
ComputerPhysicsCommunications60 (1990)247—255 247
North-Holland

An RPA programfor jellium spheres
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A FORTRAN 77 program is presentedthat calculatesthe electromagneticresponseof small metal particles or atomic
clusters.The programusestherandomphaseapproximationand thelocal density approximation,and treatstheclustersas
jeffium spheres.From the frequency-dependenceresponsethepolarizability, theplasmonresonancefrequency,and thewidth
of theresonancelines aredirectly extracted.

PROGRAM SUMMARY

Title ofprogram: JELLYRPA measured,amongotherproperties.The quantum-mechanical
theoryof theresponsein themany-electronsystemis still not

Cataloguenumber:ABTC fully developed,but the randomphaseapproximation(RPA)
in the local density approximation(LDA) is simple and

Program obtainable from: CPC Program Library, Queen’s accurateenough to serve as a theoreticalbaselinefor more
University of Belfast, N. Ireland (seeapplicationform in this elaboratetreatments.The programJELLYRPA computesthe
issue),andby electronicmail from bertsch@msunscl RPA/LDA responsefor small metal spheres,treating the

atomiccoresas a uniform positively chargedbackground.
Computer:Digital VAX 780; Installation: National Supercon-
ducting Cyclotron Laboratory,Michigan State University Methodofsolution

JELLYRPA usesthepolarizationpropagatormethod in coor-
Operatingsystem:VAX/VMS dinate spaceto solve the equationsfor the responseof the

electronsto an external field. This method hasthe advantage
Programminglanguageused: FORTRAN77 that unboundexcitationscanbetreatedquite realistically,with

the resonancesautomatically acquiring a width due to the
High speedstoragerequired: 350 kwords ionizationof theelectrons.Themethodallowsexcitationsto be

calculatedin very largespacesof configurations.The numeri-
No. of bits in a word: 8 cal difficulty in theevaluationof thepolarizationpropagatoris

controlled by the mesh size in coordinatespace,since the
No. of lines in combinedprogram and testdeck: 485 computationrequiresinversionof a matrix whosedimensional-

ity is equalto thenumberof meshpoints.
Keywords: randomphaseapproximation(RPA), local density
approximation(LDA), jellium spheres,polarization propa- Restrictionson thecomplexityof theproblem
gator, radial transition density, strength function, sum rules, The theory is best suited for closed-shellsystemswhere a
polarizability, plasmon,Mie resonance. Hartree—Fockor someeffectivemean-fieldtheoryprovidesa

good description of the ground state. Also, the polarization
Nature ofphysicalproblem propagatormethod relies on a simple representationof the
The electromagneticresponseof small metal particles and interaction,with very restrictedpossibilitiesfor nonlocality. In
atomic clustersis an object of currentexperimentalinterest, particular, the exchangeinteraction can only be calculated
The electric polarizability and the plasmon resonanceare approximately,in a zero-rangeapproximation.The interaction
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in the LDA is well suited to this method,becauseexchange Typical running time
andcorrelationeffects areapproximatedby a local functionof 250 s for input provided.
density.

LONG WRITE-UP

1. Introduction propagator,definedas

The electromagneticresponseof small metal 11~( r, r’, ta) = * (r) ([ T + V — — w
particlesand atomic clustersis an object of cur-
rent experimentalinterest.Theelectricpolarizabil-
ity andthe plasmonresonanceare measured[1,2], + [T+ v—�~+

