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All STIrACT

Production of singly and doubly charted helium ions by Impact of keV photo,s ts

studied. The ratio Rp0, - o+h+/a+h for photoabsorption Is calculated In the photon.
en,_rsy ranse 2-18 keY ,sing correlated lnltla!, and lAnai.state wave functions. Extrap.
elation towards asymptotic photon _.nergleuyields Rj,h(w--oo) = 1.60% !n agreement
with previous predictions, ionization due to Compton scattering, which becomes com.
parable to photoabsorption above w ,,, 3 keV, is discussed.

INTRODUCTION

Many.electron trnnsttlons In atomic systems induced by photon Impact are of con.
_!derable interest since the Hamlltontan coupling of the electronic degrees of freedom
to the electromagnetic field !s built up of one-body operators. A transition Involving
more thanoneelectronmustthereforeproceedviatheInterelectronlcinteraction(cor.
relatlon).ThA simplestsystemsforstudiesoftheseprocessesat_two-electronatoms
andfuns.Considerableworkw_ carriedouthtthelate50sandearly00sonth_dipole
matrlxelementsfortwo-electrontransitionsinheUum forthepurposeofevaluatingthe
Lamb shiftofthegroundstate,l'_inthelate60s,when measurementsoftheratio

-'++/--+ofthedouble-tosingle-photoionizatloncrosssectionswerereportedRph _ vp_. /-ph
fromthresholdup to625eV,4 ItWaS realizedthatthisquantityisverysensitlvetothe
usageofhighlyaccuratewavefunctions.5-I°Apartfromthetheoreticaleffortstoob-
tainRphforphotoabsorptioninthelow-energyregime,predlctlonsofthenon-rel_tivistlc
aSymptoticvalueRph(w_oo) a_sobecameavmlable,s'sThe experimentalverification
ofthisfundament&lquantityhasbecomepossibleonlyveryrecentlywiththeadventof

synchrotron-lightsourceshavlngsufficientintensity,Thisprogresson theexperimental
side11-13hasstimulatedrenewedtheoreticalinterest14-19indoubleionizationofHe at

highphotonenergies.
A complicationintheinterpretationoftheexperimentsarises,howeverswhen the

photonenergyexceedsapproximately3 keV.2°The photolonlzationcrosssectiondecays
rapidlyasw -z/2whiletheComptonscatteringcrosssectionIsessentiallyindepeadent
ofw inthisenergyregime.The crosssectionsareequalatabout6 keV.21Basedon the
energytraasfertotheatomicsystem,theapproximatethresholdsforsingle-anddouble-
ionizationdue toinelasticComptonscatteringare2.5and 4,5keV,respectively.Since
thepresentexperimentscannotdistinguishbetweenthesetwocompetingprocesses,the
measured ratio R is expected to be a weighted average of Rph and the corresponding
ratio for Compton scattering Re. Above ,,_ 8 keV the experimeatally measured R is
exclusively determined by Compton scattering (R = Re).
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Weprnent calculationsof ionization.excltatlonandduubleioni_atio, crosssections
for photosbwrptton in the2_18keVener_rangeemployingcorrelatedt.ttial and fln_
states and mumrules. Wediscussthe mingleand doubleionization prec., by Compton
scattering and estimate the contribution to the apparent 12as m_.rud by the recent
experiments,

TIIEORY

The cross section for Ionization of one dectron into a contl.uum state labeled by the
momentum k and angular momentum quantum numbers t. and M a.d simultaneous
excitation of the other electron to o lle+(n/m) state by photoabsorptlon is, in the dipole
approximatlua, glvon by (we use atomic units throughout uniuss otherwise stated)

