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PROGRAM SUMMARY

Title ofprogram: RITSSCHIL is described. In comparison ~~ith other presently available
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Programminglanguageused: Fortran V
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Peripheralsused:card reader,disk, line printer Tipical running lime
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LONG WRITE-UP

1. Introduction

TheprogramRITSSCHIL is a FORTRAN77 computercode for largespectroscopiccalculationsin the
microscopicnuclear(or atomic) shell model. It is suitable for all tensorialshell-modeloperators,suchas
Hamiltonians(possiblyincluding three-or more-bodyforces)andoperatorsfor electromagnetictransitions,
(many-)particletransfer, betadecay, etc. Starting from matrix elementsof standardoperatorsin single
shells RITSSCHILcalculatesthe matrix elementsof thephysical operatorsin a multishell basis.Sinceeach
multishell problem is approachedas a recurrent two-shell problem the numberof activeshells is limited
only by a dimensionparameterin the program,which canbe set by the user.The order in which theactive
shells are coupled together(the coupling tree) can be defined by input cards. So if one works in a
proton—neutronformalism onemay coupleall proton shellstogetherand all neutronshells togetherbefore
coupling the proton shells to the neutronshells. In comparisonwith other presentlyavailableshell-model
codesprogramRITSSCHILcantreata largervarietyof operators(e.g. for many-particletransfer)andit is
more flexible. In mostcasesprogramRITSSCHIL will also run fasterand useless space.

To presentthe program,in this paperthe theoreticalbackgroundis discussedin section2 andthe set-up
of the programis describedin section 3.

2. Theoretical backgroundof program RITSSCHIL

The essentialfeaturesof the theorybehind the formalismof programRITSSCHIL arethe useof second
quantizationand the representationof all statesand operatorstn termsof irreduciblesphericaltensors.

In this sectiona short survey of the theory is presentedin order to introducethe formalism to the user.
For a morefundamentaltreatmentthe readeris referredto refs. [1.2]. After somepreliminary remarksin
section 2.1, section 2.2 introducesvery briefly the stateoperatorsand adjoint stateoperatorswhich are
characteristicfor the second-quantizationformalism. In section2.3 the transformationof operatorsto a
standard-formexpansionis discussed.Finally. sectton 2.4 offers a presentationof the general reduction
formulawhich expressesmatrix elementsof operatorsacting in a multishell in termsof matrix elementsof
operatorsacting in singleshells.

2.1. Preliminary remarks

Thepresenttreatmentleansheavilyon the approachof Frenchet al. [1] usedfor the constructionof the
Oak Ridge—Rochestershell-modelcode.Theychosefor the expansionin sphericaltensorsbecauseit allows
the full use of Racahalgebra.The advantagesof secondquantizationare the easy handling of particle
antisymmetryand the decomposabilityof operators,i.e. eachoperatorcanhe expressedas a sumin which
eachterm canbe decomposedinto single-shellparts.eachpart operatingin a differentshell. Theextensions
in the presenttreatmentconcernthe iterativeandmoregeneralset-upof the program(seesection3) whtch
touchesthe theory for examplein the definition of standardoperatorsand in the way physical operators
are transformedto a standard-formexpansion.

Becausethe formalism doesnot dependon the set of quantumnumbersconsidered,a direct-product
notationis used.The quantumnumbern or m standsfor all (commuting)quantumnumbersthat concern
the occupationof a state; so in a proton—neutronformalism n standsfor n~and n~.the numberof
protons and the numberof neutrons.A single Greek symbol (p. X, F. �7) representsthe set of vectorial
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quantumnumbers(final tensorial ranks)considered,for examplethe set f J, T } or ~L, S } or { L, 5, T }.
The further quantum numbersneededto completethe specificationof a tensor are representedby the
Greeksymbolaor $. If in a formula a factorcontainsonly occupationnumbersor only vectorialquantum
numbers,this factor standsfor a productof such factors,one for eachrepresentedquantumnumber.For
examplea phasefactor (~

1)~i~~’ will be (-~1)’~e’’°’in a proton—neutronformalism, In this way the
coupling of two tensors,representedby squarebrackets,canbe definedby

[v”x w”]~=~<pL1T17..)vfw/:, (1)

where the symbol <FFJ”F..’ ~2lL) standsfor a productof Clebsch—Gordancoefficients,one for eachof
thecommutingvectorialquantumnumbersconsidered.The reducedmatrix elementsof the Wigner—Eckart
theoremare representedby double-barmatrix elements:

2t2(FF~S2Q~FL)
(nFLa I J~V~n’FT.~a’)= (—1) ‘~ - ~ (nfa Wt

2 II n’F’a’) (2)(21+1) -

and
~

(nlct Wt2 II n’F’a’) = ‘ / t/2 ~ <F’FQQ I IT)<nlLcs J4’~nT’F~’a’). (3)
(21+1)

2.2. State operatorsand ac/joint stateoperators

Thissectionintroducesverybriefly the stateoperators(section2.2.1),the adjoint stateoperators(section
2.2.2) and some special matrix elementsof these operators(section2.2.3). The only differencewith the
treatmentin refs. [1,2] is the introductionof a free coupling order of single-shellstates(the coupling tree).

2.2.1. Stateoperators
Let the symbol ) denotethe vacuumstatein which no particlesare presentandlet n = I pp) denote

the single-particlestatewith vectorial quantumnumbersp and projection quantumnumbersp, then the
creationoperatora~pcanbe implicitly definedby the relation

In=I p~)=a~~J). (4)

The operatora~
5createsa normalizedone-particlestateand thereforeit is calledthe stateoperatorfor the

one-particlestate.This conceptcanbe extendedby defining the n-particlestateoperatorZ(nlLcx) as the
operatorthat createsthe antisymmetrizedandnormalizedn-particlestatewith quantumnumbersn, F, T~

and a:

nFLa )=Z(nFLa)j ). (5)

The n-particlestateoperatorscan be written ascoupledproductsof n creationoperators.The single-shell
stateoperators,which createstateswith all particlesin the sameorbit p. are for n = 0, 1, 2 given by:

Z~(n=0)=1, Z~(n=1pp~)=a~5, Zp(n=2FFj)=(_1/~)[a~Xa~I~.. (6)

The expressionof single-shellstateoperatorsin termsof creationoperatorscanbe derivedmoregenerally
with the recurrentrelation (n = n~+ n2)

—t/2

Zp(nFFza)=(_1)’ii”2(~1) ~ <pflFaI)pniFlat(pn2Faa2))[Z(ntFlal)XZ(naF,a2)1~.(7)
Ti ~ 12a2



368 D. Zwarts / Programfor shell-modelcalculalion.s

The symbols (psiFaI}pshFtat(ps2Faas))denote the coefficients of fractional parentage(c.f.p.’s) known
from first quanttzationfor theantisymmetrizationandorthonormalizationof the basisstates.The binomial
coefficient (~yt/2 is introducedfor normalization,becausetheparticlenumberinghasvanishedin second
quantization.The phasefactor(~_1)555~is requiredto let the order in which the stateoperatorsact agree
with thephaseconventionof thec.f.p.’s in first quantization,i.e. the particlesarecoupledin the sameorder
as in which they are created.The interchangeof the two stateoperatorsyields this phasefactor as follows
from the (anti-)commutationrelation for stateoperators

Z(n
7FsF2~as)Z(ntFtFtat) = H ~)SS~Z(niFiFt~at)Z( n21T~l~a2). (8)

For two-shell states,having particlesin two different shells, this (anti-)commutationrelation providesthe
antisymmetry,while the Clebsch—Gordancoefficientsprovide the orthonormalityof the two-shell statesif
the stateoperatorsareconstructedwith the relation

Z(n1~L[ata71)=(_1)5i~~[Zt(nlFtat)XZ,(n2F2a2)I~,. (9)

The operatorZ~actsin oneof the two shellsand Z2 in the other.Thephasefactor (~~)5ii5i~ arisesagain
from the coupling conventionmentionedabove.Note that this factorvanishesif shell 1 and shell2 contain
inequivalenttypesof particles,becausethe stateoperatorsfor inequivalenttypesof particlescommute.

Becausethe two-shell stateoperatorsthusconstructedcan he manipulatedthe sameway as singe-shell
stateoperators,onecanconsiderthe combinedshellsas onenew shell. So onecanuseeq.(9) iteratively for
the constructionof stateoperatorsin spacesthat consistof more than two single shells, To preventthe
appearanceof binomial coefficientsthe two combinedgroups of shells have to he disjunct (i.e. without
equivalentsingleshellsin common).Theorder in which the different single shellsare coupledby iterative
applicationof this relationwill be calledthe coupling treeof the active shells.The resultingconfiguration
spacewill be referredto as a multishell.

