0(e + 0.10718e°« 375J,l»)), 

where 
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e - 32.53 nrigEj/CZjZgD) 

D « (nij + m s ) ( Z f / 3 + Z | / 3 ) 

Here, Ej 1s the 1on energy 1n keV, Zj and Zs are the 1on and stopper 

changes and m̂  and m^ are the 1on and stopper masses 1n u. The t o t a l 

s topping power 1s then 

S T ( E ) - Z | F F S(Ep) + S n ( E ) 

1n un i t s of eV/ (10 1 5 atoms/cm2). This can be converted to keV/un by 

m u l t i p l y i n g by 60.22094 p/ms, where p 1s the densi ty of the stopper 1n 

g/cm2 and ms 1s the mass of the stopper 1n u. 

Function STOPTIME(L) 

This func t ion ca lcu la tes the stopping or slowlng-down time t g o f 

the reco i l nucleus 1n the f o i l by eva luat ing numer i ca l l y , using 

Simpson's Rule, the I n teg ra l 

t = f V l mdv 
t s I sum ' 

o 
where m 1s the r e c o i l mass, E(v) • mv2/2, S(E) 1s the stopping power 

of the r eco i l 1n the f o i l obtained from the func t i on STOPO, vQ 1s the 

i n i t i a l v e l o c i t y of the r e c o i l , and Vj 1s the r e c o i l ' s f i n a l v e l o c i t y , 

o r , i f the reco i l 1s completely stopped, v1 1s set equal t 0 a small 

value determined by the width of the unsh l f ted photopeak. The above 

I n t e g r a l 1s der ived as f o l l o w s : 
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and since dx - vdt and dE • d(mv2/2) • mvdv, one has 

dt - fndv 

S(mv2/2) • 

This funct ion 1s ca l led by INDATA 1f t s - STIME 1s not supplied as input. 

Function THREEJ(Al,B1,A2,B2,A3,B3) 

This funct ion calculates the value of the 3 - j symbol 

A2 A3 

®2 ®3 i 
Clebsch-Gordon coe f f i c ien ts are related by the expression 

(A i Bi A2 B 2 | A3 -B3) = ( - l ) ^ i - A 2 - B 3 ) ( 2 A 3 • l ) 1 ' 2 ( A l 

\ B i B2 

This funct ion is cal led by ANGDIS. 

Function TRANGL(A,B,C) 

This funct ion returns zero 1f the arguments do not sa t i s fy a 

t r i a n g l e Inequa l i t y , i . e . , 1f any argument exceeds the sum of the 

other two, or i f the sum of the arguments 1s not I n teg ra l . Otherwise, 

i t returns the value of (A+B-C)!(B+C-A)1(C+A-B)1 
(A+B+C+l)i ' 

I t Is ca l led by RACAH. 

Subroutine UNPACK(LINE,ARGS,IARGS,NARGS,KODE) 

This subroutine reads a character s t r i ng and decodes 1t In to a 

ser ies of signed f l o a t i n g point numbers 1f K0DE*1, or pos i t i ve i n t e -

gers 1f K0DE=2, disregarding any nonnumeric characters at the be-

g inning. I t ca l l s funct ion KINDA to i den t i f y the type of each 
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character . I f KODE-1, 1t decodes a dash ( - ) as a minus s ign. I f 

KODE-2, 1t decodes a dash as a connector between a range of numbers. 

For example, 1-5 would be decoded 1 ,2 ,3 ,4 ,5 . I t returns the values of 

these arguments and the number of arguments. Characters enclosed 1n 

parentheses are decoded as level ID 's , and an In terna l ly -generated 

leve l number 1s returned fo r each of these. UNPACK 1s ca l led by 

INDATA, INPAR, C0MMAND2, FIXX, and RELEASE. 

Subroutine VELCOMP 

This subroutine calcu lates the reco i l ve loc i t y from the s h i f t e d 

and unshl f ted photopeak cent ro lds . I t makes a cor rec t ion fo r the fac t 

tha t AE/E rea l l y represents the ve loc i ty averaged over the t ime-

dependent so l i d angle subtended by the detec tor . 

I f one makes the assumption of c y l i n d r i c a l symmetry about the beam 

a x i s , then the average separation AE between the sh i f t ed and unsh l f ted 

(or less sh i f t ed ) peaks can be w r i t t en 1n terms of the reco i l ve l oc i t y 

v as 

t . e ' ( t ) 
/ / cose P e (e , t )P d (e , t ) s1ne do dt 

AE v o o 
~E * c" — t g1 ( t ) » 

/ 1 / P e (0 , t )Pd(e , t )s1ne de dt 
o o 

where E Is the t r a n s i t i o n energy and c 1s the ve loc i t y of l i g h t . The 

quant i ty P e ( 0 , t ) 1s the p r o b a b i l i t y of emission of a y ray at angle 9 

at t ime t . I t 1s assumed tha t the range of e 1s small enough tha t 

the angular d i s t r i b u t i o n can be disregarded, and so P e ( 6 , t ) = x p ( t ) , 

where x Is the t r a n s i t i o n rate and p ( t ) i s the populat ion at t ime t . 
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The quan t i t y Pd(9 , t ) 1s the p r o b a b i l i t y t ha t a y ray emit ted at angle 

e at t ime t w i l l be absorbed by the de tec to r . The i n t e g r a t i o n l i m i t 

e ' ( t ) 1s the l i m i t 1n the moving frame, obtained by the t ransformat ion 

cose' • (cose - T - ) / (1 - ~ cose). 
V V 

Then, 

t . 9 ' ( t ) 
/ xp ( t )C / Pd (e , t ) s l ne de)dt 

V AE 0 0 - AE 
_ = _ r r n f ~ i • 

/ x p ( t ) ( / cose Pd(9, t )s1ne de)dt 
o o 

The In teg ra l s over e are ca lcu la ted by func t i on SOLCOR, and those over 

t are ca lcu la ted by VELCOMP using Simpson's Rule I n t e g r a t i o n w i th NPTS 

In teg ra t i on po in t s . 

F i r s t , subrout ine VELCOMP reads in the peak centro lds and ca lcu-

l a tes energies using a quadrat ic c a l i b r a t i o n curve. 