2_r_
/dE df(kLM, nlm) 6(E + E. w + It), (I)a_(kLM, nlm) = -- -'-----'-'_--_ -c IE,

where c Is the speed of light, df(kLM, nlm)/dE Is the oscillator strength for tha tran-
sition from ground state helium to a bound llo+(nim) state and a continuum state
(kLM) with energy E = k_/2, w is tlm incident plmton energy, 11 Is the first ionization
potential of lie, and E. Is the excltatlon energy of the ,,-manifold of lie + measured
from the ground stat_,

The acceleratson gauge of the oscillator strength is

dfS(kLM, nlm) 2k
"---- dE ...............= -d_](kLM, him I(V_V+ V_V),] i)l_, (2)

where V is the atomic potential energy and the polarization direction is taken along
the z axis. Alternatively, the oscillator strength can be e×pressed in tim length and
velocity forms. With exact initial, and final.state wave functions the various gauges of
the oscillator strengths are equivalent while for approximate wave functions this is, in
general, not true. The sensitivity of the oscillator strength to the gauge provides in the
1,_ttercase a measure of the quality of the wave functions.

For the ground-state of tie we use a 20-parameter Hylleraas.type wave function 22
and for the final state we use a wave function of the form

_(-) (r, r2)= i [ ¢'(k-) O(-)'r 2)+ r, r2], (3)

where Cntra and ¢(-) are bound and continuum wave functions defined in the unscreened
field of the He2+ nucleus and

D(-)(r12) = exp(-Tra/2)F(1 - ia)tFl[ia, 1 -i(kt2rt2 + k12' r_:_)] (4)k_

is a Coulomb distortion factor which accounts for the electron-electron interaction. The

continuum states _(-) are normalized to a _ function on the momentum scale. In (4)
k_2 = k/2 is the intcrelectronic momentum and a = 1/(2k_). The states IkLM, nlm)

in (2) are obtained by expanding ¢{k-) _nd D (-) in partial waves and recoupling to
(L M) states.



In order to obUdnthe toud crosstootle, for ionizlngoneelectron tLndleaving the
.erond dectron bound to thu .ucleut, the ioni_ationexcita_le, ere. sectioni (!) are
eummedover all boundit&re| and over.n;ular momentaof the continuum electron

+'(kLM, him), (5)
I_,At.hn

with/, = 1_ ! and M + m m O.
The ere. Notion for doubleloaizazionwith ejectionof twoelectrons havingenergtes

E - k_/2 and E' u kn/2 canbe del|.ed in analogy to (i) u

...... dE' ..... = --j..E:_............:.........=: a(E+E'-w+ l_), (6)C dE dE °

where12is the total ionizationpotel_tla]of lIe, The total double-ionl_.Mionere. sectic_n
la

,,::(,.,).
da++(kLM, k'lm)

L^,,_, ..... -dE'==-:..............' (T)
In the acceleration form the oscillator strength in ({})is

d_fA(kLM, k°lm) 2kk'
....--dEdi?-,--._-_-_-.........= _l(kI, M,k'gml(VzV+ v2V).lOIa, (s)

and thelengthand velocityformsareslmilarlydefined.
The state [kLM, k'lm) In (8) is the anMogue to (3) obtained by replacing the bound

state @,Ira by 4_(k_'), by partial wave expanding the two continuum wave functions and
the distortion factor, and by recoupling to angular momenta (LAY) and (Ira) of each
electron.

In the caAeof two continuum electrons the Sommerfeld parameter czIn D(-) depends
on the relative anglo between the emission directions of the two electrons. This compli-
cates the direct evaluation of a++ a_ compared to ionization-excita, t|on cross sections.ph
However, the problem can be circumvented by employing a closure approximation. At
hlgh energies the photo electron carries nearly all the avail_tble energy w- Ia ._ w,
and the second electron is 'shaken up' to a low.lying continuum state, zv,zoThe error
introduced by fixing the energy of the fast electron end extending the upper limit in
the integration in (7) to infinity is therefore small at higl: photon energies, The sum of
single, and double-ionization cross sections