amongother properties. (2)
Plasmaoscillations in a systemof degenerate

electronsare often treatedtheoreticallyusing the where T is the kinetic energyoperator, V is the
random phase approximation (RPA), first dis- self-consistentpotential, and e,. and 4~are the
cussedby Bohm and Pines [3]. The theory is eigenenergiessingle-particlewave functionsof the
equivalent to the time-dependentHartree—Fock Hamiltoman T+ V. The residualinteraction be-
theory in the limit of small-amplitudeoscillations. tween electronsis defined by the functional de-
The program JELLYRPA uses the polarization rivative, 8V/8p,where p is the electrondensity.
propagatormethod in coordinatespace,which is JELLYRPA computes the RPA responsefor
very efficient if the electronicpotential is a local sphericaljellium clusters,with the potentialgiven
function of position. The exchange(or Fock) by the sumof threeterms:a backgroundpotential
potential doesnot satisfy this, but local approxi- from a uniform chargedensity(the “jellium”), the
mationsto exchangeandcorrelationenergieshave Coulomb interaction betweenelectrons,and the
proven to be very successful,and one of these exchange—correlationinteraction from ref. [8].
parameterizationsis adoptedin JELLYRPA. The JELLYRPAusesan angular-momentumrepresen-
JELLYRPAprogramis a modified version of the tation of the functions appearingin the polariza-
RPA programusedin the theoryof nuclearexcita- tion propagator.This permits the RPA to be
tions [4]. The first applicationsof this method to calculatedfrom independentradial equationsfor
electronic excitationsin jellium sphereswere by each multipole, provided the static solution is
Ekardt[5] andby Beck [6]. An alternativemethod spherically symmetric. We define the multipolar
to computethe RPA responseis by diagonalizing interactionVL as follows,
a matrix in the spaceof electron configurations
[7]. ÔV(r) = ~ ~ r

2)YL~(Pl)YLM(P2),
Formally, the polarizationpropagatoris a func- ~ ( r LM

tion of two spatial variables,r and r’, giving the
positionsof a perturbingpotentialandthe density where~LM are theusualsphericalharmonics.For
responseto it. It is alsoa functionof the frequency the Coulombinteraction, the VL is theusualSlater
to of the perturbation.The RPA approximationto form,
the polarizationpropagatoris

2
Coul (2L+1)e ~~TT~l~•

11RPA {i +H0~}~0. (1) VL =

The exchange—correlationinteraction is of the
Here 110 is the independent-particlepolarization form of a density-dependentcontactinteraction



G. Bertsch/ AnRPAprogramforjellium spheres 249

with [8] ing it in the array G(I, J). The matrix operations

exc — 10.407 0.253 \ ö(r— r’) to evaluatethe factor (1 + lThv/6p)’ in eq. (1)____ __________ ________ are thenperformedandput in the arrayB(I, J).VL — — ~ i~(r) + r~(r)+ 11.4) p(r)r
2 The useful output is obtainedfrom the radial

Here ,~(r)is related to the local electrondensity transitiondensitiesassociatedwith a given exter-
by r

0(r) = (4lTp(r)/3)

1”3 and is expressedin nal field J’~~(r).Thesedensitiesare definedas
atomic length units; the UL here has energy di-
mensionsof rydbergs. The VL are stored in the 8i~(r)= j dr’1T~(r,r’, w)J’~~(r’),0
programin the two-dimensionalarrayVRES(I, J).
The angular-momentumdecompositionof the re-

8~~’A(r) = f dr ‘J1~PA(r, r’, to)J’~(r’).
sponse~0 is given by 0

TI(r1, r2) — These quantities are computed in the arrays
— DRHOF(I) and DRHORPA(I). In the program

~ ~L(n1, r2)Yj’~(Pl)YjM(P2)/(rlr2)
2. J~~(r)is defined as pure multipole field, 1’~~(r)

LM = r’~,storedin the arrayVEXT(I). The external
field is integratedover the transitiondensity to

The single particle Green’s function is similarly obtain the free and RPA responseto theexternal
expandedin an angular-momentumbasislabelled perturbationof the system
by 1. Then the formula for the independentpar-
ticle responseis 00 00

11~(J’~
5t~co)=Jdrf dr’J’~~(r)

1T~(r,r’, w)
X11~(r, r’, w)J’~~(r’), (4)

= ~ (
21+1)(21’+l)(ZFO1OIL0)2 H~PA(V~ to)=f00drf00dr’J’~t(r)

~ 4’~(2L+ 1)
0 0

x u,(r)*u,(r~)([T+ V~�~— ~ X11~’A(r, r’, to)I’~~(r’). (5)

+[T+ v—�
1+to]i~r’), (3) The real and imaginaryparts of thesefunctions,

PIFREE and PIRPA, are the primary output

where the sum over single-particlestates,1, /‘ is quantitiesprintedby the program.
restrictedto thosewith orbital angularmomentum
I and 1’ such that L + / + I’ is even. In this
equation,the u1 are the radial wave functions of 2. Physicalquantitiesandsumrules
the occupiedstates,~1(r) = u,(r)Y1(P)/r.