2.2.2. Adjoint stateoperators
The adjoint stateoperatorscanhe introducedin thesameway. If the symbol 10) denotestheclosedcore

and I n = —1 PP) denotesthe single-holestatewith quantum numbersp and p. then the annihilation
operatorä~5is implicitly definedby

I~=—Ipp )=a,5510 ). (10)

The adjoint stateoperatorZ(nlfa) is likewisedefinedas the operatorthat createsan n-hole statewith
quantumnumbers—n. F, F. anda:

I—nF1~a)=Z(nFLa)I0). (11)

The adjoint stateoperatorsare relatedto the Hermitian conjugatesof stateoperatorsby

2(nFLa)= (_IY~’:{Z(nF_La)}. (12)

The phasefactor (—1)’~is neededin this relation to maintain the tensorialcharacterof the adjoint state
operators;(~1)1 is addedonly to preventthe appearanceof imaginary factorsfor the half-integervalues
of F.. From this relationit is alsoclear that an adjoint stateoperatoractingto the left on the vacuumstate
createsa particle state

(IZ(nF~a)=(-1)’~KnF~aI. (13)
Eachn-hole adjoint stateoperatorcan be written as a coupledproductof n annihilationoperators.For
n = 0, 1, 2 the adjoint stateoperatorsare given by

= 0) = 1,
2(n = 1 pp~)= a~, 2(n = 2FF4pA]) = 1 /2 [a~ x ~ ~.. (14)

(i ~
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Forsingle-shelladjoint stateoperatorsthe recurrentrelationreads

2p(nFF:a)=(~t)~ ~ (psiFa~}pn1F
1a1(pn2F2a2))[2(n1F1a1)x2(n2F,a2)J~. (15)

and for multishell adjoint stateoperatorsone has

2(nlf[ataa])= [2t(niFtat)x22(n2F2a2)]~. (16)

Note that thereis no phasefactor(— 1)’°’~theparticlesare annihilatedin an order oppositeto the orderin
which they are coupled.

The (anti-)commutationrelation for adjoint stateoperatorsis the sameas for stateoperators
2(n

2T2F2a2)
2(ntFtFt~at) = (_I)simn22(ntFtFizat)~(n

2F:F2~a2), (17)

If the operatorsZ and Z do not haveany orbit in commonone also has
2(n

2F2F2a2)Z(n~FtF1a)= (~1)~Z(n1F~F1ai)
2(n

2F2I~a2). (18)

2.2.3. Matrix elements of state operators and adjoint state operators

Using eq. (7) one can expressthe reducedmatrix elementsof single-shell state operatorsbetween
single-shellstatesin termsof c.f.p.’s

n t/2
(nla II Z(n2F2a2) II n1F1at) = H 1)212(n) (21+ 1)i/

2KphFa I } nil (~~Fa~) (19)

For (multishell) stateoperatorsactingon the vacuumstateonecan derive

(nFaIIZ(n’F’a’)II)= (_I)2l’ ~(00FTIFL)(nFfaIZ(n’F’La’)I)

(21+1) r

= (_I)21 ~(nFLaIn’FLa’)~
1.j..

(2F+1) i~

= (~i)~’(2F+ l)t/2~nn~tt~~nn. (20)

The matrix elementsof adjoint stateoperatorscanbe expressedin thoseof stateoperators

(n’F’a’II
2(n”F”a”) II nb) = ( 1)21’ ~ (FFF”F’ I F’F)(n’F’F~a’I 2(n”F”L’a”) I nFLa)

(21’ + 1) ri~i~

= 2~11/2 ~ (_1)tt +1{ 2F’~j }t/2 ~‘ Ifl~)
X <n’FT.~a’JZ(n”F”F.~’a”) InFLa)

= (_1)21” ~ (—1)’’’’~(F’F~F” — F~’FL)

(21+ 1) rru~’

x (—1)’ ~“ (nFLa I Z(n”F” — fl’a”) I n’F’Fa’)
= (1) ‘ ‘ (nFa~Z(n”F”a”) II n’F’a’). (21)
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So in particular

(II 2(n’F’a’) II nba) = (nba II Z( n’F’a’) II) = (— I ~‘ (21 + 1) t 266 ,.,~6.. (22)

Usingeq. (21) andan intermediate-stateexpansiononecanderivea moregeneralconjugationrelation:

(n’F’a’II [Z(n/,Fba/,) x 2(n~i~iaj~1211 nba)

1+051 t/2 (11’~2
= HI) “ (2~+ 1) ‘ ‘~~ ~ ~ (n’F’a’ II Z( nhI~,a/,) II

n’ In’’ /‘ a

X (n”T”a” II Z( na~rna)II nba)

= (—1) ‘~‘2~’(2Q+ 1)1/2 ~ { ~ }( —1)’ ~ ‘(n”F”a” II 2(n,,1~,a,,) H n’F’a’)
0

(— 1)’ ‘~- ‘(nba II Z( n~
5F,~a,5)II n”I”a”)

= (—1)’”~’~’ (nFa)[Z(n551~~a~1)><2(ni,Ti,aijI°IIn’I’a’). (23)

where{:::} denotesa 6j-symbol. A specialcaseof matrix elementsof this type can be calculatedby useof
an intermediate-stateexpansion

(nFaII[Z(n1~5a,1)X2(n’Fi,a,j]’
2IInT’a’)

= (-1) I+l2±l(2~ + 1)t/2.( ~ } (nFa~Z( nF~a~,)II)( II 2( nI~,a~,)II n’F’a’)

~ l~~°8 6

= (_1)1 (2Q + 1)’~ — “ ‘ ~ (—1) ‘(21+1)’ ~( 1)’ (21 + 1)’ 6 6

(2F’+1)~(2F+1)

= (~1)~0(2Q + 1)1/26~ i~j~6a~s. (24)

2.3. Physicaloperators in second-quantizedform

To use the second-quantizationformalism one needsnot only a descriptionof many-fermionstatesin
terms of creationand annihilationoperators(section 2.2), but also the operatorsthat one wants to use
should be representedin the same formalism. Section 2.3.1 shows that this is possible for all usual
shell-model operatorsand in section 2.3.2 the chosen method is discussedby comparing it with the
approachof Frenchet al. [1,2].

2.3.1, The standard-formexpansionof operators
Let 0 be any symmetricshell-modeloperator,i.e. 0 actsthe sameway on all indistinguishableparticles

in a given state. The physical operator 0 can be decomposedinto parts (spherical tensors)that are
characterizedby a well-definedtransformationunderrotationsof the three-dimensionalframe of reference:

0= ~ Ocl = ~ 0,~. (25)
12

In this formula 0t2 representsa sphericaltensorwith well definedrank(s) Q. Eachof thosetensors0° can
be split into tensors0,~that annihilaten’ particles and createn particles.For scalaroperatorsone has

= 0. For n = n’ 0,~.is a number-conservingn-body operator. For n > n’ O,~.is an (n — n’)-particle
transferoperator.
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In this way the Hamiltonian H is written as H = H~+ H~2+ ... i.e. H is split into its one-bodypart,
its two-body part and possibly its three- or more-bodyparts. The electromagnetictransition operator
0(�2L) can be written as 0(&~L)=0[j(&3L) and the a-transferoperator A is split into its separate
L-channelsA = ~JA~J.

Thematrix elementsof 0,~.betweenany two statesare fully determinedby the matrix elementsof 0,~.
betweenn-particlefinal statesand n’-particle initial states.Soone may define0,~.by giving the valuesof
its elementary matrix elements, i.e. all matrix elements (— 1)

212(nFall 0,;~.II n’F’a’)/(2Q + I )t/2 for a
completebasis of n-particle statesand a completebasisof n’-particle states.Thereforethe only require-
ment necessaryto define 0,~.in second-quantizationformalism is that the elementarymatrix elementsof
the second-quantizedoperator 0,~.are the same as the elementary matrix elementsof 0,~.This
requirementis met uniquely if one defines

= ~ (~1)~°(nba II ~ II nT’a’) [Z(nba) x 2(n’F’a’)] f’.. (26)
(2Q+ I) -

The summationruns over a completebasis of n-particle statesand overa comDletebasis of n’-particle
states.

In this way the second-quantizedoperatorsfor H, 0(C.tL) and A are:

~ ~ (pXIIH~IIaT)t.[Z(n=2F[pX])X2(n=2F[aT])1~+...,
p IpXaT

p~Aa~y

(pII0(~L)lIX) i.0(&~LM)=>J t/2 [a~xãxju,
pA (2L+I)

~

a (2L+I) a

By the useof eq. (24) it is easily shown that this definition meetsthe requirement:

— .. —

212(nFaIIO .IIn’F’a’) — - —(nF~ijI0,~.II n’F’~’) = ~ (_ I) “i t/2 (nI’~II[Z(nba) X Z(n’F’a’)} ‘° II n’F’tf’)
Fain’ (2Q+ I)

212 (nba II 012, II n’F’a’) 20 t/2

= ~ (—1)~ t/2 (—1) - (2Q+ I) 6ti~6an~ip8aa

Fain’ (2Q+1)

= (nT~tII6~.IIn’F’a’). (27)

Eq. (26) will be calledthe standard-formexpansionof operator0,~..

