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PROGRAM SUMMARY Natureofphysicalproblem
PEAD takes photoionisationdipoles and calculates rota-

Title ofprogram: PEAD tionally averagedand rotationally resolved photoionisation
crosssectionparametersa and /3 [1,2]. Thesearethenusedto

Cataloguenumber:AAXD give thermally averagedparametersa~~ $~and /3~for a
giveninitial temperature.

Programobtainablefrom: CPCProgramLibrary, Queens Urn-
versity of Belfast, N. Ireland (see application form in this
• ) Methodofsolutionissue The photoiomsationcross sectionparameters,a and /3, are

Computer:NAS 7000; Installation: SERC, DaresburyLabora- calculatedusingtheadiabaticnucleiapproximationfor transi-
tory tions between a range of rotational states.These are then

thermally averagedusing a Boltzmanndistribution of initial

Other machineson which program tested: CRAY-i S, Amdahl rotational states.
470/Y8

Restrictionson the complexityof theproblem
Programminglanguageused: FORTRAN 77 The programassumesthe parentmolecule is linear and that

thewhole systemremainsin a singlet spin state.
High speedstoragerequired: 15200032-bit words

Peripheralsused: cardreader,line printer, disk file Typicalrunning time
Data dependent.For a 3 channelproblemon theNAS 7000,

No. of lines in program andtestdeck: 658 about40 setsof transition dipolescanbeanalysedper second.

Keywords:photoiomsation,photoelectronangulardistribution, References
asymmetryparameter/3, rotationallyresolved,adiabaticnuclei [1] Y. Itikawa, Chem.Phys.28 (1978)461.
approximation,Boltzmanndistribution [2] N. Chandra,J. Phys.B19 (1986)1959.
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LONG WRITE-UP

1. Introduction sitions with L~N(= N~— N1) equals0 (Q branch),
+ 2 (S branch) and —2 (0 branch). Ab initio

Low-energy photoelectronspectra contain a calculationson the photoionisation of 2 have
wealth of information about both the electronic shownthat the valueof /

3s’ in particular,is highly
structureof a moleculartargetandthe interaction sensitiveto the level of approximationused[1—3].
of the ejectedelectronwith the resultingion. For a Photoionisationexperimentsusually involve the
linear moleculartargetin a singletspin symmetry, target molecule in a range of rotational states
the fully resolvedprocesscanbe represented: determinedby the e~perimenta1temperature.Thus

for a direct comparisonof theorywith observation
hV(Er, 1~= 1, mr) + x(~A

1,v~,N1) it is not only necessaryto calculate rotational

-~ x~(
2n~,vf, N~)+ e(Ee), (1) resolvedphotoionisationparameters,but also to

thermallyaveragethem.
whereh v representsa photonof frequencyv and The programpresentedheretakesphotoionisa-
energyEr. Thephotontotal angularmomentumis tion transition dipoles either in the usual or
given by ‘r and its polarisationby mr (= 0 for momentumtransferform and computesa and /3
linear polarisation, = ±1for circular polarisa- parametersas a function of initial and final rota-
tion). A

1/f (= 0, 1, 2, ...) representsthe spatial tional state. These are then averagedover the
electronicstateof the target/ion(~,H, & ...); initial rotationalpopulationgivenby a Boltzmann
Vj/f denotesthe vibrationalstateof the target/ion distribution to give photoionisation parameters
which occupy rotational level N1/f respectively, that can be directly comparedwith experiment.
The ejectedelectronhaskinetic energyEe. The program is independentof the theoretical

For linear polarised light, the angularly re- model usedto calculatethe transitiondipole ma-
solvedcrosssectionfor this processcanbe written trix elements.
/da\ a
~-~j=~-_(1+/3P2(cos9)) mr=O, (2)

2. Method

where a is the isotropic crosssectionand /3 the
asymmetryparameter.Q is the solid angle about The total cross section, a, and asymmetry
the directionof propagationof theincominglight, parameter,/3, canbe written
In (2) 0 is the anglebetweenthe directionof the a(N~— Ni,) = 4’rr