The radial Green’sfunction is evaluatedin the The units used in the programinternally are
coordinate representationby the usual Green’s atomic units for length, 1 a.u. = 0.053 nm, and
function formula for second-orderlineardifferen- rydbergsfor energy,1 Ry = 13.6 eV. In theseunits
tial equations, the electroniccharge is e

2 = 2 and the electron’s
massis me= 1/2. However,for input andoutput

—1 u ( r<) w( r>) purposesenergiesandfrequenciesareexpressedin
[T+ V ~1r,r’ = W units of eV.

Here u, w are solutionsof the radial differential Physicalapplicationsoften require the proper-
equationthat have appropriateboundarycondi- tiesof individual quantumtransitions.The quan-
tions, i.e. u must be regular at the origin and ~ turn mechanicalresponseis defined in terms of
must be apureoutgoing wave at infinity, and ~ the transitionstrengthsbetweenan initial state i
is the Wronskian. andall final statesf,

The program computes the independentpar- S(w)E<iIV~
5tIf)

2~(E~—E
1—to).

tide response~0 for eachdesiredfrequency,stor- I
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The relationto the polarizationpropagatoris sim- calculatedfrom the abovequantitiesby the equa-
ply tion

1 00

S(to) = Im IIL(Vext, to). (6) ~pR(r) = I I R> f dr’ 11~(r, r’)

xJ’~~(r’).
The responsefunction is often used in applica-
tions.For example,inelasticscatteringin the con- The integratedtransition strengthsobey sum
tinuum is convenientlycalculated using eq. (4) ruleswhich are respectedby the RPA theory. It is
with ~ being the transition field of the pro- an important check on calculations to see how
jectile, or some approximationto the projectile well the sumrulesaresatisfiednumerically. Also,
interaction.The experimentalstrengthfunction is it is convenientto expresstransitionstrengthsas a
often smootherthan the RPA prediction, either fraction of the appropriate sum rule, which
becauseof experimentalresolution or becauseof eliminatesanypossibleambiguity in thedefinition
physical damping processesnot describedby the of the strengthfunctions.
RPA. To facilitate comparisonwith smoothed The sum rules havethe following form, valid
strengths,it is convenientto add an imaginary wheneverthe potentialdependsonly on density,

2

part to the frequency.This is equivalentto convo- ~v )
dr Po• (7)

luting the strength function with a Lorentzian. fS(w)to dto= f z.me
Otherwise, only the boundarycondition on the
single-particle Green’s function, that continuum The programcomputesthe sum rule for a given
particles have outgoing asymptotic wave func- angularmomentumL from this formula, using
tions, providesan imaginarypart to the response

2

anda width to the resonances. (~v)2= (F’(r))2 — IF(r)) L(L+ 1).
In the neighborhood of a resonanceof the T

system,the responsefunction may beexpressedas With the pure multipole fields, the sum rule re-

ducesto

11(w)_~iIVIR)2( 1 JSL(w)w dw= L(2L+1)j drr2’~p
0

8’Trm

whereER and 172 are the realimaginarypartsof — L(2L + 1) N(r
21~2),

the frequency of the mode. This connection is — 8irm
importantfor extractingthe propertiesof individ- whereN is thenumberof electrons.When L = 1,
ual resonancesfrom the response.To find the this is just the familiar f-sum rule, also known -as
squaredmatrix element for an individual reso- theTRK sumrule,
nance, one first calculates the responseover a

3N
small frequencyinterval containing the mode in fsito dto= 8Trme~
question.One may then either fit the imaginary
part to the function Im( ER + iF/2 — to) = In the program,a loop allows the strengthfunc-
(T’/2)/((E~— to)2 + (y/2)2) or simply integrate tion to be computedover a rangeof energy,and
over the interval, thetotal strengthin that interval is comparedwith

themultipole sumrule.
I I R>2 JER+Lts(w) dto. The dipole sumrule may also be expressedin

E~-~ termsof the photonabsorptioncrosssection.The
relationshipis

The transitiondensityassociatedwith aresonance
is defined in terms of the matrix elementof the Jo dto = 2’r~2Ne2
density operator as = <i I I R). It may be m

5c
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This quantity is also printed when the L = 1 re- The most time-consumingpart of the calcula-
sponseis evaluated.The static polarizability of a tion is the inversionof the polarizationmatrix, the
system,definedas the ratio of the induceddipole first factorin eq. (1). Sincethe matrix is complex,
momentand the electric field that inducedit, is mostavailablelibrary inversionroutinescannotbe
given by used; a simple matrix-inversion subroutine,