Next, the unsh l f ted energies uk f o r d i f f e r e n t f l i g h t t imes fo r a 

given t r a n s i t i o n are averaged using a weighted average based on the 

e r ro rs Auk 1n the energ ies: 

<u> = I ( u k / ( A u k ) 2 ) / I ( l / ( A u k ) 2 ) . 
k k 

The e r ro r in t h i s average 1s taken to be the l a rge r of (1) the e r ro r 

computed from the Ind i v i dua l e r ro rs and (2) the standard dev ia t ion o f 

the unsh l f ted energies themselves. The standard dev ia t ion i s given by 

02 = (<u2> - <u>2)/ (nu - 1 ) , 
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where 

<u2> - I (u j f / (AUk)2) /y ( l / (AU|c)2) 
k * k 

and nu 1s the number of terms 1n the sum. Thus, 

AU - M a x [ a u , l / l ( l / ( A U K ) 2 ) ] . 
k 

Then the corrected ve loc i ty vk 1s calculated fo r each sh i f t ed 

energy sk fo r a given t r a n s i t i o n , 

vk/c - fk(sk - <u>)/<u> » fksk/<u> - f k , 

where f k 1s the r a t i o of In tegra ls over 9 and t appropr iate to t r an -

s i t i o n k , as discussed prev ious ly . These ve l oc i t i e s are then averaged 

using a weighted average based on the errors Ask in Sk, 

<v /c> * I ( ( v k / c ) / ( A s k ) 2 ) / j ; ( l / ( A S k ) 2 ) . 
k k 

The er ror 1s again taken to be the larger of (1) the e r ro r computed 

from the Ind iv idua l er rors and (2) the standard dev ia t ion of the In -

d i v idua l ve loc i t i es themselves: 

Av/c - Max[av, D v ] , 

where 

a j = (<(v/c)2> - <v / c> 2 ) / ( n s - 1) 

w i th 

<(V/C)2> = | ( ( v k / c ) 2 / ( A S k ) 2 ) / ^ ( l / ( A S k ) 2 ) , 

and 

DJ = ( ( 1 / < U > ) 2 I ( f K A S K / ( A S K ) 2 ) 2 + ( A U / < U > 2 ) 2 ( y f k " k / ( A S k ) 2 ) 2 ) / D | 
v k k s 

- U I W ( A S k ) 2 ) 2 ( A u ) 2 + I ( f k / A S K ) 2 < U > 2 ) / ( < U > 2 D s ) 2 , 
k k 
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with 

Ds " I ( l / ( A » k ) a ) . 

Finally, a weighted average of v/c for a l l the transitions 1n the 

data set 1s calculated using the same procedure that was used for 

averaging the unshlfted energies. Flight times are recalculated from 

f l ight distances using the new "best value" of v/c. 

I f the experiment Involves a "slowed" velocity, 1t 1s calculated 

1n exactly the same way, except that the limits of the Integration 

over t are t l to t 2 instead of 0 to t l f where t 1 1s the f l ight time 

to the slowing fo i l and t 2 1s seven times the longest lifetime of 

either the transition I tse l f or any feeder to the transition. (See 

discussion on page 45.) 

Subroutine VELCOMP 1s called by COMMAND1 following the VELCOMP 

command. 

B. MINUIT.FTN 

Subroutines COMMAND1 and C0MMAND2(ISUB) 

These two subroutines function together and are written separa-

tely only for the purpose of placing the longer C0MMAND2 In an over-

lay, while leaving COMMAND1 In the root node. 

C0MMAND2 reads and decodes each command and either takes appro-

priate action directly or transfers control to C0MMAND1 to call a 

subroutine 1n a different overlay. 
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Subroutine DERIVE(X,PtG) 

This subroutine calculates the f i rs t derivatives of FCN with 

respect to each parameter, using the symmetric form 

3F/3X > (F(X+D)-F(X-D))/2D. 

The error 1s, to f i rs t order, independent of the step size D, while 

the error 1n an asymmetric form 1s proportional to D. The symmetric 

form 1s insensitive to a less than optimum choice of D and behaves 

well near the minimum where the f i rs t derivatives approach zero. The 

array G contains the f i rs t derivatives. DERIVE 1s called by MIGRAD. 

Function DEXDIN(X,INT) 

This function calculates the derivative of the external parameter 

U with respect to the Internal parameter X, 

I t 1s called by MINOS, OUTPAR, and OUTR when calculating parameter errors. 

Subroutine DSET 

This subroutine calculates the In i t ia l values of AMIN and of DIRIN(I). 

AMIN 1s the best (lowest) value of FCN yet obtained during the minimi-

zation and DIRIN(I) are the step sizes for the internal parameters cor-

responding to the given step sizes for the external parameters. DSET 

1s called I n i t i a l l y by LIFETIME and by ALTER after any changes are 

made that would affect FCN. 

dU/dX « 
1 
0.5(B-A)cosX 

(U unbounded) 

(A < U < B). 

i 
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Subroutine EXTOIN(U.X) 

This subroutine ca lcu lates the values of the In te rna l parameters 

X In terms of the external parameters U. The re la t i onsh ip 1s 

Subroutine FIXPAR(IX.IFIX) 

This subroutine removes parameter numbered IX from the In terna l 

( va r i ab le ) parameter l i s t and renumbers the rest of the 11st t o f i l l 

I n the hole. IFIX 1s returned as the external parameter number I f the 

parameter 1s va r iab le , as 0 1f i t 1s not var iab le , and as - 1 1f NF 

parameters are already f i x e d . FIXPAR 1s cal led by FIXX fo l l ow ing the 

command FIX and also by HESSE and MINOS. 

Subroutine FIXX 

This subroutine displays the cur ren t ly var iab le parameters on the 

terminal and allows the user to enter the numbers of those he wishes 

t o f i x , e i t h e r I n d i v i d u a l l y ( e . g . , 1, 2, 3) or as a range ( e . g . , 1 - 3 ) . 

I t then c a l l s FIXPAR to f i x each parameter designated. I t 1s ca l led 

by C0MMAND2 fo l low ing the FIX command. 

Subroutine HESSE 

This subroutine ca lcu la tes the f u l l second-der ivat ive matr ix of 

FCN by tak ing f i n i t e d i f f e rences . I t includes some safeguards against 

non-pos1t1ve-def1n1te matr ices, and may of f -d iagonal elements to 

zero i n an attempt to force p o s l t i v l t y . It f i xes any parameter X f o r 

which both 3(FCN)/3X = 0 and 32(FCN)'3X2 = 0. I t i nver ts the sym-

met r ic second-der ivat ive mat- ix t o produce the covariance matr ix 

X -
U 

arcs in(2(U-A)/ (B-A) - 1) 

(U unbounded) 

(A < U < B) . 
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V ( I , J ) and ca lcu la tes the est imated d is tance to the minimum value of 

FCN. I f t h i s est imated distance Is negative or 1f V ( I , J ) 1s not pos i -

t i v e d e f i n i t e , 1t then produces an est imate of the covariance matr ix 

whose diagonal elements are rec ip roca ls of the second de r i va t i ves and 

whose o f f -d iagona l elements are zero. I t 1s ca l led by MIGRAD, by 

MINOS, and by COMMAND1 fo l l ow ing the HESSE and MATOUT commands. 

Subrout ine INPAR 

This subrout ine reads the parameter f i l e . I t checks tha t the 

t o t a l number of parameters and number of va r iab le parameters do not 

exceed dimensions, tha t t r a n s i t i o n rates occur only from higher t o 

lower l e v e l s , tha t the I n i t i a l values of parameters H e w i t h i n l i m i t s , 

and t ha t upper l i m i t s exceed lower l i m i t s . I t a lso reads the t i t l e , 

decides whether the j ob 1s batch or i n t e r a c t i v e and discovers the 

names of the parameter and data f i l e s . I f two t r a n s i t i o n rates are 

equa l , 1t Increases one of them by a f ac to r of (1 + 10-7 ) to avoid 

problems 1n so lv ing the Bateman equat ions. I t 1s ca l l ed once by 

LIFETIME. 