2a~afA
0(N1—* Ne), (4)

electricvectorandthat of theejectedelectron.For
circularly polarisedlight, averagingovermr = ±1 /3(N1 -~ N~)=A2(N1 —* Nf)/AO(N1-~Ne), (5)
gives

I do \ a where a is the fine structureconstant,a0 is the
(\~) = ~—~(i— ~/3P2(coss))’ (3) Bohr radius of the hydrogenatom and f equals

E~,the energy of the incident photon, in the
wherenow 0 is the anglebetweenthe directionof dipole length approximationand 1/Er in the di-
the incidentphotonbeamand that of the ejected pole velocity approximation.Here and elsewhere
electron. the explicit dependenceon the vibrationalstateof

While changesin vibrationalstate(v1 -~ Vf) are the targetandion havebeenomitted. The coeffi-
largely determinedby the relativeposition of the cients AL are givenby [2,4]
target and ion potential curves, the rotationally
resolved photoionisation parametersare highly AL ( N, —~ N~)
sensitiveto the detailsof the interactionbetween
the residualion and the escapingelectron.The = (— 1) L (2L + 1) ( 1 1 L
rotational structureis usuallydominatedby tran- mr — m~ 0 ) (2 N~+ 1)
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~ (—i)’” e~°’°”)[(21+ 1)(21’ + 1)]l~’2 where k is Boltzmann’sconstantand ‘N is the
1,1’ nuclearspin stateof the molecule.For D~hsys-

< ( 1 1’ L \ temsthis stateusuallydependson whether .N~ is
0 o ~) evenor odd. The thermallyaveragedparameters

are given by

Nf N, .N~\21 / 1’ L
N \Af A1 4A) <~1 1 Nj XA—~p(Nj)X(Nj~Nf),

(6) x=a,B (12)
A=Q if Nf=N

where the 3- and 6-j symbolsare as defined by
Brink and Satchier [5] and °i is the Coulomb = S if N~= N~+ 2.
phase.The sumsover 1, 1’ run overall the possi- ForA1 equalA~,the adiabaticnuclei approxima-
ble orbital angular momentaof the ejected elec- tion gives [4]
tron. For molecules, 1 is not a good quantum
numberandthis sumhasto be truncatedin actual (2N1±1)a(N1—* N~)= (2N~+ 1)o(Nf —* N1),
calculations.The dipole matrix elementsin (6) are (13)
defined using the momentumtransferformalism
of FanoandDill [6] /3(N~—, Nf) = /3(N1 — Nj),

DN,(1)=~(1)x(2N5+1)1/2( 1 1 N \ andhence/3Q=flS.
1, — X m ~A) Rotationally averagedparameterscan be de-fined in a similar fashionusing

Xd~,~(l, m), (7)
~(l)L(2L+l)( 1 1 L\

mr o)
d~(1,m)= ~ ~ ~g~Y1~) ~ (—i)’” CI(al_GI~)[(2/ + 1)(21’ + 1)11/2

(8)
1 1’ L”

where ‘P~is the targetwavefunctionand ~1’~ is >< (~0 0) (14)
the wavefunctionof the ion plus ejectedelectron
with partial wave 1, m. The minus signifies that ~ ( —1) N, 1 1’ L)
the wavefunctionhasbeentransformedto outgo- N, { 1 1 ~ DN~(1) DN,(1’) *

ing boundaryconditions[7]. The operatorg, is r1
in the dipole-lengthanda/ar, in the dipole-veloc- andeqs.(4) and(5) or the relationships
ity approximation.The matrix elementis taken ~= ~0(ps/~ N~) (15)
over all electroniccoordinates.For vibrationally N,

resolvedcalculationsthe integrationis also over ~ = ~ ~( ~ —p N, )/3( ~ — N,)/o (16)
the vibrational mode(s),otherwisethe transition

N,
dipolesare a function of the relativepositions of
the fixed nuclei. The resultingparametersareindependentof .N~in

If the moleculeis takento be a rigid rotor with the adiabaticnuclei approximation.
rotationalconstantB, then the initial population
of statesis given by

3. Programorganisation anddata input
(9)

11 = (21N + 1)(2N, + 1) e~+l)B1’kT, (10) ~ Organisation

= ~J’, (11) PEAD reads control data using NAMELIST
N input from unit 5, and channel and dipole data
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from streamNFTD. The programloops over in- WEVEN [1.0] 21 + 1 for the even rotational
put from both streamsuntil endof file marks are states.
reached; this allows batchesof transitiondipoles WODD [1.0] 21 + 1 for the odd rotational states.
to be processed andthermallyaveraged results for NTRAN [4] Maximum valueof z~N to be consid-
severaltemperaturesto be obtainedin onerun. ered.