2.3.2. The standardoperators
By choosing eq. (26) as the standard-formexpansionone has implicitly chosena set of standard

operatorsto be a basis for the spaceof all tensorial symmetricoperatorsin the given multishell. These
standardoperatorsweredefinedby

F(mWLS/3)= [Z(nba) X Z(n’F’a’)] ~ (28)

with m = n — n’, S = n + n’ and $ containingthe determinationof the ‘inner’ structure(F, a, F’ and a’).
With eqs. (25), (26) and (28) one can write the multishell matrix elementsof any tensorial symmetric
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shell-modeloperator0 asa linear combinationof multishell matrix elementsof thesestandardoperators,
using theelementarymatrix elementsof 0 ascoefficients:

— — 21~(nba11012,11n’F’a’) — —
(ñFa II OIl d’b’it’) = ~ (— I) ‘ 2 (n~ II F( m�2S/3)II ñ’F’ii’). (29)

t2nn’ Fain’ (2~2+I)

The presentstandardoperatorsare different from the standard-formoperatorsin refs. [1,2]. Frenchet al.
define the standard-formoperatorsas coupledproducts of single-shell standard-formoperators(each
single-shellstandard-formoperator being a coupled product of a state operator and an adjoint state
operator).In the presentapproacheachstandardoperatoris a coupledproductof one stateoperatorand
oneadjoint stateoperator(while accordingto eqs.(9) and (16) the stateoperatorsare definedas coupled
productsof single-shellstateoperators).E.g. a three-shell standard-formoperatorof ref. [1] is given in a
schematicnotationby

F= [f~Xf

2 Xf3] = [z1 x 2~x [z2 X z2] ~ [z3 >< 2311,

while a three-shellstandardoperatorin thepresentapproachis given by

F= [z x 2] = [z1 Xz2 ~ z3] x[21 X 2~X 23]].

The approachof French et al. has the disadvantagethat for the general case the calculationof the
expansioncoefficientsin the standard-formexpansionis ratherlaborious,whereasin the presentapproach
the expansioncoefficientsarejust the elementarymatrix elements.The difficulty has not vanishedbut is
transferredto the calculationof the matrix elementsof standardoperatorswhereit canhe solvedelegantly
becauseof the iterativeapproach.

Thestandardoperatorsin the presentapproachobeythe recurrentrelation:

F( mQQ2S/3)= [Z( nba) >< 2(n’F’a’)] ~2

= [(_1)uu512[Z,(ntbtat) ~Z2(n2F2a2)]
1x [2,(n~F~aç) x2

2(n’21T~a’2)] ‘]~

(F11’2F

= (1 )sii’i2( — 1)~iisi2~ [(2F + 1 )(2F’ + I)(2Q1 + I)(2Q2 + 1)] t/2~ ~
171172 ~2~)

x [Zt(nibtat) x
2~(n~1’~a~)}° x [Z

2(n2b2a2) X 22(n~F~a~)]1221 ~

[F~l/F

= (~i)~”~’~~ [(21 + I)(2F’ + I)(2~~+ 1)(2Q2+ I)] t/2~ I~F~F’

>< [F1(mi2tS1$i)xF2(m2f~2S2f32)]~. (30)

where (:::} denotesa 9j-symbol. The subscriptstand2 refer to the two shells that are coupledto get the
final miiI’tishell. Note that almost all parametersare determinedby parameter$; the summationis only
over ~ and ~2’

For a given coupling tree this recurrentrelation(iteratively used)is all one needsto write F(m~7QSf3)
as a sum of coupled productsof single-shellstandardoperators(and to find in this way the expansion
coefficientsof Frenchet al. for the generalcase).But this hasnot to be done explicitly here,becausethe
programmeneedsonly this relation in the iterativeset-up.
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Note that for the operatorsH (up to two-particleparts), O(&iL) and A in section2.3.1 the 9j-symbols
in the recurrent relation will contain alwaysat least one zero-argument,so the 9j-symbols reduceto
6j-symbolsor even further.

2.4. The generalreductionformula

In section2.2 the multishell statesare defined in a recurrentway (eqs.(9) and(16)) andin section2.3
the sameis donefor multishell operators(eq. (30)). Using theserecurrentdefinitionsonecanderivealso a
recurrentrelation for multishell matrix elements.i.e. a formula to expressmatrix elementsof operatorsin a
multishell in termsof matrix elementsof operatorsin the two shells that, accordingto the coupling tree,
constitutethe total multishell.A reviewof this derivationis presentedin section2.4,1,while in section2.4.2
the resultinggeneralreductionformula is discussed.

2.4.1. Derivation of the general reduction formula

Usingeqs.(29) and(30) onecanreducethe calculationof multishell matrix elementsof any symmetric
tensorial shell-modeloperatorto the calculationof multishell matrix elementsof the coupled operator
product[F,(mtQtS,/3,) X (F2(m2Q2S7$2)]~(for the notationseesection2.3.2).

Thefirst step in thederivation of the reductionformula for the matrix elementsof this operatorproduct
is to show explicitly all Clebsch—Gordancoefficientsinvolved in thesematrix elements(to shorten the
notationthe quantumnumbersa, S and /3 are suppressed):

(nFJI[Ft(mt~t)XF2(m7Q2)]
12IIn’F’)

212

= (-1) /2 ~ (F’FIFL)(nFLI[F~(m,Q
1)XF7(m2~7)]~In’F’F~)

(2F+ I) -

217

= (-1) t/2 ~ (F’L’QQIFL)(I(-I)’’~2(nF-F)[Fi(mt~t)xFs(m2Q2)]~Z(n’b’F’)I)
(2F+ I) -

212

= (-1) i/~ ~ (F’b~QIFf)(I(-I)’’[2i(n,Ft)X27(n7F2)]~,j.
(21+1) ‘ 1~12i’ -

x [Ft(mtQt) X F7(m2Q2)]~( - 1)°”~[Z1 (n~F~)X Z2(n~Ffl] ‘ I)

/ \217

= ~ t/’ (bcFf2QIFF)(Fi—T~F2—F~IF—L)
(21+ 1)

x (~1Q12~?2Q25I ~FFF~F~ I F’F)( —1) r_L( —

x (I Zt(ntbt — Ft)22(n2F2— F2)Fi(miQ,~t)F2(m2Q2~2)Z1(n~b~F)Z2(n’2F~F~)I)

/ 5217

= i/2 ~ (F’FQ~LIFF)(F1Ft2F2F~2IFF)(Q1Q1Q2Q2.I~Q)(FF~F~F~IF’F()
(21+1) att z’s

x (—1)~ +I2_I~( —

X (I
2t(ntFi — F~)2

2(n2b2— b,)Ft(mt~tQ1)F2(m2f22 )Z1(n~F~F)Z2(n’2b~F~) I).
(31)

To separatethe operatorsacting in shell 1 andthoseacting in shell 2 one has to interchangethe operators
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22 and F~,F. and Z,, and finally 22 and Z,. Thereforeoneneedsthe (anti-)commutationrelations for
stateoperatorsandstandardoperatorsacting in disjunctspaces.Theserelationscanhe easilyderivedfrom
the definition of standardoperators(28) and the (anti-)commutationrelations(8). (17) and (18). One
obtains

Ft(mt~tf2t)Z2(n2F2— F2) = (— 1)huS2Z2(naFs— F5)Ft(rn,Q,Q,). (32a)

Zi(n1’~F~)F2(rn7~2Q2)= (— 1) uiiss2F2( rn2~22~72)Z, (nçF~b~). (32h)

BecauseF, is an mi-particletransferoperator(creatingm, particlesmorethan it is annihilating)and F. is
an m2-particletransferoperatoroneshouldhavenç + rnt = n, and ,z + m2 = n2. So onefinds:

( I) “~+ 12 C ~ —1) “I

X (~Z,(ntb, — b, )Z2(n2b, — b~)F,(rn1~?1~?,) F2 (m2~27f22)Z1 ( n~F~b~)Z2(n~F~b~)I)

= ( I)hi~1_I_( 1)Hh?~2_._?;sI;i: I

~

= (_1)h1+12 l=(_1)ssii~i2(IZt(n,F, — Ut)F,(rn,~,Qt)Zi(n~F~F~)I)
X (1Z2(n2F2 - T )F2(m2Q2f22)Z2(n~b~1~)I)

= (~I)”’~(n~I~F~I F1 (rntQt~,)I n~Fb~)(n2F2F2I F2( m2Q2Q2)I n~b~1/)