++ = E E a_(I:LM, nlm) + dE' (9)aS = a+_ + ap_ dE'
LM Irn ' 0

can be evaluated with these approximations by using the closure property of the He+
eigenfunctions, The double ionization cross section can now be obtained without refer.
ence to the two-electron continuum states, as a ++ = as -" a + In the limit w _ oo this
procedure becomes exact, _,_

Theoretical investigations of Compton scattering of bound electrons are usually re-
stricted to the coherent and incoherent cross sections, _4 For the problem at hand, this
approach cannot be applied since we are concerned with final-state specific processes,



A hIKh.energyapproachM deJcribodabovefor photoabmorptic_is not justified bec&uN
the detain&st 0nergy tr&nsfornAE from the photon tothe electron(s) ranges from zero
to an upper llmlt AE.,. approximately given by the value for Compton scattering off

free electrons 2w_
-- .... - (10)mc_ + 2w

and the distribution of energy transfers is en.,entlally independent of AE in this range.
One otlmr import&st distinction between Compton ,catterlng and photoabsorptlon Is
the dlstributlon of angular momenta in the final st.to, While for photoabsorptlon
only the final.state P sector Is reachedfront the ground state of lie (in the dipole
approximation), & large numberof final.state angular momenta will contribute to !,he
transition amp|itude for Compton scattering.

In order to estimate the influenceof Comptonscatteringon the meMured R we
make here an impulJe (or 'binary.encounter')approximationto obtain the Compton
cross section differential in the energy transfer AE

de c_ /d,1q [_'"d - -dAE ffi Io P _ 6(q.p + p_/2 + eB AE)[¢(q)[_ doKN(w)dp (it)
where p.t4= is the electronic momentum corresponding to maxlmum energy transfer
(see Eq, t0) in a binary encounter between the photon and one electron, _e ia the
orbital binding energy of one o.lectron, ¢(q) is the momentum-apace wave function of
the one electron in the ground state, and da_,'N(_.',)/dp is the free-electron Compton
cross section differential in the momentum trander to the electron for which we use

the Kletn-Nlshina formula, The 6ingle-ionization Compton cross section a_(_) is then
obtained by integrating (11) between It and w and multiplying by two to account for
the number of electrons. For double ionization we use

doc( )Rc(aS), (12)d -

where Rc(AE) specifle_ the ratio of double to single ionization at ,_given energy trans-
fer. Of course, the e×act knowledge of Re(& E) would imply that the problem at hand
was solved. We make here the following approximittioa: for final states In the P sector
RLoffiI(&E) is a_sum_d to equal the photoabsorptioa ratio at the photon energy &E,
for higher angular momentlt in the final state the shake-off value RLc>I(AE) = 0.73%
is used. The justification for this approximation relies on calculations for ionlzation.
_xcitation by Comptoa scattering _4 described below.

rtESULTS AND DISCUSSION

While it has been established that the ionization-excita.tion and double ionization
cross sections are independent of correlation in the final state as w .-, oo, provided an
accurate wave function of the initial state is used,s,s,ts this is not the c_e at finite
cO, We iUustrate this for w = 2 keV in Fig. 1 where the difference A B = Bcorr -

+,.
B,,,tco_rof the branching ratios B(n) ....cr,a/as calculated with and without the final.
state distortion D (-) are shown. The effect of final-state correlation is to redistribute
probability for ionization without excitation to the ionization-excitation and double.
]o:aization channels.
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Figure 1: The change AB in tile brancllln_ ration H(n) = a_+h*(,)/(a_h + °'_'+)'l,calculated
with and wiLhout correlation in th0 final-state wave function. The bare for n _hl and double
ionisation (DI) have been multiplied by 10"L,