NFTD [11] Input stream for transition dipole
PEAD is composed of the following subroutines: data.

IVEL [0] = 0 for the dipole-length approximation.
MAIN controls i/o and the flow of the calcula- = 1 for the dipole-velocity approxima-

tion.
tion.

PASCAL createsan arrayof Binomial coefficients
IBUG [0 on thefirst passandthen —1] Print flag:

for calculating 3-f symbols. —1 minimal output,
CPHAZcomputesCoulombphases[8].

0 usual,1 detailed,2 debuglevel.TPOP computesthe fractional populationsof eq.
IMOM [0] = 0 Dipoles readin momentumtrans-(9). fer form DN(1), see eq. (7).

TRANSD transformsthe transitiondipoles to the
= 1 Dipoles readas d~~(1,m), eq. (8),

momentumtransferform, seeeq. (7). and transformed.
ALBAR computesAL, seeeq. (14); ~ and /3 are

TEMP [0.0] If > 0.0, temperaturein K for the
also computedusing eqs. (15) and (16) as a

thermalaverage.check. BROT Rotationalconstant,B, in cm1.
ALNINF computesAL(NI --3 Nf), seeeq. (6). MI [0] A

1.
TAY computesthermallyaveragedparameters,eq. MF [0] A ~.

Note that if NIMIN # 0 or NIMAX is too small,
THREEJ 3-f symbol routine, then inaccuratethermal averagesmay result. To

performa calculationonjust orthoor paraspecies,
For efficiency, the 6-f and most of the 3-f symbols the releventWEVEN/WODD may simply be set
usedinALBAR andALNINF havebeenevaluated

to zero.
explicitly.

3.2. Inputfrom unit 5 3.3. Input from unit NFTD

Control input is read usingNAMELIST /IN- The following lines of input are read from
PUT/ from unit 5. PEAD will continueto look streamNFTD:
for NAMELIST data until the end of file is 1. NCHAN,(LCHL(I),I = 1,NCHAN) [FOR-
reached. As the unit NFTD is rewound each time, MAT(1415)]
this allows the dipoles to be processed for several where NCHANis the total number of channels
sets of control data, e.g. temperature or polarisa- and LCHL holds the 1 values in ascending
tion. Alternatively, the unit associatedwith NFTD order.
can be changed allowing a new set of dipoles to be 2. If IMOM = 1 only, (MU(I),I = 1,NFSTAT)
processed. Defaults for the input data are given in [FORMAT(1415)]
parenthesis: whereMU holds the valuesof X for the dipoles
MR [0] Polarisationof the light (= 0 for z, ±1for in the order in which they are read. NFSTAT

x—y). = 3, unlessA1 = 0 when NFSTAT= 2.
ISYM [0] = 0 for a molecule with ~ symmetry 3. NV,EE,EPHOT[FORMAT(15,2E18.10)]

= 1 for a molecule with D~©hsymmetry. whereNV is a vibrational label (usedonly for
NIMIN [0] Minimum value of N, to be consid- print purposes),EE is Ee, the kinetic energy of

ered. the ejectedelectronin Eh, and EPHOT is Er,
NIMAX [3] Maximum valueof N1 to be consid- the photonenergy in Eh.

ered. 4. If IMOM = 0, then readNCHAN recordsof
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(DIPT(J),J= 1,3) [FORMAT(4E18.10)] Acknowledgement
where DIPT are the momentum transfer di-
poles DN(1) with J = N— 1 + 2. We would like to thank the Scienceand En-

Else if IMOM #0, then read NFSTAT re- gineeringResearchCouncil’s CollaborativeCorn-
cordsof putationalProject2 for helpingN.C. visit Umver-

(DIPI(I),I = ID,NCHAN) sity College London during the course of this
[FORMAT(4E1 8.10)] work.
whereDIPI are thedipoled~(1,m) andID is
such that only the physical dipoleswith /~ m References
are read.