SSiiSS. 212~ (b~FQ1~2,IFtF1~)
= (-1) -(-1) - - - (n,It II F1(m,~,)IIn1)

(21’, + I)

217 ~ Ix (-1) - -- -- - (n7L II F2(rn2f22) Il nIx). (33)
(2F2+1)’

Realizingthat 2Q + 2f2, + 2~22is alwaysevenandthat

~ (F’b’&?A2 I F’F.QQ I FF)(F,F,F2F2 I I’L)(Q,Q,2Q2�22. I Q~)(Fb,’F~1’~I F’F.)
ait 2 S

>< (b~F~f~2,IFIFI)(F1F~A22Q2112122)

(1’,LF

= (2F+ 1)[(212 + 1)(2F’ + I)(2b, + I)(2F. + 1)] t/2~ I~I~b’

~Q2~2)

one obtainsafter insertionof eq. (33) in relation(31) the desiredgeneralreduction formula:

(1~13~’ ‘\

(nFII [F, (mtQ,) x F,(m2Q2)] sill n’F’) = (—1 )‘~5i’i2 [(21 + 1 )(2~+ l)(2b’ + 1)1 t/2~ 1~F1b’

~t~2f2)

X (n,F1 II F,(rn1Q,) II nçF~)(n2F7II F2(rn2~72)II n~b~).(34)

2.4.2. Discussionof the generalreductionformula
Therecurrentexpression(34) derivedin the previoussectionis the pivot on which programRITSSCHIL

hinges.It is good to notice thegeneralityof this formula. Becauseof the consequentlyuseddirect-product
notationalsoin this formulaeachfactor shouldbe interpretedas a productof suchfactors,one for eachof
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the usedoccupationnumbersandvectorial quantumnumbers,respectively.So this formula is applicable
without anychangealso in a proton—neutronformalism or in an LST-couplingscheme.

A secondpoint is the arbitrarycouplingorder of shells, the coupling tree. In eq. (34) shell I may be an
alreadycoupledgroupof single shells,but also shell 2 or both. The only relevantrestriction is that shell I
and shell 2 haveto be disjunct, which is used in the derivation of (34).

In the presentapproachthe calculationof the multishell matrix elementsof an arbitrary shell-model
operatorin an arbitrary configurationspacewill involve the following steps. It is assumedthat the basis
statesand thestandardoperatorsof single-shellspacesare available.Also the single-shellmatrix elements,
i.e. the matrix elementsof the single-shellstandardoperatorsbetweensingle-shellbasisstates,should he
calculatedin advance(which can be done usingeqs.(19) and (21) andan intermediate-stateexpansion).
Then a multishell basis of statescan be constructedby iterative applicationof eq. (9). In this way each
multishell basisstateis fully definedby its constituentsingle-shellstatesandtheranksof the (intermediate)
couplings.For each(intermediate)multishell a basisof standardoperatorscanbe definedin the sameway
with eq. (28). By iterativeuse of eqs.(34) and (30) the multishell matrix elementsof standardoperators
betweenbasis statescan be calculated.Finally, eq. (29) offers the possibility to transformthese matrix
elementsto the matrix elementsof the shell-modeloperatorone wishes to use. In the program this last
transformationis combinedwith transformation(30), so for eachshell coupling only one transformation
has to be performed.

3. Set-up of program RITSSCFIIL

The programRITSSCHIL is meant to he a very generalshell-modelcodefor the calculationof reduced
matrix elementsof tensorial operatorsin a multishell configuration space.The user should be able to
choosehis own set of quantumnumbers,to specifythe activeshellsand the order in which they shouldbe
coupledtogether(the coupling tree),and to define the shell-modelbasisstatesandthe operatorshe wants
to use. To be suitable for an arbitrary number of active shells and for an arbitrary coupling tree the
programis set up as a recurrenttwo-shell code. Eachconstructedtwo-shell configurationspaceis treated
againas a new singleshellthat canbe usedfor further coupling.In order to define any symmetrictensorial
shell-modeloperator.the elementarymatrix elementsare introduced: each operator is defined by its
reducedmatrix elementsfor a completebasisof final andinitial statesthat containthe minimumnumber
of particlesfor which (a part of) the operatordoesnotyield a trivial zero (seealso section2.3). For example
the usual Hamiltonianis definedby its one-bodyandtwo-body matrix elements.

The programRITSSCHIL hasa modularset-upin order to makeit easierfor the user to understandthe
programor to modify it for specialpurposes.As an aid to a good understandingthe set-upof the program
is discussedin this section; some terms are introducedand some rather complicatedpartsare explained.

Section 3.1 surveys the constructionof the basis statesand operators.In section 3.2 the operator
transformationsare explained.The principles for the calculationof the matricesare discussedin section
3.3. Finally, section 3.4 containsremarkson the parametersof the program, the error messagesand the
hardwaredependence.

3.1. The construction of thebases

Havingdefinedthe activeshellsand their couplingorder (thecoupling tree) onemustconstructfor each
singleshell andeach(intermediate)multishell threebases,namelya basis
— for the statesthat will be usedas initial andfinal statesin the matrix elements;
— for the standardoperatorsinto which the physical operatorsare expanded(seesection2.3);
— for the stateoperators(andimplicitly also for theadjoint stateoperators)in termsof which the standard

operatorsare constructed(seesection2.3).
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Thesethree basesare referred to as the state basis, the operator basis and the state-operatorbasis.
respectively.The state-operatorbasisdefinesthe statesthat are alsoused in the definition of theelementary
matrix elementsof the physicaloperatorsone wantsto use.

In section 3.1.1 the treatmentof quantum numbersand themethod of basisdefinition are introduced.
The ‘s’say by which the basis constructionsare controlled is describedin section 3.1.2. The selectionof
single-shell basesis discussedin section 3.1.3 and theconstructionof multishell basesin section3.1.4.

3. 1. 1. .Spacelists and extendedspacelists
The basisstates,basisoperatorsandbasisstateoperators(for shortnessreferredto as items) aredefined

by a set of quantumnumbersand an additional index counting the items with the same valuesof the
quantum numbers. Becauseof their different behaviour with respect to tensor coupling the quantum
nLimhers are divided into four groups: (i) the ‘occupation numbers’determiningthe numberof particles
(for operatorsthechangein thenumberof particles) for eachtype of particles: (ii) theparity or parities of
selectedgroups of particles: (iii) the vectorial quantumnumbersgiving the multiplicities of the tensortal
ranks: (iv) theadditivequantumnumbers.Group(ii) may he empty and the first elementof group (iv) is
thequantumnumberS beingthe total numberof particles.All basisstates,basisoperatorsor basisstate
operatorswith thesamevaluesfor thequantumnumbersform togethera space.The numberof items in a
spaceis called thedimensionof thespace. E.g. thedimensionof the spaceof I = 0 two-particle statesfor
thep-shell,which is constitutedby thep, 2-shell and the p~2-shell. ts equalto two. stncetherearetwo such
states.Becausefor further coupling only the possiblesets of quantumnumbersand the numberof items
contributing to eachset arerelevant, the main information abouta basiscanhe summarizedby giving a list
of constructedspaceswith their dimensions.This list is called thespacelist.

Theremaininginformation about thebases,namely the innerstructureof thedifferent items in a space
hidden in theadditional index. is fully determinedh specifying for eachitem its parents.i.e. the two states
or stateoperatorsthat arecoupledtogetherto get this item. E.g. oneof the two J = 0 two—particlestatesFor

the p—shell is a two—particlestatein thep, -,—shell coupled to an empty statein the p3 -,-shell, while for the
othertwo-particle stateit is just theother way around.If an item of spacePA (father)and an item of space
M.A (mother)can coupleto get an item of spaceJR (junior) also all other itemsof spacesPA andMA can
couple to get itemsof spaceJR. becausethey all havethesamequantumnumbers.So thecouplingof space
PA and spaceMA yields a number of itemsequal to the productof their dimensions.If oneputs all these
items in a fixed sequenceonecan specify all their additional indices usingonly one constant:let jr he the
index of a resultingitem, pa the index of an item in PA and ma the index of an item in MA. thenone may
define

jr = C(JR.PA. MA) + (pa — I )N~,+ ma. (35)

in which N~,5is the dimensionof spaceMA andC(JR. PA, MA) is a constantdependingonly on the three
spacesconcerned. C(JR. PA, MA) is called the cumulative dimension,becauseit counts the number of
precedingitems of spaceJR resulting from the coupling of parent spacecombinationsdifferent from PA
and MA. So the inner structureof the items in a spacecan he specified by giving a list of combinationsof
parent spaceswith their cumulativedimensions for this space.This list is called theextendedspacelist.
Becausetheadjoint stateoperatorsareimplicitly definedat thedefinition of the stateoperators(according
to eq. (12)). they have thesamespacenumberingand indicesas thestateoperators.In theextendedspace
lists a parent conjugation codeNC is addeddenoting whether the state operatorsor the adjoint state
operatorsaremeant:

NC = 0 means[PA x MAI. NC = 1 means[PA X MAI. NC = 2 means[PA X MAI. (36)

Finally, one also needsa basis for the coupled operatorproducts [F,( in ,c2,S~/3, ) X F.( in 2f~2S2$2)]~
(seee.g.eq. (30)). Becausethequantumnumbersof theseproductsarethe sameas thosefor thestandard
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operatorsonemay usefor both the samespacelists. Only the dimensionsmay bedifferent for the operator
products,but this is not importantbecausethe operatorproductsarenot used for further coupling. Soone
needsonly the extendedspacelists for the operatorproducts to specifytheir inner inner structure.Note
that in theseextendedspacelists the spacesPA and MA are operatorspacesinsteadof statespaces.The
conjugationcodeNC is usedherealso becauseall operatorsthat canbe obtainedby Hermitianconjugation
of other operatorsarenot constructedexplicitly. In fact this is the only reasonwhy the conjugationcode
hasbeenintroduced,becausefor the otherextendedspacelists the conjugationof the parentsis already
determinedby thekind of the list (NC = 0 for statesandstateoperators.NC = I for standardoperators).