— 4 / — MATR, is includedwith theprogram.If execution
a — — ~HL=1kto —0,. time is a real consideration, matrix inversion

This quantity is printed if the L = 1 responseis should not be used.Only the product of the in-
evaluatedincluding the value at zero frequency. versematrix with the vectorDRHOF is neededto
The polarizability is very useful in making the obtain the vectorDRHORPA. It is faster to ob-
connectionbetweenthe quantumandthe classical tam DRHORPA directly by solving the simulta-
responses.For a classicalconductionsphere,a = neousequations.
R3. If oneassumesthat the polarizability is dueto The external field is determinedin the sub-
the plasmonalone,the plasmonfrequencycan be routine EXTY. The spatial form of the field is a
obtainedfrom the ratio of f-sum rule to polariza- pure multipole, ~ = r~’~L• The sum rule associ-
bility, atedwith the field, eq. (7), is calculatedin the

subroutineSUMRULE. Otherfields besidesmul-
N2

-_~._• tipole fields may be of mterest. For example,
~‘ macs electron scattering could be representedby a

plane-wavefield, whichwould havea Besselfunc-

tion radialdependencein themultipoleexpansion.
3. Programstructure If the user substitutesanother field, the corre-

spondingsum rule is automaticallycalculatedby
The programis quite straightforwardwith the SUMRULE.

computationof JJ(0) requiringthe mostattention.
The task of computing the self-consistentwave

4. Programinput andtestrun
functions and eigenenergiesis done m the sub-
routine STATIC, using the sameelementaryin- A detailed description of the format for the
tegration method as GREEN. In GREEN each input parametersis given in table 1. The first line
function requires a single integration from one contains the parametersspecifying the mesh in
extremein radius to the other,with the direction coordinatespace.Different meshsizescanbeused
determined by the boundary condition. In for the wave-function integrationand the matrix
STATIC, the eigenenergyis determinedby the inversion.The length scaleof the mesh is set by
bisectionmethod,loopingover integrationsof the the radiusof thejellium cluster,obtainedfrom the
wavefunction. If consistencyin the integration input on the secondline. The integrationstake
methodsbetweenGREEN and STATIC is not placeoveraninterval equalto twice the radiusof
maintained,transitionstrengthmay appearat fre- the jellium cluster. Regarding the choice of a
quenciescorrespondingto transitionsbetweenoc- suitablemeshinterval, we note that a meshspac-
cupiedstates.ThesePauli-forbiddentransitionsin ing of 0.5 a.u. is quite adequateto obtain an
principle cancelout in the two terms in eq. (2). accuracyof less than 0.01 eV for the single-par-
The subroutineRESPONSEcomputesthe physi- tide energies.Another considerationin the choice
calquantitiesat a fixed frequency,usingthe arrays of the meshis to avoid a longintegrationinto the
generatedin STATIC and GREEN. The sub- forbiddenregion; the algorithmis not stablehere.
routine CLEBSCH which computesthe Clebsch— The meshsize for the matrix operationscontrols
Gordan coefficientsfor eq. (3) is a general-pur- the executiontime of the program.The strength
poseroutine; thereare more efficient formulas to functionscanbecomputedto about10% accuracy
calculatethe specific coefficientsrequiredby the with a meshas coarseas 1 a.u.; for most calcula-
presentapplication. tions we use 0.5 a.u.
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On the secondline areinput parametershaving
to do with the static mean-field calculation, as ~‘ 3000 -

Free R..ponae
RPA Re.ponaepositive charge, r5, is given by RS. The total __follows. The densityparameterof the background -

chargeof the backgroundis Z, in units of the ~
elementarycharge.Thus the radius of thejeffium ~ 2000
sphereis r5Z

1”3. The numberof iterations of
a

Hartree self-consistencyioop is given by the ~parameterITER. The test case has a value that z 1000 -producesconvergenceon all output quantities to 0less than a percent. Unfortunately,if extremely ~large clustersare calculated,the iteration process 1~~lwill not converge,andthe userwill haveto change 0a numerical parameterin a formula in STATIC 0 2 4 6

that updatesthepotential. ENERGY (eV)
The next lines of input contain the quantum Fig. 1. Thedipole responsefunctions,definedin eqs.(4and5),

numbersof theoccupiedsingle-particlestates,one are shownfor thejellium clusterrepresentingNa~
1.The solid

line for each state. The table describesthis in line and dashedlines show theindependentparticle response

andtheRPA response,respectively.