Subroutine INT0EX(X,U) 

This subrout ine ca lcu la tes the values of the ex terna l parameters 

U 1n terms of the i n t e r n a l parameters X. The r e l a t i o n s h i p 1s: 

I t Is seen t ha t X can vary from t o + • and U w i l l remain bounded by 

A and B. 

U -
X 

A + (s1nX + l ) ( B - A ) / 2 

(U unbounded) 

(A < U < B). 



70 

Subroutine MATOUT 

This subroutine p r i n t s the covariance matr ix V, and ca lcu la tes 

and p r i n t s the Ind iv idua l co r re l a t i on coe f f i c i en t s 

which are the normalized o f f -d iagona l elements of the covariance 

mat r i x . I t 1s ca l led by COMMAND1 fo l l ow ing the MATOUT command. 

Subroutine MIGRAD 

This subroutine performs a funct ion minimizat ion using a gradient 

ca lcu la ted by the subroutine DERIVE. The algor i thm used 1s F le tcher ' s 

"swi tch ing" v a r i a t i o n 5 of the o r i g i na l Dav1 don-Fletcher-Powell a l g o r i t h m . l l f 

S ta r t i ng values are given fo r the parameters X ( I ) , the f i r s t der i va -

t i v e s G ( I ) , and the covariance matr ix V (1 ,J ) . Although G(I) must be a 

very good approximation to the gradient at X ( I ) , the s t a r t i n g matr ix 

V ( I , J ) may be poor, only a diagonal ma t r i x , or even the un i t ma t r i x . 

The minimizat ion procedure Involves taking a "Newton's step" to 

X ' ( J ) , where 

X ' (J ) - X(J) - I V ( I , J ) G ( I ) . 
I 

This would be the minimum 1f FCN were quadrat ic and 1f V ( I , J ) were the 

t rue covariance mat r i x . A new gradient G ' ( I ) 1s ca lcu la ted at X * ( I ) . 

The matr ix V ( I , J ) 1s corrected using an updating formula of the 

general form 

V' - V + f (V ,X ,X ' ,G ,G ' ) . 

The updating formula f (V,X,X ' ,G,G'J 1s e i the r the o r i g i n a l Davldon 

f o r m u l a o r F le tcher ' s dual fo rmula , 5 depending on F le tche r ' s 

"swi tch ing" c r i t e r i o n . Then G 1s replaced by G' , X by X ' , and V by 
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V ' , and the above steps are repeated u n t i l some convergence c r i t e r i a 

are s a t i s f i e d . 

The convergence c r i t e r i a are based on the "estimated distance t o 

minimum" SIGMA which 1s given by 

SIGMA - y G(I) V ( I , J ) G(J) . 
I ,J 

This would be exact ly twice the ve r t i ca l distance FCN(X)-FMIN 1f the 

funct ion FCN were exact ly quadratic wi th covariance matr ix V. Since 

t h i s estimate 1s only as good as the estimate of V, an add i t iona l cr1 

t e r l o n 1s appl ied, namely tha t the successive estimates of V be not 

very d i f f e r e n t . The measure of d i f fe rence used 1s the average f r a c -

t i ona l change, TRACE, 1n the diagonal elements where 

TRACE - 2 (T | V ' ( I , I ) - V ( I , I ) | H ( V ( I . I ) + V( I . I ) ) /NPAR, 

and V* 1s the previous estimate of V. Convergence 1s achieved when 

both SIGMA < EPSI and TRACE < VTEST fo r two successive I t e r a t i o n s or 

when SIGMA < 10"5 EPSI. EPSI and VTEST may be set by the user when 

the command MIGRAD 1s Issued and have defau l t values of EPSI * 0 .1 UP 

and VTEST * 0.04. UP 1s set by the command ERROR and has a de fau l t 

value of 1 .0 . 

Subroutine MINOS 

This subroutine f inds the t rue er rors (confidence I n te r va l s ) by 

examining the behavior of the chi-square funct ion over the In te rva l 

in quest ion. (The theory 1s given 1n Ref. 15, pp. 203-205; see also 

Ref. 16.) 
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The MINOS errors are defined 1n terms of the size of the con f i -

dence in te rva l speci f ied by the value of UP. (UP may be set by the 

ERROR command. I t has the defau l t value UP » 1.0.) MINOS then deter-

mines the values of Xi fo r which the funct ion FM(X-j) a t ta ins the value 

FMIN + UP, where FM(Xi) is the minimum of FCN with respect to a l l 

parameters except the parameter X i , and FMIN 1s the overa l l minimum 

value of FCN. MINOS errors are then ERP-| and ERNi, which are, respec-

t i v e l y , the pos i t i ve and negative increments which, when added to the 

value of Xi at FCN = FMIN, give a value to FM(X-j) of FMIN + UP. 

The de ta i l s of the procedure are as fo l lows: F i r s t , from the 

known covariance matr ix of the func t ion , MINOS determines the value of 

Xi and of the other parameters which would give FM(Xi) = FMIN + UP i f 

FCN were parabo l ic , that 

Xi = Xoi + (V i iUPJ i /2 

*J " h i + ( V i i X P ) 1 ' 2 ( V i j / V n ) . 

I t then f inds FM(X,) fo r t h i s value of Xi by f i x i n g Xi w i th FIXPAR and 

using MIGRAO to minimize FCN wi th respect to the remaining var iab le 

parameters. I f FM(X,) is w i th in EPSI of FMIN + UP, analysis stops. 

Otherwise, a new point Xi is chosen and FM(Xi) is again ca lcu la ted. 

The tolo.-ance EPSI can be speci f ied by the user when the command MINOS 

i s executed and has the defau l t value of 0 .1 UP. This procedure 1s 

i l l u s t r a t e d in Fig. 5. 

Xi i s varied in both the pos i t i ve and negative d i rec t ions from 

X01. The pos i t i ve error ERPi is Xi - X0i when Xi > X 0 i , and the 

negative e r ro r ERNi is X̂  - X0i when Xj < X 0 i . 
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ORNL-DWG 85-7223 

F1g. 5. Calcu lat ion of MINOS errors of parameter X. The symmetric 
parabola FP 1s predicted from the covariance mat r i x . The curve FM 
shows the t rue dependence of FCN on X. Since FM(XA) 1s not w i t h i n 
EPSI of FMIN + UP, a new point XB 1s found by parabol ic ex t rapo la t i on , 
and the process 1s continued u n t i l FM(X) 1s w i th in EPSI of FMIN + UP. 
A s im i la r ca lcu la t ion 1s car r ied out on the negative side of XMIN. 
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When the program has d i f f i c u l t y converging, I t p lo ts FM(X^) as a 

funct ion of Xi so the user can get ,a fee l i ng for the non l lnear l t y of 

the problem. 