3.1.2. Restrictionsfor thebases
To enablethe programandthe userto restrictthe constructionof the basesto only thoseitemsthatare

reallynecessary,thesystemof rangesis introduced.For eachsingle shell or multishell and for eachof the
three types of basesthereare oneor more setsof ranges,eachsetgiving a lower limit and an upper limit
for eachof the definedquantum numbers.The values of the quantum numbersof a constructed item
shouldmeet all the requirementsgiven by at least one of the sets of ranges for the shell and list type
concerned.The ranges are initialized to default values dependingon the kind of the quantumnumber
concernedandcanbe modified by the user. Before the basisconstructionsare startedeachset of rangesis
refined as much as possibleand reasonablewith the strong correlations betweenthe restrictions for
different quantum numbers,shells or list types. All items are used to construct items in the complete
configuration space.Hence,next to the rangesmentioned(specific for one shell and one basis type), for
eachbasis type thereare also common ranges.The latter are derived from the restrictionsfor the final
configuration spacebut valid for each intermediateshell. Thesecommon rangesimply that each inter-
mediateitem shouldeitherhavea valuefor quantumnumbersS (seesection3.1.1) that is lower than the
maximum value of S of the final items,or meet all the requirementsgiven by at least one of the sets of
rangesfor the final items. For operatorsthe common rangesalso takecare that, if the final operatorsare
pureparticle-transferoperators(so F= Z), the sameholds for each intermediateoperator.

3.1.3. Selectionofsingle-shellspaces
It is assumedthat for each single shell the baseshave been constructed in advanceand that the

information about these basesis availableas spacelists on a file. To define the inner structureof the
single-shellstandardoperatorsthe file shouldcontainalso extendedspacelists for theoperatorspaces.The
inner structureof statesand state operatorsis fully defined by the c.f.p.’s in the single-shell matrix
elements.

Theprogramhas to selectfrom the file those spacesthat meetthe conditionsgiven by thesetsof ranges
for the singleshellsconcerned,To avoid a resequencingof the single-shellmatrix elementlabelslateron in
theprogram (seesection3.3) only completespacesof single-shell itemsareselected.So if one truncatesan
operator space by prohibiting some of its constituentstateoperators.the completeoperator space is
omitted.

The set of quantumnumberson the library file, used to define the bases,has to be roughly the sameas
the set the userhaschosenfor the program.The possibleconversionsare that the programmayomit some
quantum numbers,it may split up a quantum numberinto several quantum numbersconcerningthe
different typesof particles(e.g. n becomesn~or na), andit mayadda parity quantumnumber.Becausein
this part of the program the single-shell quantum numbersare defined, one has to interfere in these
routinesif onewishes to define single-shellquantumnumbersin a different way, e.g. to definean additive
quantumnumbercontainingthe numberof oscillatorquantafor harmonic-oscillatoreigenstates.

3.1.4. Coupling andtrimming
Eachbasisin a (intermediate)multishell is a direct product of two alreadyconstructedbases.For the
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constructionof a multishell basis one hasonly to find the possiblequantum numbersto which the two
constituentbasescancouple.The Racahalgebrafor the coupling is handledlateron in the programin the
generalreduction formula of thematrix calculation(seesection2.4.1 and3.3). Whencoupling two tensors
most of the quantumnumbersof the product are fully determinedby the quantum numbersof the two
tensors:only in the resultantsof thevectorial ranks there is somefreedom,which causesthat mostly more
than oneproductcan he constructed.

In addition to the rangesrestricting thebasesan extra restriction is implementedfor the operators:the
value of theoccupationnumber should he nonnegative(or. in casethereare severaloccupationquantum
numbers,the first nonzerovalue should hepositive). This restriction is to preventthe explicit construction
of operatorsthat can he seenas Hermitian conjugatesof other operatorsin the samebasis, becausethe
matrix elementsof suchoperatorscan he derivedeasilyfrom thoseof theother operators(by theuseof eq.
(23)).

Having constructeda basis for the operators,one can use its spacelist for the construction of the

extendedspacelists for the operatorproductsof eq. (30). It is testedwhetherthe four stateoperatorsof the
parent shells, appearingin eq. (30), are also used to constructa standardoperatorwith thesamequantum
numbersasthis operatorproduct. If not, this operatorproduct is not necessaryfor thecalculationsand it is
omitted. But also the other way around:each Z-quartet in a standardoperator.that is not used for the
constructionof an operatorproduct.should he removed.

During andafter thebasisconstructionsall spacesthatare not usedfor further couplingareeliminated.

in order to avoid thecalculationof superfluousmatrix elementslater on in theprogram.

3.2. The operator Iranstornlation

The general reduction formula (34) yields reduced matrix elementsof the coupled product of two
standardoperators.For further usetheseoperatorproductshaveto he transformedto standardoperators
in the combinedshell with the operator transformation (30). To get physical operators (if opted) the
standard operators have to he transformed too by the use of the elementary matrix of the physical
operatorsas describedby eq. (26). Both transformationscan he taken togetherinto one transformation
from thecoupled operatorproduct to the desiredfinal operators.All matrix elementscalculatedwith the
general reduction formula are convertedwith this combinedtransformation to the matrix desiredfor the
shell concerned.

In this section thecalculationof the transformationmatrix elementsis reviewed.The transformationof
operator products to standardoperators is discussedin section 3.2.1 and the contraction of standard
operatorsto physical operatorsin section3.2.2.

3.2.1. The transformation to clandara’ operators
In thematrix calculationpart of theprogram RITSSCFIIL themultishell matrix elementsare calculated

with thegeneral reduction formula (34). This formula yields matrix elementsof coupled productsof two

standardoperators.one acting in one of the two shells and one acting in the other shell. For further
calculationsthesematrix elementshaveto be transformedto matrix elementsof standardoperatorsin the
compositemultishell with eq. (30). Becausethis transformationformula is straightforwardthe valuesof the
transformationmatrix elementscan he calculatedeasily. The problemis hidden in theadditional indicesof
the operator products and the standardoperators. In fact the transformationis just a reordering and
recouplingof the four constituentparent stateoperators(the Z-quartet). Henceeachoperatorproduct is
transformedto only thosestandardoperatorsthat have thesameconstituentZ-quartet.

Let the standardoperatorwith spaceindexJO andadditional indexjo.denotedas(JO‘jo), he a coupled
product of stateoperator(JA .ja) and adjoint stateoperator(JB ‘jh). Then, accordingto eq. (35), one has

= C(JO.JA. JB) + (ja — 1 )N1~1+jh. (37)
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State operators(JA ‘ja) and (JB ‘jh) are themselvescoupledproductsof the stateoperators(PA ‘ pa) and
(MA ma). and(PB - pb) and(MB- mb), respectively,so one also has

ja = C(JA, PA. MA) + (pa — 1)NyIA + ma. jh = C(JB, PB, MB) + (ph — I )N5~3+ nih. (38)

Insertionof eq. (38) into eq. (37)yields

jo = C(JO, JA. JB) + NJI,C(JA. PA. MA) + C(JB, PB, MB) + (pa — I )N,,a~NI~+ (ma — 1 )N05

+(pb—1)NMII+mh. (39)

The operatorproducthas the samequantumnumbersas the standardoperator(JO jo). so it hasalso the
samespaceindex JO. Its additional indexjt is different, however.Dependingon the parent conjugation
codeNC (see section3.1,1) theoperatorproduct(JO ‘jt) hasoneof the following structures:

NC = 0: (JO‘jt) = [(P0. po)>(MO. mo)1,
NC=I: (JO.jt)=[(PO.po)x(MOmo)],

NC=2: (JO.jt)=[(PO2po)X(MO’mo)].