Table1
Input to theRPA program.Thenumericalvaluesarethe data
appropriatefor the calculation of the dipole responseof the moredetail.Finally, thelast line of input contains
singly-chargedclusterNa~ the information about the multipolarity of the

responseand the frequency.The frequencymay
Line 1 NGRID, N, NX: NGRID =50is thenumberof mesh have a fixed imaginary part, given by half the

points in the spatialgrid usedto calculatethe single-
particlewave functions.N=45 is thenumberof points parameterGAM. Frequenciesare calculatedon a
in the matrix representationof the polarizationpropa- meshwith theinitial andfinal frequenciesandthe
gator. NX =1 is thespacingof thesepointsin unitsof frequencyinterval specified.
thewavefunction mesh. The test case shows the computation of the

Line 2 RS, Z, ITER: RS= 3.93 (a.u.)is theradiusof a sphere dipole responsefor the singly-charged cluster
of jellium containinga unit of charge.Z = 21 is the Na~1.The program first calculatesthe self-con-
total positive chargeof thejellium, so that the actual
radius of the jellium is RS*Z

1”3. ITER= 15 is the sistentparticlestates,andprints the eigenenergies
numberof iterationsof thestaticsolutionto approach of eachstate.Thentheresponseis calculated,with
self-consistency, the independent-particleand the RPA response

Lines 3.1...3.n LH, NODE, NOCC: Theseare thequantum printed as complex numbersfor eachfrequency.
numbersfor theoccupiedorbitals, with LH theorbital
angular momentum,NODE the number of internal Figure 1 shows a graph of the output. For the
nodes in the radial wave function, and NOCC the independentparticleresponse,the imaginarypart
occupancyof theorbitaL If NOCC = —1, thefilled-shell peaksat energiesabout 1 eV, correspondingto
occupancyfactoris used,NOCC=2 * (2* LH + 1).Thus single-particle transitions such as Od —~ Of. Note
the filled p-orbital in Na~hasLH = 1, NODE= 0, that the interactingresponseis much weakerfor
NOCC = —1 or 6 electrons. The orbital data is low-energy transitions. This is the effect of the
terminatedby theline —1 0 0.

Line 4 L, EX, EXM, DEX, GAM: Here L = 1 is the multi - screening.In the interactingresponse,thereis a
polarity of theresponse.Theresponseis calculatedon dominant peak at 3.0—3.1 eV. This is the Mie
agrid of energiesstartingfrom EX = 0 eV andranging plasmon.It is red-shiftedfrom the classicalvalue,
up to EXM=15 eVin stepsof DEX=0.2 eV. GAM= to~=27.2(çY~”3—3.4 eV, by about13%.
0.4 eV is an addedimaginarypart of the ener~’(actu- An important check on the reliability of the
ally i GAM/2 is added)to smooththestrengthfunc-
tion, computationis the sumrule. It maybe seenfrom

the output that the f-sum rule is violated by 3%.



G. Bertsch/ AnRPAprogramforjellium spheres 253

Acknowledgement [3] D. PinesandD. Bohm,Phys. Rev. 85 (1952)338.
[4] S. Shlomoand G. Bertsch,NucI. Phys.A243 (1975) 507.

This work was supportedby NSF grant no [5] W. Ekardt, Phys.Rev. B 31 (1985) 6360.
[61D.E. Beck, Phys.Rev. B 30 (1984)6935;35 (1987)7325.

PHY-8920927. [71C. Yannouleas,R. Broglia, M. Brack, and P. Bortignon,

Phys.Rev. Lett. 63 (1989) 255.
[8] 0. Gunnarssonand B. Lundqvist, Phys.Rev. B 13 (1976)

References 4274.

[1] K. Selbyetal., Phys.Rev. B 40 (1989)5417.
[2] C. Brechignac,P. Cahuzac, F. Carlier and J. Leygnier,

Phys.Rev. Lett. 63 (1989)1368.