I f a new global minimum 1s found during a MINOS er ro r ana lys is , a 

new SIMPLEX and MIGRAD minimizat ion in the f u l l var iab le space 1s 

attempted. A f te r t h i s s tep, MINOS error analysis recommences. 

Subroutine 0UTPAR(IKODE,IUNIT) 

This subroutine generates output on the terminal or l i ne p r i n t e r , 

depending on the value of IUNIT. This includes the minimum FCN, 

number of ca l l s to FCN, t ime, estimated distance tc minimum, parameter 

values, parameter e r ro r s , and changes 1n parameters since the l as t 

ca l l t o OUTPAR. The argument IKODE = 0, 1, 2 determines how much of 

t h i s is p r i n ted . 

Subroutine RANDOM 

This is a s h i f t - r e g i s t e r random number generator which provides 

the random numbers needed by subroutine SEEK. I t uses the methods of 

K i rkpa t r i ck and S t o l l 1 7 and James18. 

Subroutine RAZZIA(YNEW,PNEW) 

This subroutine is ca l led by SIMPLEX to replace a point in the 

current simplex wi th a new one. I t also estimates the distance t o the 

minimum and updates the step s ize and the estimate of the diagonal 

elements of the covariance mat r ix . 

Subroutine RELEASE 

This subroutine displays the parameters which are cur ren t ly 

f i x e d , and allows the user to enter the numbers of those he wishes to 
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re lease, e i t he r I n d i v i d u a l l y ( e . g . , 1,2,3) or as a range ( e . g . , 1 - 3 ) . 

I t then c a l l s RESTOR to release a l l of the parameters, and ca l l s 

FIXPAR to f i x those not designated. I t 1s ca l led by C0MMAND2 

fo l low ing the RELEASE command. 

Subroutine RESTOR(K) 

This subroutine restores a f ixed parameter to var iab le status by 

Inse r t i ng 1t In to the In terna l parameter 11st at the appropriate 

place. I t estimates the diagonal element In the covariance matr ix fo r 

t h i s parameter as twice the reciprocal of the second de r i va t i ve of FCN 

wi th respect to t h i s parameter. I f K = 0 , a l l f i xed parameters are 

restored. I f K ® 1, the l as t parameter f i x e d 1s restored. RESTOR 1s 

ca l led by RELEASE, MINOS, and C0MMAND2 fo l low ing the RESTORE conwnand. 

Subroutine SEEK(NFP) 

This subroutine performs a minimizat ion of FCN using a Monte 

Carlo technique. 1 8 » 1 9 The funct ion FCN i s ca l led NFP t imes. For each 

c a l l , a l l var iab le parameters are chosen randomly, according t o un i -

form d i s t r i b u t i o n s centered at the best previous parameter values, and 

w i th widths equal to the o r i g i na l step sizes or the parabol ic er rors 

from HESSE or MIGRAD. SEEK 1s ca l led by C0MMAND2 fo l low ing the SEEK 

command. 

Subroutine SIMPLEX 

This subroutine uses the method of Nelder and Mead1* f o r the m in i -

mizat ion of a funct ion of N var iab les. This method depends on the 

comparison of the funct ion values at the (N + 1) ver t i ces of a general 

simplex fol lowed by the replacement of the vertex wi th the highest 
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value by another po in t . A simplex 1s the smallest N-d1mens1onal 

geometrical f i gu re with (N + 1) ve r t i ces : a t r i a n g l e fo r N • 2, a 

tetrahedron fo r N = 3, e t c . New slmplices are formed by r e f l e c t i n g 

one point 1n the hyperplane of the other po in ts . The simplex adapts 

I t s e l f t o the loca l landscape of the func t ion , elongating down i n -

c l ined planes, changing d i rec t i on upon encountering a va l ley at an 

angle, and cont ract ing 1n the neighborhood of a minimum. 

The I n i t i a l simplex 1s obtained by coordinate v a r i a t i o n . From 

the i n i t i a l point (parameter s e t ) , the subroutine proceeds to f i nd a 

local minimum along each coordinate (parameter) ax is . These NPAR 

local minimi and the i n i t i a l point def ine the i n i t i a l simplex. This 

Insures that the simplex has a reasonable size in each d i r e c t i o n . I f 

no minimum 1s found, the point used w i l l be at least 0.064 DIRIN(I) 

and not more than 729 DIRIN(I) from the i n i t i a l po in t . 

The minimization of a funct ion F [ oceeds as fo l l ows . Of the 

ve r t i ces , l e t Pj_ be the one for which F is smal lest , and PH be the 

one fo r which F i s l a rges t . Let "P be the centro ld of a l l ver t ices 

except PH, 

N+l 
? = a h - ph)/N. 

i = l 

A point P* i s produced by the re f l ec t i on of PH in the plane of the 

other po in ts : 

P* = 2P" - Pr. 

The act ion taken next depends on the value of F(P*): 

(1) I f F(P*) < F(P|_), the r e f l e c t i o n has produced a new minimum, and 
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t h i s d i r e c t i o n 1s explored by computing 

P * * a 2P* - "P. 

A parabola 1s f i t t e d through F ( P H ) , F ( P * ) , and F ( P * * ) . I f I t has 

a minimum, then the corresponding po in t 1s used t o replace PH. 

Otherwise, 1f F ( P * * ) < F ( P L ) , P « Is replaced by P * * , and 1f 

F ( P * * ) > F ( P L ) , PH I S replaced by P * . The process i s then 

I t e r a t e d . 

(2) Let Ph be the vertex w i th the second la rges t value of F. I f 

F(PL) < F(P*) < F(Ph), PH 1S replaced by P* and the process 

i t e r a t e d . 

(3) I f F(P*) > F(Ph), where Ph 1s as 1n ( 2 ) , then PH is redef ined as 

e i t he r PH or P*, whichever has the lower func t ion value, and a 

po in t P** i s ca lcu la ted by 

P** = 0.5(PH + P). 

I f F ( P * * ) < F(PH) P H i s replaced by P** and the min imizat ion 

repeated. Otherwise, only PL i s k e P t and a new s t a r t i n g simplex 

1s evaluated by f i n d i n g loca l minima. 

The v e r t i c a l distance to the minimum 1s of the order of 

SIGMA = F(PH) - F ( P l ) . Convergence 1s a t ta ined when SIGMA < EPSI 

f o r two successive I t e r a t i o n s unless, on the l a s t I t e r a t i o n , 

F ( P H ) - F ( P ) > 2 EPSI. 