With the samemethodas used in the derivationof eq. (39) onecan find for its additional index

jt = C(JO, P0. MO) + N~)C(PO,PA. PB) + C(MO. MA. MB) + I + (pa — 1 )KPA

+(ma — 1)KMA +(pb — 1)KPB +(mb — 1)KMB (40)

with KPA. KMA. KPB and KMB asin table1. So the transformationmatrix elementshaveto containthe
stipulation that an operator product with index jt as defined by eq. (40) contributesonly to a standard
operatorwith the samequantumnumbersandwith index jo as defined by eq. (39) with thesamepa. ma.
pb andmh indices.

For single shells the matrix elementsof standardoperatorsare read from a file. Hence there is no
transformation needed.But for conformity and becausealso for single shells a contraction may he
performed.for singeshellsa dummy transformationmatrix is calculated.

To be able to perform a conjugation of the multishell niatrix elementsas describedby eq. (23). a
conjugationphasefactor is addedto eachmatrix element.The operator-dependentpart of this conjugation
phasefactor (~I )‘‘ “ is calculatedin this part of the program and transferredvia the transformation
matrix elements,so that in the multiplication part of theprogram the inner structureof the operatorhas
not to be analysed.

3.2.2. The contraction
In section 2.3 it is shown that physical operatorscan be written as linear combinations of standard

operators.The coefficients of these expansionsare the elementarymatrix elementsof the physical
operators.Often theelementarymatrix elementsalso dependon a numberof parameters.

The standardoption of the program is to calculatethe multishell matrix elementsof the standard
operators that appear in the expansion. In this way for each physical multishell matrix element the

Table 1
Parameters for the calculation of jt (seetext)

KPA KMA KPB KMB

NC 0 NPBNMO N5~ N555) I

NC = I Ni,aNssss 1 N555~ N515

NC = 2 NMO NNIIS NPAN\)()
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dependenceon the separateelementarymatrix elementsis conservedexplicitly. So theusermay adjustall

elementarymatrix elementsindependentlyafter thegeometricalcalculationsof program RITSSCHIL.
If onedoesnot wish to adjustall elementarymatrix elementsindependently,one may ask theprogram

to perform a contraction. In this casethe programperforms the transformationof the matrix elementsof
standard operators to the matrix elementsof the physical operators as described by eq. (26). This
contraction will be performedif theconcernedelementarymatrix elementsareofferedto theprogramon a
file, Becausethe elementarymatrix can he written on this file as linear combinations of a number of

parameters,thedependenceon thedifferent parameterscan he kept separate.So the usermay adjust all
parametersafter program RITSSCHIL hasfinished.

Although thestandardoperatorsin eq. (29)are standardoperatorsin the completeconfiguration space.
the contraction has not to he delayed till after the last shell coupling. As soon as an operator in an
intermediateshell hasa value for quantum number S that is equal to the maximum value for S in the
completeconfigurationspace.it is certain that this operatorwill be coupledonly with unit operatorsin the
remainingshell couplings.At this moment it alreadyhas thesamequantumnumbersas the final operator
and it will not be used to constructother operators,so it can he contracted.This contractionchangesthe
dimensionsof severaloperatorspaces.Hencethe contraction forcesa revision of spacelists andextended
spacelists,

For Hermitian physicaloperatorsone has

(n’I”a’ 110 II nba)= (—1)’ ‘ (nbaHO II n’r’a’). (41)

So for contractedoperatorsthe operator-dependentpart of the conjugation phasefactor of the matrix
element is put equal to one.

3.3. The matrix calculation

The most time-consumingpart of the program is the matrix evaluation. To save time and space
RITSSCHIL calculatesonly those matrix elementsfor which the initial stateequals the final stateor
precedesit in the orderingof thebasis states.All other matrix elementscan be obtainedby interchanging
the initial andfinal statewith eq. (23) or (41). In order to be able to perform such a conjugation a phase

factor is addedto each matrix elementgiving the changeof sign at conjugation.For number-conserving
standardoperatorsthis conjugation implies that the operator in the matrix element is replacedby an
operatorwith the samequantumnumbers,so with the samespaceindex, hut in mostcaseswith a different
additional index. Hence,if in the programconjugationshaveto he performed,an inversiontableshouldhe
availablewith the changein additional indices for number-conservingoperators.Operatorsthat are not
number-conservingare replacedby operatorsthat are not explicitly definedat the basisconstruction.It can

be assumed(as is done already in section 3.2.1) that the additional index of nonnumber-conserving
operatorsis not changedat conjugation.

In the approachof the programRITSSCHIL it is assumedthat for single-shellspacesall neededmatrix
elementsare offeredto the programon a file. The programhasto read thosematrix elementsand to adjust
the spaceindices of the final state,initial stateandoperatorto the spacedefinitionsused in the program.
Becauseonly completespaceshavebeenselected(seesection3.1.3) the additional indices havenot to he
adjustedand the inner structureof the three items is not to be analysed.Maybea contractionshould be
performed.so also the single-shellmatrix elementspassthrough a transformationroutine. The gathered
single-shell matrix elementsare finally written to temporarydirect-accessfiles. Each shell has its own
direct-accessfile. It is openedandwritten for everyshell in turn. according-tothecoupling tree, and it is
closedas soonas it hasbeenusedfor further coupling.

For multishells thematrix elementsare calculatedwith the generalreductionformula (34) followed by a
transformationas discussedin section 3.2, First the requiredinformation for the multishell concernedis
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made available: the transformationmatrix elements, the temporary direct-accessfiles with the matrix
elementsof the two constituentshells,the neededspacelists andextendedspacelists,andsometables.For
each final and initial statespacea list is madeof operatorspacesthat fit in between.For this selection
attention is paid not only to quantumnumberconditions(n, = n + 11~~.triangle conditions.etc.). hut also
to possiblefuture useof thematrix elements.As soon as in a matrix elementon an intermediatemultishell

the final and initial statescontain already the maximum number of particles desired for the complete
configuration space.they will he coupledonly with empty statesin the remainingshell couplings.Because
only the unit operatorfits betweenempty states,the operatorin the matrix element concernedwill he
coupledonly with the unit operatorin the remainingshell couplings. So theoperatorshould alreadyhave
thequantumnumbersasdesiredfor theoperatorsin the completeconfiguration space.

The application of the generalreduction formula is straightforward.The multiplication factor in the

formula dependsonly on thequantum numbersof the nine statesand operatorsconcerned.so it can he
calculatedoncefor all matrix elementswith the same‘junior’ and ‘parent’ spaces.The most complicated
part of thematrix calculationis themultiplication of the two ‘parent’ matrix elements.Both thesearchfor
the two ‘parent’ matrix elementson the two (possiblyratherlarge)direct-accessfiles and thecalculationof
theproper indices for the ‘junior’ matrix elementsneeda largeamount of administration.The calculated
niatrix elementsare finally transformedinto matrix elementsof standardoperatorsor physical operators

andarewritten again to a temporarydirect-accessfile.

3.4. Final remarks

The program RITSSCHIL has been developed at a Cyher 175-100 computer. To minimize the
dependenceon the hardwareand to facilitate the adaptationof the programmeto special calculatioiis.
extensiveuseis madeof the possibility in FORTRAN77to defineparameters.Almost all array dimensions
andall operationsthat haveto do with the word length of the machineare definedby parameters.which
can be set easilyby theuser.

To savespaceor to enablea fast comparison,severaltimes someinformation is storedin onecomputer
word, although the informationconsistsof morethanone integern,. Thesepackedlabelsareconstructed
asa sum of thecontributing integers,each integer multiplied by a constant(1 = Lkn,). To avoid loss of
information thequotient of such a constantand thenext higher constantof the samelabel has to he an
integer number largerthan the maximum value of the integer that is packedby the useof this constant
(k,+~/k,> n,). The proper choiceof the constantsdependson the size of thecalculationsand alsoon the
word length of the machine on which the program runs. So all packing constants are defined with

parameters.Also all array dimensionsthat are not completely fixed by the structureof the program are
defined with parameters.The nameof a parameteris the same through all of the program and ~t is
exclusivelyused for this parameter.So it is easyto changea parametervalueconsistently.