Both sets of dipoles are complex and must be [1] S. Hara, H. Sato, S. Ogataand N. Tamba,J. Phys. B19

ordered on increasing l, the partial wave of the (1986)1177.

ejected electron. [2] N. Chandra,J. Phys.B19 (1986)1959.

PEAD loops over input 3 and 4 until the end of [3] Y. Itikawa,CommentsAt. Mol. Phys.(1987) in press.

file is reached. [4] Y. Itikawa,Chem. Phys.28 (1978)461.[5] D.M. Brink and G.R. Satchier,Angular Momentum,2nd
ed.(ClarendonPress,Oxford, 1968).

3.4. Testoutput [6] V. FanoandD. Dill, Phys.Rev. A6 (1972)185.
[7] P.O. Burke, in: Atomic and Molecular Collision Theory,

Testdatafor PEAD havebeenpreparedusing ed.F.A. Gianturco(Plenum,New York, 1982)p. 69.

transitiondipoles calculatedusing the R-matrix [8] Ci. Noble andR.K. Nesbet,Comput.Phys.Commun.33
(1984) 399.

method for the photoionisation of H2 with a fixed [9] J. Tennyson,C.J. Noble and PG. Burke,Intern. J. Quan-

bondlength of 1.4a0 [9]. tum Chem.29 (1986) 1033.
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TEST RUN OUTPUT

PHOTO-ELECTRON ANGULAR DISTRIBUTION PROGRAM:

POLARISATION DIRECTION, MR = 0
HOMO/RBTRO SYMMETRY FLAG, ISYM = 1
PRINT FLAG, IBUG
ELECTRONIC ANGULAR MOMENTUM OF TARGET, MI = 0
ELECTRONIC ANGULAR MOMENTUM OF ION, MF = 0
MINIMUM INITIAL ROTATIONAL STATE, NIMIN 0
MAXIMUM INITIAL ROTATIONAL STATE, NIMAX = 3
MAXIMUM CHANGE IN ROTATIONAL STATE, NTRAN 6
WEIGHTING FOR EVEN ROTATION LEVELS, WEVEN 1.0
WEIGHTING FOR ODD ROTATION LEVELS, WODD 3.0
STREAM FOR DIPOLE INPUT, NFTD = 11
DIPOLES IN LENGTH APPROXIMATION, IVEL 0
DIPOLES TO BE TRANSFORMED TO THE MOMENTUM TRANSFER FORMALISM

THERMAL AVERAGING WITH TEMP 300.00 K
ROTATIONAL CONSTANT, BROT = 0.6080000D+02 CM-i

EFFECTIVE PARTITION FUNCTION USING NI 0 TO 3, ZEFF 7.090038D+00
CONVERGED PARTITION FUNCTION USING NI = 0 TO 8, Z 7.145662D+00
NI = 0 RELATIVE POPULATION 1.410430D-Ol
NI = 1 RELATIVE POPULATION 6.8O2642D-OI
NI 2 RELATIVE POPULATION 1.0853560-01
NI 3 RELATIVE POPULATION 7.015724D-02

CHANNEL DATA: NUMBER OF L VALUES 3
Lr 1 3 5
DIPOLES ORDERED BY MU = 0 1

VIBRATIONAL STATE 0
PHOTON ENERGY 6.249956D-01 I{ARTREE, 7.290187D+02 ANGSTROM
PHOTOELECTRON ENERGY 2.419000D-02 HARTREE, 6.582584D-01 E.V.