MIGRAD has the advantage of producing a f u l l covariance m a t r i x , 

whereas SIMPLEX only gives est imates, which may be poor, of the diago-

nal elements. Thus, the choice between the two depends on the I n f o r -

mation requ i red . However, a good estimate of the covariance matr ix 

can usua l ly be obtained a f t e r SIMPLEX by the command HESSE. 
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Subroutine SYMINV(A.N) 

This subroutine Inver ts the symmetric N by N matr ix A. I t 1s 

ca l led by HESSE. 

Subroutine UC0PV(A,B,N) 

This subroutine copies N -v'ds from array A In to array B. I t 1s 

ca l led by MIGRAD and MINOS. 

C. OTHER FUNCTIONS AND SUBROUTINES 

These are spec i f i c to the version fo r the Perkin-Elmer computer. 

Subroutine INIT 

This subroutine i n i t i a l i z e s the program's rea l - t ime data s t ruc -

tures p r i o r to enabling task t raps . See FORTRAN VI I User Guide p. 6-26. 

Subroutine ENABLE(3,HOLDIT) 

This subroutine establ ishes the necessary data s t ructures t o 

al low the t rap-handl ing subroutine HOLDIT to be entered and to have a 

message passed to I t . See FORTRAN VI I User Guide p. 6-27 and p. 6-30. 

Subroutine GSTRING(STRING) 

This subroutine returns the s t r i n g of characters fo l low ing the 

f i r s t comma of the START command in the CSS f i l e . This s t r i n g con-

ta ins e i the r B ( fo r batch mode) or D ( fo r i n t e rac t i ve mode) and the 

names of the parameter and data f i l e s . 

Function BTEST(N,31) 

This log ica l funct ion returns .TRUE. 1f b i t 31 of integer N 1s a 

1, which means N is odd, and returns .FALSE, i f b i t 31 i s a 0, which 

means N is even. 
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V I I . COMMON VARIABLES AND DIMENSIONS OF ARRAYS 

Variables appearing 1n COMMON blocks which are not defined e lse-

where 1n t h i s report are described here. 

A. COMMON VARIABLES IN LIFETIME 

POP(L): I n i t i a l populat ion of level L. 

POPINT(L): Total decay In tens i t y from level L. 

FAM(L.M), M < L: T rans i t ion rate from level L t o level M. 

FAM(L,ll) Negative of t o t a l t r a n s i t i o n rate out of level L. 

FAM(L.M), L < M: Coe f f i c i en t a-|m of the Bateman equations. 

DIAG(L): Coe f f i c i en t b-j of the Bateman equations. 

RESULT(L,M), M < L: Unshlf ted i n tens i t y of t r a n s i t i o n L • M. 

RESULT(L,L) Population of leve l L. 

RESULT(M.L), M < L: Sh i f ted i n t e n s i t y of t r a n s i t i o n L •»• M. 

T IM( I ) : F l i gh t time for data curve I . 

ANORM(L): I n tens i t y normalizat ion for experiment L. 

RE(I,N,K): Corrected i n tens i t y fo r sh i f t ed (K = 1) or 

BRANCH(N): 

BRERR(N): 

IBR(N,1): 

IBR(N,2): 

NBRAT: 

FE(I ,N,K): 

unsh l f ted (K = 2) data fo r f l i g h t distance I 

of data curve N. 

Error i n I n tens i t y RE(I ,N,K). 

Number of branching-rat io data po in ts . 

Value of branching-rat io data po in t N. 

Error 1n branching-ra t io data po in t N. 

I n i t i a l level f o r branch ing- ra t io data point N 

Final leve l fo r branch ing- ra t io data point N. 

• « 
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IBR(N,3): 

NMUL: 

AMU(N) : 

OMEGAO(N): 

HO: 

A2(N), A4(N): 

B. COMMON VARIABLES 

MPAR: 

NPAR: 

U(J): 

ALIM(J): 

BLIM(J): 

WERR(J): 

LCODC(J): 

( • 1, Include) (• 0 do not Include) branching-

ratio data point N 1n f i t . 

Total number of transitions, counting each 

member of multlplets separately, for which 

data curves are Included. 

•y-ray absorption coefficient 1n Ge for the 

-y-ray energy of data curve N. 

Reference solid angle for the y ray of data 

curve N. 

Reference angular dlstrubutlon. 

Angular distribution coefficients for the 

y ray of data curve N. 

IN M1NU1T. 

Total number of parameters, variable and fixed. 

Number of currently variable (Internal) 

parameters. 

External parameter set. 

Lower limit on U(J). 

Upper l imit on U(J). 

In i t i a l step size for U(J). After minimiza-

t ion, 1t contains the parabolic error 1n U(J). 

- 0 I f U(J) Is fixed, 

- 1 I f U(J) is unbounded, 

• 4 1f U(0) has upper and lower l imits. 
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X( I ) : 

DIRIN(I): 

LCORSP(J): 

V ( I ,J ) : 

AMIN: 

NFCN: 

MXFCN: 

Hi' I X : 

IPFIX(J): 

MINOFF: 

LMI(K): 

NEWMIN: 

MINPLT: 

RPLT: 

IOUT: 

Internal parameter set. 

Step size for X ( I ) . I t 1s derived from 

WERR(J) In i t i a l l y by DSET and adjusted 

during minimization. 

Index which associates X(I) with U(0): 

I-LCORSP(O). 

Covariance matrix. 

Best (smallest) value of FCN ( x
2 ) . 

Number of calls to FCN during current command. 

- .FALSE. I n i t i a l l y , 

- .TRUE, when NFCN exceeds NFCNMX. 

Number of parameters fixed by FIXPAR. 

External parameter number of the Jth parameter 

fixed by FIXPAR. 

« .FALSE, when MINOS 1s executing, 

- .TRUE, otherwise. 

Set of (external) parameter numbers for which 

a MINOS analysis wil l be performed. 

- .FALSE. I n i t i a l l y , 

* .TRUE, when MINOS finds a new minimum. 

- 0 for command MINOS, 

« 1 for command MINPLOT. 

Range of each side of minimum for which 

MINPLOT Is made. 

Determines amount of printout provided. 
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ENF: - .TRUE, when SEEK, SIMPLEX, MIGRAD, or MINOS 

1s execut ing, 

• .FALSE, otherwise. 

MYKILL: - .TRUE, a f t e r SEND STOP 1s executed. 

» .FALSE, otherwise. 

BATCH: * .TRUE, when 1n batch mode, 

- .FALSE, when 1n I n te rac t i ve mode. 

C. DIMENSIONS OF ARRAYS. 

The dimensions of arrays are spec i f ied 1n PARAMETER statements so 

t h a t they can be changed e a s i l y . The present values are: 

NA s 50: no. of arguments that can be decoded by UNPACK. 

NB = 5: no. of ro ta t i ona l bands. 

NC • 50: no. of data curves. 

ND m 20: no. of f l i g h t distances. 

NE s 2: no. of data sets (experiments). 

NF s 50: no. of parameters which can be f i xed by FIXPAR. 

NL s 80: no. of l eve l s . 

NP »200: no. of external parameters. 

NR 3 20: no. of branching r a t i o s . 