The program has an autodiagnosticsystem,which takes care that the execution of the program is

terminatedwith a messageassoonasan error is detected.With theexceptionof thearray referencesin the
six-j routine (S6J), all array referencesare testedon overflow by comparing theactual maximum indices
with theparametersdefining thedimensions,The packingof labels is also tested,hut mostly only via the
consistencyof thepackingconstantsanddimensionconstants,

Program RITSSCHIL is a link in a chain of programs. Before the program can he run. one has to
prepareappropriatefiles with the definition of the single shells and the single-shellmatrix elementsand
optionally also a file with the elementarymatrix elementsthat define the physical operatorsone wantsto
use.The output files will containthe definition of the multishell standardbasesandthe matrix elementsof
the physical operators between standardbasis states.To get physically relevant quantities(binding
energies,transition probabilities,spectroscopicfactors,etc.) one has to transformthe matrix elementson
the standardbasis to matrix elementson a basis of eigenstatesof the Hamiltonian. obtained by a
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diagonalizationof the Hamiltonianmatrix. Hence,accompaniedby appropriatepreparationprogramsand
programsfor finishing off, program RITSSCHIL can be a powerful and flexible tool for microscopic
shell-modelcalculations.
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TEST RUN OUTPUT

PRDGRAM G E N E S I S

—— 14 . 1 4 3 3 4 2
15. 1: 4 5 1 4 2

QUNUMCJ],[T] ],6. 1: 4 5 1 4 4
[.3] / 16 (TI / 2 17 . 1 : 4 5 3 4 2

SHELL 1/2, 3/2 18 . 1 4 7 3 4 2
19. 1: 4 9 1 4 4

6 STATE SPACES OF SHELL 1/2 20 . 1 : 5 2 2 5 3
IDX . DIMENSION N (.3] (TJ S V 21 . 1 : 5 4 2 5 ]

1. it 0 1 1 0 0 22. 1: 5 4 4 5 1
2. ii 1 2 2 1 1 23. 1: 5 6 2 5 3
3. i~ 2 1 3 2 0 24. 1: 5 8 2 5 3
4, 1: 2 3 1 2 2 25. 1: 6 1 3 6 0
5. 1: 3 2 2 3 1 26. 1: 6 3 1 6 2
6. it 4 1 1 4 0 27. 1: 6 5 3 6 2

28. 1: 6 7 1 6 2
4 Z—OP. SPACES OF SHELL 1/2 29 . 1 7 4 2 7 1

IDX . DIMENSION N [.3] [T) S V 30 . 1 : 9 1 1 8 0
1. it 0 1 1 0 0
2 . 1 1 2 2 1 1 6 Z—OP. SPACES OF SHELL 3/2
3 1 2 1 3 2 0 lOX . DIMENSION N [J] [TI S V
4. 1: 2 3 1 2 2 1. 1: 0 1 1 0 0

2. 1: 1 4 2 1 1

13 OPER. SPACES OF SHELL 1/2 3 . 1 2 1 3 2 0
IDX . DIMENSION N [.3] [TJ S V 4 . 1 : 2 3 1 2 2

1. 3.: 0 1 1 0 0 5. 1: 2 5 3 2 2
2. 1: 0 1 1 2 2 6. 1: 2 7 1 2 2
3. 1: 0 1 1 4 0
4 , 1 : 0 1 1 4 4 22 OPER. SPACES OF SHELL 3/2
5 . 1 : 0 1 3 2 2 IDX . DIMENSION N [J] (TJ S V

6. 1: 0 3 1 2 2 1. 1: 0 1 1 0 0
7. 1: 0 3 3 2 2 2. 1: 0 1 1 2 2
8. 1: 1 2 2 1 1 3. 1: 0 1 1 4 0
9. 1: 1 2 2 3 1 4. 3: 0 1 1 4 4

10. 1: 1 2 2 3 3 5. 1: 0 1 3 2 2
ii. 1: 1 4 2 3 3 6. 1: 0 3 1 2 2
12. 1: 2 1 3 2 0 7. 1; 0 3 3 2 2
13. 1: 2 3 1 2 2 8. 1: 0 5 1 2 2

9. 1: 0 5 3 2 2

SSMTAP RECORDS FOR SHELL 1/2 10 . 1 : 0 7 1 2 2
LENGTH *LAEELS FIRST LAST 11 . 1 : 0 7 3 2 2

135 18 00010001 00060006 12 . 2 : 1 2 2 3 3
13. 1: 1 4 2 1 1
14. 1: 1 4 2 3 1

30 STATE SPACES OF SHELL 3/2 15 . 3 1 4 2 3 3

IDX . DIMENSION N {~3] (T] S V 16 . 3 : 1 6 2 3 3
1. 1, 0 1 1 0 0 17. 2: 1 8 2 3 3

2. 1: 1 4 2 1 1 18. 1: 1 10 2 3 3
3. 1: 2 1 3 2 0 19. 1: 2 1 3 2 0
4. 1: 2 3 1 2 2 20. 1: 2 3 1 2 2
5. 1: 2 5 3 2 2 21. 1: 2 5 3 2 2
6. 1: 2 7 1 2 2 22. 1: 2 7 1 2 2
7. 1: 3 2 2 3 3
8 . 1 : 3 4 2 3 1 SSMTAP RECORDS FOR SHELL 3/2
9 . 1 : 3 4 4 3 1 LENGTU #LABELS FIRST LAST

10 . 1 3 6 2 3 3 1023 92 00010001 00170013
ii . 1 : 3 8 2 3 3 1023 89 00170014 00260013
12 1 : 4 1 1 4 0 1023 82 00260015 00340014
13 . 1 : 4 1 5 4 0 327 30 00340016 00360036
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PROGRAM R I T S S C H I L

INPUT CARDS:

SHELL OP3
SHELL OPi
SHELL P
STATE P3
OPER. Ml

SHELL NAME FAMILY TYPE PA MA JR

1 0P3 P 0 0 3
2 OPI P 0 0 3
3 p — 1 2 0

STATE RANGES
NAMSHL N P [.3] [T] S

0P3 0: 3 0: 1 1:99 1:99 0:3
OP1 0: 3 0: 1 1:99 1:99 0: 3

P 3: 3 0: 1 1:99 1:99 3: 3

Z-OP. RANGES
NAMSt{L N P [.3] [TI S

OP3 0:1 0:1 1:99 1:99 0:1
OP1 0: 1 0: 1 1:99 1:99 0:

P 1:1 0: 1 1:99 1:99 1:

OPER. RANGES
NAMSHL N P [.3] [T] S

0P3 0:2 0: 1 1:99 1:99 0: 2
OP1 0:2 0: 1 1:99 1:99 0: 2

P 0:0 0:0 3: 3 1: 3 2:2

11 STATE SPACES OF SHELL 0P3
IDX . DIMENSION N P [.3] [TI S

1. 1: 0 0 1 1 0

2. 1: 1 1 4 2 1

3. 1: 2 0 1 3 2
4. 1: 2 0 3 1 2
5. 1: 2 0 5 3 2
6. 1: 2 0 7 1 2

7. 1: 3 1 2 2 3
8. 1: 3 1 4 2 3

9. 1: 3 1 4 4 3
10. 1: 3 1 6 2 3
11. 1: 3 1 8 2 3

2 Z-’-OP. SPACES OF SHELL 0P3
lOX . DIMENSION N P [J] [T] S

1. 1: 0 0 1 1 0
2. 1: 1 1 4 2 1
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4 OPEN. SPACES OF SHELL 0P3
lOX . DIMENSION N P [.3] [T] S

1. 1: 0 0 1 1 0
2.. 1: 0 0 3 1 2

3. 1: 0 0 3 3 2
4. 1: 1 1 4 2 1

5 STATE SPACES OF SHELL OP1
IDE . DIMENSION N P [J] [TI S

1. 1: 0 0 1 1 0

2. 1: 1 1 2 2 1

3. 1: 2 0 1 3 2

4. 1: 2 0 3 1 2
5. 1: 3 1 2 2 3

2 Z—OP. SPACES OF SHELL OP1
lOX . DIMENSION N P [J] [TI S

1. 1: 0 0 1 1 0
2. 1: 1 1 2 2 1

4 OPER. SPACES OF SHELL OP1
lOX . DIMENSION N P [JJ [TI S

1. 1: 0 0 1 1 0
2. 1: 0 0 3 1 2
3, 1: 0 0 3 3 2

4. 1: 1 1 2 2 1

7 STATE SPACES OF SHELL P
IDX . DIMENSION N P [J] [TI S

1. 5: 3 1 2 2 3
2. 1: 3 1 2 4 3
3. 5: 3 1 4 2 3
4. 3: 3 1 4 4 3
5. 4: 3 1 6 2 3
6. 1: 3 1 6 4 3

7. 2: 3 1 8 2 3

2 Z’-OP. SPACES OF SHELL P
lOX . DIMENSION N P [.3] [TI S

1. 1: 1 1 2 2 1
2. 1: 1 1 4 2 1

2 OPER. SPACES OF SHELL P
IDX . DIMENSION N P [J] [TI S

1. 4: 0 0 3 1 2
2. 4: 0 0 3 3 2

THE MINIMAL NEEDEDVALUES OF SOMEPARAMETERS:

MRN: 12 MSP: 13 MSX: 5 WFR: B MZ4: 4
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MATRIX LIST OF SHELL 1 = 0P3 = 0 * 0