In Fig. 2 we show our re_u|t for Rph _ function of t_"t together with the recent
calculations by Teng and Shakeshaft, L7 Hlno, Is and the MBPT calculation by Hh_o et

al. 1° In the calculations of H|no and of %ng and Shakeshaft the double-ionization crees

section w_ c_Jcuhtted directly using the two-electron continuum analogue to the fltt_

state (3), Teng and Shakeshaft used tim velr_city form of the dipole operator, while
Hlno used the acceleratiox_ form but took only the monopole contribution from the
distortion factor D(-) into account. The MI]PT calculation used varlous forms of the

dipole operator. The acceleration form, shown ]n Fig. 2, the length and velocity forms
allgivesimilarresultsin thehlgh-energyregion._°

Our presentresultreachesan w-_ behaviorforw > 5 keV and extrapolatlon

to Infinitephoton energyyieldsthe correctnon-relativisticlhnitforphotoabsorption
Rph(oo)- i.(}6%, which was obt_ned much earlierby otherauthorss,8usingonly a

correlatedinitiaJstate.The v_,lueofthecoefficientoftheleadingw-t term is0.90keV,
The short-d_hedLinein Fig.2 representsan extrapolationof thislinearbehaviorIn
w-_ toboth largerand smallerenergies.

The variouscaicul_tloas_z-_9do notconvergetothecorrecthigh-energy[imit,even

though theydifferby relativelysmallamounts. We attributethisdiscrepancytoiz_ac,
curate iaitiaJ-state wave functions used in the calculations. For ca-_ > 0,2 the results

start to diverge significantly. It is important to reaJJze that the final state (3) and its
two-electron continuum analogue constitute high-energy approximations and their use

is not justified for lower photon energies. Our present result and the result of Teng
and Shakeshaft h_ve very similar slopes from 8 down to about 4 keV. At lower w our

result h_ e,much stronger dependence on w -1. We have traced this strong dependence
to the contributions from the I _ 0 multipoles of D(-), Apart from the validity of the
final state (3), the accuracy of the present result relies on the accuracy of the closure

approximation. This approximation breaks down if the energy sharing between the two
electrons is not higl_ly asymmetric. We have verified for an uncorrelated final state that

the accuracy is sufficient at least down to w = 2 kcV. I[owever, the validity of the



closuremethod forcorrelatedflnMstatesatlowenergiesremitinstobe verified.

In Fig.3 isillustratedth_excitation-ionizationby inehusticCompton scattoxing.

We show the r_.tiosbetweenthQcrosssectionsforioaizationand oxcJtatlonto He+(Sa)

and ionizationwithoutexcittttiona_functioneoftheenergyE of tlmionizedelectron,
brokendown intothef[naJ-stateanguhtr.momentumcomponents.We findtheangular.

momentum decomposition,shown hereat w = 10 keV,to be approximatelyuniversM

functionsof the energy transferbut only weakly dependenton the prim_tryphoton
energy. The two arrowsindicatethe ,_ymptoticratiosforphotoabsorptionand for
sha_ke-off,_5respectively.As can be seen,theL = I curveiscloseto the formervalue

overa significantrangeof E, whiletheaverageofth0L > I r,_tios,weightedby their

partialcrosssectioas,isclosetothelattervalue.(The L = 0 component issmallexcept

forthe lowestE and does not significantlycontributeto the totalcrosssection.)It

isthisobservlttionwhich motivatesour choiceforR_(AE) discussedin thecontextof
Eq.(12).

In Fig.4 isshown theratioR_,hforphotoabsorption(dash-dottedcurve)tog:ether

withthecorrespondingratioforComptoa scatteringRa (dottedcurve)and theweighted
mean of both processes(solidcurvo)which shouhlbe comportedto the experimeatal

points.The itgreemcntis,consideringthesimplicityoftheapproximation,satisfactory.

We a.lsoshow thelinearextr;H_olationofthephotoabsorptionratio(de.shedcurve)which
appearstoimprovetheagreementwiththeexperimentsbelowu:= 3 keV. Furtherwork

on two-electronprocessesby photoabsorptionand inelasticscatteringof photonsisin
progress.
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