NS a 5 : no. of energy leve ls 1n a ro ta t iona l band. 

NT X 60: no. of t r a n s i t i o n s (data curves plus m u l t i p l i c i t i e s ) 

NV a 50: no. of var iab le parameters. 
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V I I I . SAMPLE OUTPUT 

The output on the fo l low ing pages was obtained by running the 

program LIFETIME using the Parameter F i l e on p. 27, the Data F i l e on 

p. 28, the Veloci ty Data F i l e on p. 30, and the sequence of commands 

l i s t e d on p. 31. 



• AECOIL-CISTAHCE • 
• CRNL ••• 1«»2 • 

CASE1: I*!I T I AL tST:»«TFS 01 OCT 1985 15:54:22 

INITIAL VALUES or 
E X PE» I*E N T AL 0*TA 

THE PASAOETEBS READ FRON FILE 
8 EA 0 F»0» FILE 

CASE1.P01 
CASE1.001 

*"ET£B INITIAL VALUE S T E P 5 1 I E LOWES U N I T UPPER LINIT 

P0»<F2 ) 5.00000 I.COOOO o.coo 100.00 
EO®(F2 ) 5.00000 1.CC00C o.coo 100.00 
P0*CF3 ) 5.30000 1.CCS0C o.coo 100.00 
P0O(F3' ) 5.00000 I.CCOOC o.coo 100.00 
BO»>(94 > 20.0000 1.0G00C 0.000 100.00 
T»CL? »»L1 ) i.oooooot-o? 4.»9»»99E-0! o.coo 500.00 
TR(LJ »>L? ) 0.100000 5.0C0OOCE-02 0.000 500.00 
TR(L5 »>L1 > o.isoooo 5.00000CE-02 0 . 0 0 0 500.00 
TR<LT «>LJ ) 0.200000 5.QCCOOCE-02 o.coo 500.00 
TR ( F 2 »>L2 ) 0.250000 5.00000CE-02 0.000 500.00 T« 2• • ) a.s?oooo s.ooaoocE-oz o.coo 500.00 
TR ( F * »>L; ) 0.500000 C.1CC00C o.cco 500.00 TR<f3' »>f j > 1.00000 200000 0 . 0 0 0 500.00 
SUADCL4 > 2.00000 0.2CCOOC 
OZERO(I) 0.£03003 0.1CC000 -1.00 1.0000 
N0RHC2) 1.030CB 0.100000 



C AS E l : I N I T I A L E S T I » » T f S 0 1 OCT 1 9 0 5 

CHARGE AND MS! CF RECOILING NUCLEUS: 70/ HC.O 
DATA SfT * t 
CMAR3E AND NASS CF STC"PER NUCLEUS: 82# 2 C B . C 

RECOIL v E L T C I T Y : 5 . 9 9 s • - O . t O O u r / P S V / C : C . 0 2 0 0 0 0 0 . 0 0 2 0 0 0 

DENSITY CS STOPPER 0 * F O I L : 1 1 . 5 5 G / C M * « ? 

AVERAGE WIDTH OF U N S N l ' T E O PEAK: 1 . S ( E V 

T i n ; WHILE SLOWING I N STCP®ER OS F O I L : 0 . 9 1 7 PS 

TARGET-OETECTOR O I ! T A N : E : 5 . 0 0 0 CH 
DETECTOR LENGTH: 2 . 0 0 0 CN 
DETECTOR OUTER R A D I U S : 1 . 2 0 0 CN 
DETECTOR INN«R R A D I U S : 0 . 2 0 0 CM 

DATA S S I • 2 

CHARGE AND K«SS Cf STOPPE* NUCLEUS: 

RECOIL V E L O C I T Y : 1 7 . • - 1 . 7 9 9 U N / P S V / C : C.OACOOO 0 . 0 0 6 0 0 0 
CO 

SLOWED VELOCITY ( E X P ? * I N E N T A L ) : 1 1 . 9 0 2 1 . 1 9 9 UN/PS V / C : O . O ' C C O O C . 0 0 6 0 0 0 0 1 

F O I L TH ICKNESS! 4 . 5 0 N G / C N . . 2 

DENSITY CF STOPPER OR F O I L : 1 9 . 3 2 6 / C M * ! 

AVERAGE W I » T » ?F UNSHlFTED PEAK: 1 . ; «EV 

T IME « « I L E SLOWING :«i STOPPER 0« F O I L : 0 . 2 0 < PS 

TARGET-DETECTC® D I S T A N C E : S . 0 0 0 C» 
DETECTOR LENGTH; 2 . 0 0 0 CN 
DETECTOR OUTER RADIUS : 1 . 2 0 0 CN 
DETECTOR INNER R A D I U S : 0 . 2 0 0 CN 

T A U C 2 ) : JC-.O PS 
T A U C O : 1 0 . 0 P f 

CURRENT F I T T I N G C C N 3 I T I O N S -

THs FOLLOWING C C R ' t C T I O N S A»E 9 C 1 N G » » l l t t I N I T I A L L Y OKLY 
P O S I T I O N A L SOL ID-ANGLE 
VELCCITY-OE°ENDENT SOLID-ANGLE 
ALIGNMENT ATTENUATION 
L INESHAPE 

» INTEGRATJC". » C 1 \ T S AL*NG FL IGHT PATH : 11 

THE SOL ID ANGLE WAS CALCULATED BY INTEGRATING OVER THE VCLUPE OF THE DETECTOR• 
U S H G THE ABSORPTION C O E F F I C I E N T FOR EACH GAHNA-RRY ENERGY. 

A INTEGRATION » 0 1 N T t CVFR DETECTOR : 11 



DEC CU»WL? BEINS W T T E O -

DATA SET • 1 
CUHVf 1 I? LI 
CURVF > L ? • B t > L2 
CURVE t L? « « « > L1 
DATA SET « 2 
CU»VE 4 L? L2 

C f J T T I D ) 
( F I T T E D ) 
t F I T T E D ) 

( F I T T E D ) 

BRANCHING «ATIOS CEISG FITTED -
3»»NCMIH5 BATIO 1 LA »*»> (.I (FITTED) 
BRANCHING SATIO ? N ««*> L2 (FITTED) 

« A h g f OF L E V H 5 LSEO I N C A L C U L A T I O N S : ( L I . 6 * ) 

CN V U L y f .3717*02 
EEK 

CALLS 
1 

T1HE 
15:54:55 

HE °«ST v«LT: FCUNC BT SEE* IS 

CN VALJI 
. 1 2 J 7 E * " 1 

C A L L S T J H E UO 15: 5;:03 

ED* O.OCJ*OO 

ED* 5.0CE»00 
0««ECT 

CRUECTICNS P E C » L C U L » l f C 

I f P L E * 

I* l S C O N V E R S E D 

CS VALUE .75!4E-?1 CALLS TI«E 
411 15:59:31 

EC" 
J.75E-92 

ELCOK"" 