254 G. Bertsch/ AnRPAprogramforjellium spheres

TESTRUN OUTPUT

50 grid points in win; ~l5 in matrix; 1 relative step size
RS,Z,ITER= 3.93 21.0 15
R: 10.8112116

0 0 2.000000
1 0 6.000000
2 0 10.00000
0 1 2.000000

-1 0 0.0000000E+00
NET CHARGE= 1.000000
iteration number 15
L,NODE,E 0 0 -7.52008eV
L,NODE,E= 1 0 -6.78580eV
L,NODE,E= 2 0 —5.79885eV
L,NODE,E= 0 1 —5.1166’IeV
L= 1 GAM= 0.11000000

Energy Free response RPA Response
(eV) Real Imaginary Real Imaginary

Polarizability is 0.1506E+0ll a.u.**3
0.00000 0. 1071E+0

11 0.0000E+00 0. 1798E+03 0.0000E+00
0.20000 0.1096E+O’l 0.5918E+02 0.1806E+03 0.1605E+01
0.110000 0. 1 180E+011 0. 1392E+03 0. 1830E+03 0.33 18E+01
0.60000 0. 13411E+0ll 0.281’IE+03 0. 1871E+03 0.5279E+01
0.80000 0. 1628E÷0ll 0.6112E+03 0. 1933E+03 0.77311E+01
1.00000 0. 1890E+011 0. 1582E+0k 0.2020E+03 0.1 129E+02
1.20000 0.29146E+03 0.2987E÷011 0.2127E+03 0. 1771E+02
1 .~40000 -0.1 162E+011 0. 1600E+01I 0.2207E+03 0.2370E+02
1.60000 -0.8951E+03 0.6829E+03 0.2378E+03 0.25311E+02
1.80000 -0.5775E+03 0.11550E+03 0.2638E+03 0.3257E+02
2.00000 -0.5535E+03 0.114141E+03 0.2988E+03 0.46117E+02
2.20000 —0.5381E+03 0.2330E+03 0.311714E+03 0.6931E+02
2.110000 -0.’1238E+03 0. 1253E+03 0.14226E÷03 0.1 1110E+03
2.60000 —0.33711E+03 0.79614E+02 O.5399E+03 0.2202E+03
2.80000 -0.2757E+03 0.5581E+02 0.68311E÷03 0.5298E+03
3.00000 —0.2299E+03 0.lll6lIE+02 0.27116E÷03 0. 1217E+011
3.20000 —0. 19115E+03 0.3272E+02 —0.5361E+03 0.71160E+03
3.110000 -0.166 1E+03 0.2752E+02 -0.11390E+03 0.3082E÷03
3.60000 -0.1IIIIOE+03 0.26117E÷02 -0.3092E+03 0.1959E+03
3.80000 .-0.1298E+03 0.21112E+02 -0.2769E+03 0.11121E+03
11.00000 —0.1132E+03 0.2228E+02 -0.2268E+03 0.7609E+02
11.20000 -0.1050E+03 0.2709E+02 -0.1765E+03 0.5822E+02
14.110000 -0.1OIIIIE+03 0.21142E÷02 -0.1503E+03 0.51472E+02
14.60000 -0.9502E+02 0. 13116E+02 -0. 13110E+03 0.3695E+02
~4.80o00 -0.85110E+02 0.10011E+02 -0.1102E+03 0.35142E+02

5.00000 -0.7633E+02 0.9128E+01 -0.1 127E+03 0.3998E+02
5.20000 —O.702’IE÷02 0.8097E+01 -0.10117E+03 0.3111E+02
5 •14ooç~c~~0.61I9oE+o2 0.7136E+01 -0.96214E+02 0.2363E+02
5.60000 —0.60111E+02 0.61486E+01 -0.8755E+02 0. 1731E+02
5.80000 -0.5615E+02 0.6010E÷01. -0.7912E+02 0.1253E+02
6.00000 -0.52411E+02 0.5172E+01 -0.7181E+02 0.98911E+01
6.20000 -0.11902E+02 0.111171E+01 -0.65113E+02 0.7697E+01
6.110000 -0.’1589E+02 0.3881E+01 -0.5960E+02 0.6193E+01
6.60000 -0.11302E+02 0.33811E+01 -0.51168E+02 0.5130E+01
6.80000 —0.11039E+02 0.2968E+01 -0.5037E+02 0.11326E+01
7.00000 -0. 3799E+02 0.2621E+01 -0.’4659E+02 0. 3709E+01
7.20000 —0.3579E+02 0.2333E+01 ~0.1l325E+02 0.3227E+01
7.110000 -0.3377E+02 0.2092E+01 .~0.1I028E+02 0.281111E+01
7.60000 -0.3191E+02 0.1890E+01 ~0.37611E+02 0.2533E+01
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7.80000 -0.3021E+02 0.1718E+01 —0.3527E÷02 0.2276E+01
8.00000 _0.28611E+02 0.1571E+01 -0.3313E+02 0.2061E+01
8.20000 -0.2720E+02 0.111113E+01 -0.3120E+02 0.1878E+01
8.140000 —O.2586E+02 0.1331E+01 -0.291414E+02 0.1722E+01
8.60000 _0.21162E+02 0. 1232E+01 -0.278