DIPOLES:
0. 14978233940D+01 0.36962682B9OD+00 0.875426557IOD-02 0.33199781120D—02 —0.72737493990D—04 0.94199340380D—05

DIPOLES:
0. 145969O2590D+0i—0.33662268060D+00 0.89I64627270D—02 0.57916448610D—02—O.62555729600D—04—0.96003617940D—05

DIPOLES:
—0.255027386770+01 0. 17529424135D+00 0.00000000000D÷000.000000000000+00 0.311355714850—01 0.576650256770+00
—0.152631102950—01—0.83649638817D—02 0.000000000000+00 0.00000000000D+OO—0. 16374376653D—02—0.285235366800—02
0.114376937100—03 0.367633263170—05 0.00000000000D+00 0.000000000000+00 0.59243491345D—05 0.16110670153D—04
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A0—BAR 2.289478D+00, A2—BAR 4.3885780+00
SIGMA—BAR 1.1543580+01MB, BETA-BAR 1.9168470+00

NI = 0 NF = 0 A0 2.1782080+00, A2 4.356417D+00
SIGMA 1.0982560+01MB, BETA 2.0000000+00

NI 0 NF 2 A0 1.112660D—01, A2 3.216038D—02
SIGMA 5.610048D-01MB, BETA 2.8904060-01

NI 0 NF 4 AO 3.610073D—06, A2 1.5262270—06
SIGMA = 1.8202050—05MB, BETA = 4.2276910—01

NI 0 HF 6 A0 9.821720D—11, A2 3.777585D—i1
SIGMA 4.9521270—10MB, BETA = 3.8461540—01

NI 0 SIGMA—BAR 1.1543580+01MB, BETA—BAR I.916847D+00

NI 1 NF = 1 A0 2.2227150+00, A2 4.3692810+00
SIGMA 1.1206960+01 MB, BETA 1.965741D+OO

NI 1 HF 3 A0 6.676118D—02, A2 1.9296910—02
SIGMA 3.3661090-01MB, BETA 2.8904380—01

NI 1 NF 5 A0 2.005641D—06, A2 8.4792150—07
SIGMA 1.011248D—05MB, BETA 4.227683D—01

NI 1 HF 7 A0 = 5.2886190—11, A2 2.0340840—11
SIGMA 2.666530D—10MB, BETA 3.846154D—01

NI = 1 SIGMA—BAR 1.1543580+01 MB, BETA—BAR 1.916847D+00

NI 2 HF 2 A0 2.210000D+00, A2 4.3656060+00
SIGMA 1.1142850+01 MB, BETA 1.9753880+00

NI 2 HF 4 A0 5.722343D—02, A2 1.654002D—02
SIGMA 2.885215D—01MB, BETA 2.890428D-Oi

NI = 2 NF 6 A0 1.6409670—06, A2 6.937493D—07
SIGMA 8.2737830-06 MB, BETA 4.2276850—01

NI = 2 HF 8 A0 4.2308950—11, A2 1.627267D—Ii
SIGMA 2.133224D—10MB, BETA 3.8461540—01

NI 2 SIGMA—BAR 1.154358D+01 MB, BETA—BAR = 1.9140370+00

NI 3 NF 3 A0 2.2078800+00, A2 4.364993D+0O
SIGMA 1.113217D+01 MB, BETA 1.9770070+00

NI 3 HF 5 A0 5.2984580—02, Al 1.531480D—02
SIGMA 2.671491D—01 MB, BETA 2.8904260—01

NI = 3 HF 7 A0 i.472661D—06, A2 6.225948D—07
SIGMA = 7.425180D—06MB, BETA 4.227686D—Oi

NI 3 HF 9 A0 3.7331430—11, Al 1.4358240—11
SIGMA 1.882256D—10 MB, BETA 3.8461540—01

NI 3 SIGMA-BAR 1.15435BD+01MB, BETA—BAR 1.9132350+00

SIGMA—Q 1.1163110+01 MB, BETA—Q 1.9724100+00
SIGMA-S 3.581674D—01 MB, BETA-S 2.890432D—01

THERMAL AVERAGING WITH TEMP = 150.00 K
ROTATIONAL CONSTANT, BROT O.6080000D+02CM-i

VIBRATIONAL STATE 0
PHOTON ENERGY 6.2499560-01 HARTRBE, 7.2901870+02ANGSTROM
PHOTOELECTRON ENERGY 2.4190000-02HARTRBB, 6.582584D-01 E.V.

SIGMA-Q 1.1144280+01 MB, 8BTA-Q = 1.9753060+00
SIGMA-S 3.952611D—01MB, BETA-S 2.890429D—01