FLOCI TV CALCULATION 9ESULTS 

ATA SET • 1: E * ( CCOOO)«C««2 * ( 
*ANSITI»N: LJ *»»> 12 

ISI'NCE S"I«TE9 CESTRCJS 

0.50000)*C * ( O.OOOCC) 

SHIFTED ENERGY 

10.C 816.OC 1.10 20.0 514.CC ?.1C 50.0 tie.co r.10 100.0 »1t.CC 1.10 

406.00 0.05 
408.00 *- 0.05 
408.00 0.05 
408.00 0.05 

UNSHIFTE5 C E S T ' O I D 

SOO.OO C.10 
80C.0C 0.10 
80C.00 C.10 
SOC.OO 0.10 

AVERAGE UNJHIFTFP ENEBG*: 400.39 O.OJ «EV 

AVEOAGE PECOIL VELOCITT: C-&2022» O.OQOO»C 

CD 
CJ> 

UNSHIF1E0 ENERGT 
400.00 0.05 
400.00 0.05 
400.00 0.05 
400.00 0.05 



TRANSI110*: LJ ••«» LL 

DISTANCE SMJFTCO CENTSf>l(> 

10.0 
2C.0 
IC.O 

1CC.0 

HI!.DO C.20 
1428.00 0.20 
112!.00 O.JO U2s.o; o.:o 

SHIFTED ENERGY 

m.oo o.io 
714.00 0.10 
714.00 0.10 
714.OC • - 0.10 

UNSHIFTED CENTROIO 

1400.00 0.2G 
1400.00 • - 0.20 
1400.00 0.20 
1400.00 0.20 

UNSHIFTED ENERGY 

700.00 0.10 
700.00 • - 0.10 
700.00 0.10 
700.00 • - 0.10 

AVERAGE UNSNIFTED 5NERCY: 700.00 0.05 KEV 

AVERAGE RECOIL VELSCITY: 0.C2022? 0.000103 

DATA SET * 2: E > ( C.OQCOO)•C••? • ( 0.50000>*C • ( 0.000001 

TRANSITION: LJ «•«> 12 

DISTANCE SHIFTED CENTROID SMLFTID ENERGY LESS SHIFTE9 CENTROID LESS SHIFTED ENERGY UNSHIFTED CENTROID UNSHlfTlO ENERGY 

1S.0 
JC.O 60.0 

846.00 «- 0.10 
848.00 • - 0.13 
8*8.00 0.10 

424.00 C.05 
424.00 0.05 
424.00 O.OS 

832.00 0.10 
S32 03 »- 0.10 
832.00 0.10 

AVERAGE UNSHIFTEO ElERGY: 400.03 *- 0.03 <EV 

AVERAGE RECOIL VELOCITY: 0.060744 0.000106 

AVERAGE STOFCED VELOCITY: 0.040461 «" 0.0001C5 

416.CO 0.C5 
416.CO • - O.OS 
416.00 O.CS 

800.00 0.10 
800.00 «- 0.10 
800.00 0.10 

400.00 C.05 
400.00 0.05 
400.00 G.05 

FLKAL RESULTS 
00 

DATA SET • I RECOIL VELOCITY: 

DATA SET • 2 RECOIL VELOCITY: 

SLOWED VELOCITY: 

.CORRECT 

CORRECTIONS RECALCULATE 

.NIGRAD 

NIGRAD MINIMIZATION HAS CONVERGED 
HIGRAD FINDS I«PROVE"ENT 
NUP6ER OF SUCCESSFUL STE»S: 5. 

FC* VALUE CALLS TIME 
1.78701-01 330 16:C2:3» 

•CORRECT 

CORRECTIONS RECALCULATED 

• SAVE 

PARAMETERS SAVED IN FILE CASE1.P92 

•END 

6.064 »- 0.020 UR/PS 

18.211 0.032 UN/PS 

12.136 0.032 UM/PS 

COVARIANCE MATRIX CODE: 

EDM 
1.1BE-0J 

V/C: 0.C2022S •- 0.000068 

V/C: 0.C60744 «- 0.000106 

V/C: 0.C404E1 0.00010S 



e*seii INITIAL ESTIMATES 01 OCT 1985 16:03:22 

« I N I * U * C H I S Q U A R E : 0 . 1 7 7 

h U l B E R C* DATA P C I N T S : U 
N U M D E R O R P A O A N £ T E ® S 9 5 1 N G V A R I E D : 1 6 NORMALIZED CHI SQUARE: 0.010 

LEVEL TOTAL TP . RATE LIFETIME POP- ZERO TOTAL DECAYS 

3 4 0 . 7 * 5 6 4- 0 . 0 9 4 8 1 . 2 7 2 6 0 . 1 5 3 6 1 5 . 0 0 8 4- 0 . : 4 7 1 5 . 0 0 8 
11 ? ! 0 . 3 9 6 0 4- 0 . 0 4 7 B 2 . 5 2 5 2 4- 0 . 3 0 4 7 C . 0 0 0 4- 0.000 1 5 . 0 0 8 
10 5 2 0 . 1 7 8 4 « • 0 . 0 2 1 5 5 . 6 0 5 9 4- 0 . 6 7 6 4 C.OOC 4- 0.000 1S .OCB 

9 SI 0 . 0 < S 5 4- 0 . 0 0 8 3 1 4 . 6 0 2 2 4- 1 . 7 6 1 9 0.000 • - 0.000 1 5 . 0 0 8 
S F3' 1 . t 6 0 7 4- 3 . 1 0 9 5 0 . 6 0 2 2 1 . 1 2 7 6 8 . 3 5 8 4- 0 . 7 1 5 8 . 3 5 8 
7 «3 0 . 1 5 7 7 4- 0 . 0 4 0 3 6 . 3 4 2 6 1 . 6 2 0 6 4 . 6 7 3 4- 0 . 7 4 9 13.031 
6 F C 1 1 0 7.3 ST 2 • - 1 8 5 . 6 4 2 7 0.0093 4- 0.0161 4.317 4- 0.370 4.317 
5 F2 1!>2.4?42 4- 154.0590 0.0098 0 . 0 1 4 7 2.71C 4- C.741 2.71C 
4 L4 0 . 4 3 3 6 4- 0.3192 2 . 2 7 9 8 4- 1.6589 C.OOC 4- 0.000 15.008 
3 L 3 0 . 3 0 8 3 * — 0.0106 3.2431 0 . 1 1 1 2 C.000 4- 0.000 28.039 
2 L2 0.0158 4- 0 . 0 1 2 4 63.2081 4 - 49.6558 0.000 4- 0.000 18.085 
1 LL 0 . 0 0 0 0 4- 0.0000 0.000 4- 0.000 35.066 