14E+02 0. 1587E+01
8.80000 —0.23117E+02 0. 11145E+01 —0.2638E+02 0. 11170E+01
9.00000 —0.22111E+02 0. 1066E+o1 —0.2503E+02 0. 1366E+01
9.20000 —0.21’41E+02 0.99148E+00 —0.2380E+02 0. 1273E÷01
9.110000 -0.20148E÷02 0.93014E+00 —0.2266E+02 0. 1 189E+01
9.60000 —0.1961E+02 0.8717E+00 -0.2161E+02 0.1113E+01
9.80000 -0.1880E+02 0.8178E+00 -0.2063E+02 0.1O111E+01

10.00000 -0. l8OliE+02 0.7682E+00 -0. 1973E÷02 0.9739E+00
10.20000 -0. 1732E+02 0.7222E+OO -0. 1888E+o2 0.9107E+00
10.39999 ~0.1661IE+02 0.6795E+00 -0.1809E+02 0.8509E+00
10.59999 —0. 1601E+02 0.6398E+00 -0. 1735E+02 0.79144E+00
10.79999 ~0.151l1E+02 0.6028E÷00 -o.1665E+02 0.71111E+00
10.99999 -0. 111811E+02 0.56811E+00 -0. 1600E+02 0.6911E+00
11.19999 -0.11131E+02 0.5366E÷O0 -0. 1538E+02 0.641i5E÷00
11.39999 -0.1380E+02 0.5072E+00 -0.11180E+02 0.6013E+00
11.59999 —0. 1332E+02 0.i4801E+o0 -0. 11125E+02 0.5615E÷00
11.79999 -0. 1286E+02 0.115511E÷00 -0. 1373E+02 0.5253E+00
11.99999 -0. 12142E+02 0.11330E÷00 -0. 13214E+02 0.11926E÷00
12.19999 -0.1201E+02 0.11126E÷00 -0.1277E+02 0.11632E+00
12.39999 —0.1162E+02 0.39111E÷00 -0.1233E÷02 0.11370E÷00
12.59999 -0.1125E+02 0.3775E÷00 -0.1191E+02 0.11138E+00
12.79999 —0.1089E+02 0.36211E+00 -0. 1151E+02 0.3932E+00
12.99999 —0. 1055E+02 0.3’185E+00 -0.11 13E÷02 0.37149E+00
13.19999 .—0.1023E+02 0.3357E+00 -0.1077E+02 0.3585E+00
13.39999 —0.9927E+01 0.3238E÷00 -0.10113E÷02 0.31436E+00
13.59999 —0.9635E+01 0.3123E÷00 -0. 1O11E÷02 0.3298E÷00
13.79999 -0.9356E+01 0.3013E÷QO -0.9800E+01 0.3169E+00
13.99999 -0.9090E+01 0.2905E+00 -0.9506E+01 0.30116E+00
111.19999 —0.8835E+01 0.2799E+00 -0.9227E+01 O.2927E÷00
114.39999 —0.8592E+01 0.2693E+00 —o.8960E+01 0.2811E+00
114.59999 -0.8358E+01 0.2587E+00 -0.8706E+01 0.2697E+00
14.79999 -0.81311E+01 0.21182E÷00 -0.81162E.s-01 0.25811E+00
111.99999 —0.7919E÷01 0.2377E÷00 -0.8228E+01 0.2473E÷00

TOTAL STRENGTHIN FREE RESPONSE, RPA RESPONSE, AND SUM RULE
0.8696E+03 0.8575E+03 0.8831E+03

energy-integrated photon cross section, (ev-A~2) 0.11260E+02