(LYFFAP NUMBER: 31)
FINAL SPACE RECORDCOUNT RECORDLENGTH

1 1 7
2 1 19
3 1 27

4 1 41
5 1 57
6 1 71
7 1 87

8 1 115
9 1 139

10 1 167
11 1 187

MATRIX LIST OF SHELL 2 OPI = 0 * 0
(LYFTAP NUMBER: 32)

FINAL SPACE RECORDCOUNT RECORDLENGTH
1 1 7
2 1 19
3 1 27
4 1 41

5 1 57

MATRIX LIST OF SHELL 3 = P = 1 * 2
(LYFTAP NUMBER: 33)
FINAL SPACE RECORDCOUNT RECORDLENGTH

1 1 47

2 1 61
3 1 199

4 1 281

5 1 411
6 1 465

7 1 515

THE MINIMAL NEEDED VALUES OF SOME PARAMETERS:

MIV: 0 14.30: 2 MME: 8 MSI: 5 MSO: 11
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SURVEY OF LYFI’AP

i p
515 0 28679 20

4097 48
34363965448 1.73205080756880 34363998216—2.99999999999980 68723703833—1.41421356237298
68723736601—2.44948974278299 687278981.20—1.15470053837917 68727898144 .912870929175199
68727930912 1.58113883008402 103087636505 1.22474487139151 103087669273 .707106781186514

103091830792 1.73205080756877 103091863560- .999999999999954 137447374873— .912870929175199
137447407641 1,58113883008407 137451601952 1.41421356237296 137455763464— .577350269189594
137455763488 .730296743340165 137455796232— .999999999999954 171815501849 1.41421356237301
171815534617 2.44948974278304 171819696160 .547722557505168 171819728928 2.84604989415118

8193 56
34368192536 1.99999999999986 34372386825—2.82842712474603 34376581153—1.99999999999979

8194 62
343639654482.44948974278302 34363998216 3.16227766016817

12289 132
34363965464—2.12132034355955 34363998232 1.22474487139154 34368192521—1.99999999999982
34372354064—.612372435695764 34372386832—1.76776695296621 34376548368 1.36930639376282
34376581136 .790569415042050 68723703832 1.58113883008406 68723736600 2.73861278752560
68727898121—2.58198889747143 68727898145 .816496580927652 68727930913 1.41421356237293
68732092432 1.36930639376283 68732125200 .790569415042054 68736286736 .204124145231900
68736319504— .353553390593222 103087636504—. 645497224367833 103087669272 1. 11803398874979

103091863585—1.99999999999979 103096025097-1.63299316185535 103096025121 .516397779494277
103096057865—2.82842712474603 103100219408 .499999999999968 103100252176 .866025403784388
137447374872 1.93649167310350 137447407640 1,11803398874979 137455796257-1.78885438199961
137459957776 1.49999999999984 137459990544—.866025403784359 171811307544 1.93649167310361
171811340312—1.11803398874985 171815501848—.866025403784366 171815534616—1.49999999999988
171819728929 1.54919333848274

12290 142
34363998225—.999999999999869 68723736593-2.23606797749963 103083474976-2.82842712474584

171802951705 3.16227766016820
12291 200

34363965472 1.73205080756873 34363998240— .999999999999925 68723736584 2.82842712474591
68727898120 1.46059348668034 68727898144 1. 27017059221706 68727930912 2.19999999999976

103083442201—1.22474487139151 103083474969—.7O7106781186507 103087636505—1.27801930084524
103087669273 2.21359436211763 103091830792 1.82574185835043 103091830816 1.15470053837914
103091863560 3.16227766016817 137443180569 1.22474487139151 137443213337 3.53553390593243
137447374873 .547722557505111 137447407641 .316227766016810 137451601952 .799999999999898
137455763464—1.09544511501025 137455763488 2.07846096908239 137455796232 .632455532033639
137455796256 2.39999999999969 171811307545—.774596669241415 171811340313—1.34164078649976
171815501849 .774596669241411 171815534617- .447213595499923 171819696160 1.73205080756878
171819728928—2.19999999999968

16385 220
34363998233—3.46410161513755 34368192520—2.82842712474589 34372386833—.999999999999922
34376581137—2.23606797749962 68727930905 3.16227766016800 68736319520 2.52982212813436
68740513809—2.44948974278290 103091863577-1.99999999999991 103100252192—3.46410161513703

16386 230
34363965456—1.73205080756877 34363998224—2.23606/97749960 103083442200 1.73205080756880

103083474968 2.23606797749966
16387 256

34363998241 2.82842712474591 343681.92521 3.99999999999959 34372386832—1.99999999999984
34376581136-1.99999999999981 68723736600—1.99999999999915 68727930904 .894427190999817
68732125217-1.13137084989832 68736319497 1.78885438199970 68736319521 1.69705627484747
68740513808 1.26491106406723 103096051880 3.99999999999957 103100252193-1.78885438199969

16388 282
34363965472 2 .44948974278294 34363998240 3. 16227766016806 69723703833 3.46410161513744
68723736601 4.47213595499909 68727898120-1.54919333848285 68727898144 2.93938769133941
68727930888-1, 99999999999983 68727930912 3.194/3319220151 103087636505—3.46410161513737

103087659273-4.47213595499903 103091830815 2.44948974278289 103091863584 3.16227766016790
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20483 346
34363998217 3.46410161513741 34368159753—2,68328157299952 34368159777 .848528137423770
34368192545 1.46959384566972 34372354064—.670820393249862 34372386832 1.16189500385210
34376548368—.670820393249858 34376581136-.387298334520702 68723703832—.612372435695750
58723736500-1.75776695296621 68727898136 2.46475150877293 68727930904 1.42302494707561
68732125217—2.39999999999969 68736286729—2.19089023002049 68736286753 .692820323027462
68736319497 1.26491106406726 68736319521 .799999999999901 68740481040 .387298334620706
68740513808—.223606797749961 103083442200 2.80624304008023 103083474968 1.62018517460185

103087636504—1.25499003980094 103087669272 2.17370651192815 103096057889—1.83303027798207
103100219408—1.77482393492969 103100252176—3.07408522978758 137451569176 1,77482393492978
137451601944 3 .O74085229’78771 137455763480—1.77482393492963 137455796248 1.02469507659582
137459990561—1.83303027798190

20484 368
34363998216—4.89897948556577 34368192529 1.09544511501019 68723736601 .999999999999901
58727930888—3.57770876399938 68727930912— .565685424949159 68732125201—1.99999999999979

103083474969 4.58257569495544 103087669280—2.59229627936273 137447407641—2.89827534923744
137451601952—4.09878030638276

20485 412
34363965448 4.09878030638350 34363965472 1.94422220952215 34363998240 3.36749164809615
68723703933 2.50998007960193 69723736601 1.44913767461878 68727898120 2,04939015319177
68727898144 2.59229627936281 68727930888—1.18321595661985 68727930912 2.99332590941877

1.03083442201 .547722557505089 103083474969—.948683298050394 103087669280 .489897948556564
1O3091830792--1.4638501O942269 103091830816 3.70328039908975 103091863560—2.53546276418537
137447374873—1.89736659610076 137447407641 1.09544511501019 137451569177—1.65615734242140
137451601945—2.96854866240211 137455763488 3.24037034920333 137455796256 1.44321070632708

24579 426
34363998233 .999999999999876 34368192537 4.02492235949907 34372386848 3.39411254969494
34376581128 3.57770876399938 34376581152 .565685424949159 34380775441— .632455532033610

24580 444
34363965464-1.73205080756872 34363998232—2.23606797749954 34368159753—3.09838667696567

34368159777 .979795897113135 34368192521—3.99999999999964 34368192545 1.26491106406716
34372354064—1.73205080756868 34372386832—2.23606797749953

24581 456
34363998232 4.09878030638330 34368192521—3.34664010613604 343681925452.11660104885136
34372386849-.692820323027444 34376581136—3.09838667696550

24582 466
34363965448 2.89827534923765 34363965472 3.66606055596417 34363998216 3.74165738677362
34363998240 4.73286382647896

28677 494
34363965464—2.44948914278283 34363998232 4.24264068711869 34368192545—2.19089023002036
34372354057—2.61861468283170 34372354081 .828078671210733 34372386825—4,53557367611037
34376548368—. 925820099772420 34376581136—1.60356745147434 68727898136 2.99999999999979
68727930904-1.73205080756879 68732092440—1.96396101212369 68732125208—3.40168025708263
587 36319521—4. 05674042269584

28678 500
34363998240—3.09838667696546 68723736601 4.89897948555600

28679 516
34363965448 2.25779593805522 34363965472 4.30282299360337 34363998216 3,92792202424764
68723703833—2.26778683805509 68723736601—3.92792202424741 68727898144 5.01996015920375
68727930912 1.24211800681571

4 0 16777215 1
16777215 48