NON - Z E R O TRANS I T IOV P R 5 8 A e i L I T I E S 

JI JF E(CANNA) ALPHA TRANSITION RATE B(E2> Q(TRANS 3 

L4 S = S > L 3 4 . 0 2 . 0 300.0 0.075 0.4386 0.3192 13.6405 9.9257 21.9079 4- 7.9708 
L3 t s t > L2 2 . 0 1 . C 400.0 0.010 C.1216 0.0007 C.OCOO 0 . 0 0 0 0 0 . 0 0 0 0 4- C . 0 0 0 0 
L3 :>A> L 1 2.0 0.0 700.0 0.008 C.1867 4- 0.C105 C.O«95 0 . 0 J 5 1 2.1210 4- 0.0599 
L2 L1 1 . 0 0 . 0 3 0 0 . 0 0.020 C.0158 • - 0.0124 C.OCOO 0.0000 0.0000 4- 0 . 0 0 0 0 

BAND WO. I, QUA0CL4 ) = 2 . 3 8 4 0 *- 0.143E E«B 

JI JF S CGA»N»1 TRANSITION RATE LIFETIME 

61 ! = = > L4 e.o 4 . 0 500.C 0.0685 0.0083 14.6022 1.7617 
G2 8 1 8 . 0 4.G 6 0 0 . 0 0.1784 C.0215 5.6059 4- 0.6763 
B ! = = * > B2 1 0 . 0 S.O 700. 0 0.3960 0.0478 2.5252 0.3C47 
£4 5 = S> = 3 12.0 1 0 . 0 aoo.o 0.7858 C.0948 1.2726 4- 0.1535 

»U*ILLIA«>Y VARIABLES 

SATA SET » 1 2 
DZERO F.405 4.9378 0.000 O.OCGO 
K 0 R « A L H A T I 0 V 1.000 *- O.COOO 0.99J 0.0B42 

IRA^CMISG RATIOS 

EXPERIMENTAL VALUE FITTED VALUE DIFF/ERR 

CI =»*> CI 0.600 0.100 0.606 -5.613E-02 
L3 =»«> L2 0.403 0.109 0.394 S.613E-02 

"EAN L«L SQUARED: ! . 1 5 U - 0 3 



T R A N S I T I O N : L i • • * > L l PLUS L 4 " « > L J 

SHIFTED PEAK UNSH; •R? P£ » 

DISTANCE VALUE ERROR RFSULT OITF/ERR EXP. V RESULT DIFF/:RR SUM ERROR DF/ER 
ORIGINAL COR»ECT*D ORIGIAAL C O W F C T E CORRECTED 

10.C 3.G' C.OH C.9C C.18 -0.11 33.98 32.97 . V i .'.92 0.05 33.05 1 . 3 2 0.03 
20. C 0.27 0.24 O.'O 0.39 - 0 . 1 6 33.44 3 2 . 7 9 0.98 2.70 0.09 33.03 1.33 0.02 
s o . c 1.31 1.47 0.92 1.80 - 0 . 1 4 3 0 . 8 1 31.31 1.32 : 1 . 2 9 0.02 32.96 1.37 -0.02 

100. c 7.11 6.79 C.95 6.76 0.02 24.46 26.18 26.33 -0.14 32.96 1.43 -0.03 
H€*1 SO MEAN SB MEAN ST DEV NEAN se 
0.01423 0 .00787 33.01 0.03 0.00 

T t A K S I T l O ' i : L 3 « « • > 1 2 

SH IFTED PEAK UNSNIFTED PEAK 
DISTANCE EXP. VALUE ERROR RESULT DIFF/ERR EXP. VALUE ERROR RESUL: DIFF/ERH SUM ERROR Of/BK 

ORIGINAL CORRECTED ORIGINAL CORRECTEO CORRECTED 
19.C 3.09 0.14 1. '9 0.17 - 0 . 0 2 6.48 10.90 1.68 1C.89 0.01 11.05 2.31 0.03 
20. C 0.40 C. 63 1.57 0.67 - 0 . 0 3 6.21 10.39 1.67 1C.39 0.00 11.02 2.30 -0.01 
SO.C 1.80 2.76 1.53 2.67 0.06 5.12 8.27 1.62 2.39 - 0 . 0 7 11.03 2.23 0.00 

100.C 3.69 5.48 1.49 5.53 -0.03 3.63 5.58 1.54 5.53 0.04 11.07 2.14 0.01 
NEAN s c NEAN SO BEAN ST DEV NEAN SO 
O.OOIIS 0.00165 11.04 0.02 O.QO 

CO iO 
T R A N S I T I O N : L3 = « = > L l 

SH IFTED PEIK U N S . I F T E D PEAK 
DISTANCE EXP. VALUE ERROR RESULT D I F F / E R R E X F . VALUE ERROR RESULT D I F F / E R R SUN ERROR DF /ER 

ORIG INAL CORRECTED O R I G I N A L CORRECTED CORRECTED 
1 0 . 0 0 . 2 3 0 . 2 2 T . 9 6 0 . 2 6 - 0 . 0 4 1 6 . 3 4 1 6 . 7 7 1 . 0 3 1 6 . 7 2 O.OS 1 6 . 9 9 1 . 4 1 0 . 0 2 
2 0 . 0 1 . 0 0 e . e t C . 9 6 1 . 0 3 - 0 . 0 7 1 5 . 3 4 1 5 . 9 8 1 . 0 4 1 5 . 9 5 0 . 0 3 1 6 . 9 S 1 . 4 2 - 0 . 0 2 
SO.C 4 . 3 5 4 . 2 3 4 . 1 0 0 . 1 3 11 . 9 1 1 2 . 7 1 1 . 0 7 1 2 . 8 3 - 0 . 1 6 1 6 . 9 4 1 . 4 4 - 0 . 0 2 

1 0 0 . C 8 . 5 5 S . 4 1 8 . 4 9 - O . O B 7 . 7 3 8 . 5 8 1 . 1 1 8 . 4 9 0 . 0 8 1 6 . 9 9 1 . 4 8 0 . 0 2 
NEAN se MEAN s e NEAN ST DEV M E A N SQ 
0 . 0 0 7 7 3 C . 0 0 8 8 6 1 6 . 9 7 0 . 0 3 0 . 0 0 

T R A N S I T I O N : L i " * > L 2 

SN IFTER P£A« UNSHIFTED PEAK 
DISTANCE EXP; VALUE E»SO» RESULT DIFF/ERR EXP. VALUE ERROR RESULT DIFF/ERR SUM ERROR DF/ER 

ORIGINAL CORRECTED O»IGIHAL CORRECTED CORRECTED 
15.C 0.C2 0.03 1.47 0.C4 -0.01 8.C3 10.92 1.36 10.94 -0.02 10.94 2.00 O.OO 
30.C 0.10 0.15 1.44 0.19 -0.03 7.93 10.80 1.36 1C.80 0.00 10.95 2.00 0 . 0 0 
60.C 3.43 0.62 1.45 0.69 -0.05 7, 55 10.31 1.37 1C .29 0.01 10.93 1.99 -0.01 

MEAN SB MEAN SO MEAN ST DEV MEAN S6 
0.00103 C.00017 10.94 0.01 0 . 0 0 
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