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HELIUM AT HIGH PHOTON ENERGIES
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ADSTRACT

Production of singly and doubly charged helium ions by impact of keV photons is
studied. The ratio Rpx = o}if /o, for photoabsorption Is calculated In the photon.
enorgy range 2-18 keV using correfa.ted initlal- and final-state wave functions. Extrap.
olation towards asymptotic photon ancrgies yiclds Rpp(w — 00) = 1.66% in agreement
with previous predictions. Ionization due to Compton scattering, which bacomes com-
parable to photoabsorption above w ~ 3 keV, Is discussed.

INTRODUCTION

Many-electron transitions in atomic systems induced by photon impact are of con-
siderable Interest since the Hamiltonlan coupling of the electronic degrees of freedom
to the electromagnetic field Is bullt up of one-body operators. A transition involving
more than one electron must therefore proceed via the interelectronic interaction (cor-
relation). The simplest systems for studies of these processes ara two-electron atoms
and jons. Considerable work was carried out in the late 50s and early 60s on the dipole
matrix elements for two-electron transitions in helium for the purpose of evaluating the
Lamb shift of the ground state.!=3 In the late 60s, when measurementa of the ratio
Rpn = ofit [a}, of the double- to single-photoionization cross sections were reported
from threshold up to 625 eV,! it was realized that this quantity is very sensitive to the
usage of highly accurate wave functions.®=1° Apart from the theoretical efforts to ob-
tain Ry for photoabsorption in the low-energy regime, predictions of the non-relativistic
asymptotic value Rpp(w — o0) also became available.®=® The experimental verification
of this fundamental quantity has become possible only very recently with the advent of
synchrotron-light sources having sufficient intensity. This progress on the experimental
side!1~13 has stimulated renewed theoretical interest!4~19 in double ionization of He at
high photon energies,

A complication in the interpretation of the experiments arises, however, when the
photon energy exceeds approximately 3 keV.?° The photolonization cross section decays
rapidly as w="/2 while the Compton scattering cross section is essentially independent
of w in this energy regime. The cross sections are equal at about 6 keV.?! Based on the
energy transfer to the atomic system, the approximate thresholds for single- and double-
ionization due to inelastic Compton scattering are 2.5 and 4.5 keV, respectively. Since
the present experiments cannot distinguish between these two competing processes, the
measured ratio R is expected to be a weighted average of Rp5 and the corresponding
ratio for Compton scattering 2. Above ~ 8 keV the experimentally measured R is
exclusively determined by Compton scattering (R = R¢).
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We present calculations of lonization-cxcitation and double ionization cross sections
for photoabsorption in the 2-18 keV energy range employing correlated initial and final
states and sum rules. We discuss the single and double ionization process by Compton
scattering and cstimate the contribution to the apparent It as measured by the recent

experiments,
THEORY

The cross section for lonization of one electron into a continuum state labeled by the
momentum A and angular momentum quantum numbers L and M and simultancous
excitation of the other electron to o He*(nim) state by photoabsorption Is, in the dipole
approximativn, given by (we use atomic units throughout unluss otherwise statod)

( :
o kLM, nim) = 2= [ LCEM)
where ¢ is the speed of light, df(kLM,nlm)/dE Is the oscillator strength for the tran-
sition from ground state helium to a bound He*(nim) state and a continuum state
(kLM) with energy £ = k?/2, w is the incident photon energy, Iy is the first lonization
potential of He, and E, Is the excitation energy of the n-manifold of He* measured
from the ground stat..

The acceleration gauge of the oscillator strength Is

dfA(kLM,nlm)
dE

where V is the atomic potential energy and the polarization direction is taken along
the z axis. Alternatively, the oscillator strength can be expressed in the 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
latter case a measure of the quality of the wave functions.

For the ground-state of He we use a 20-parameter Hylleraas-type wave function??
and for the final state we use a wave function of the form

6(E + En-w+ 1), (M

2k ~
= S5 URLM, nlm (VY + V2V )2, (2)

- 1 (- - :
lI"ig,?(m(r'hr?) = "'\/—“5 [q’nlm(rl) ‘x’k )(rQ) Df(m)(l‘l'.!) 4 ryerrgf, (3)

where $ i and @fc") are bound and continuum wave functions defined in the unscreened
field of the He?* nucleus and

ch‘,-:(rl'«‘) = exp(-na/2)(1 - ia) Fifia, 1, —i(kiar2 + k12 * r12))] (4)

is a Coulomb distortion factor which accounts for the electron-electron interaction, The
continuum states ${”) are normalized to a 6 function on the momentum scale. In (4)
k12 = k/2 is the interelectronic momentum and a = 1/(2k2). The states |k LM, nim)

in (2) are obtained by expanding @{;') and D{;z in partial waves and recoupling to
(LM) states.



In order to obtain the total cross section for lonising one eloctron and leaving the
second electron bound to the nucleus, the lonization-excitation cross sections (1) are
summed over all bound states and over angular momenta of the continuum electron

ohw) = Y D ate(kLM,nim). (5)
LAt nim

with Lalxland M +m=0.
The cross section for double lonization with ejection of two clectrons having energles
E = k?/2 and E' = k'3 /2 can bo defined in analogy to (1) as

SE+E -w+ ), (6)

do it (kLM kKm) 42 [ A2 (kLM K'm)
dE’ ¢ dE dE’
where /; is the total lonization potential of He. The total double-lonization cross section
is

w= la da (AL M, k'lm)
ahtw)=Y" /
LM Im

b (7)
In the acceleration form the oscillator strength in (6) is

d? fA(KLM, k'Im) m"
dE dE' wd

and the length and velocity forms are similarly defined.

The state |kLM,k'Im) in (8) is the analogue to (3) obtained by replacing the bound
state &, m by @{:), by partial wave expanding the two continuum wave functions and
the distortion factor, and by recoupling to angular momenta (LAf) and (Im) of each
electron.

In the case of two continuum electrons the Sommer{eld parameter a in D(=) depends
on the relative angle between the emission directions of the two electrons. This compli-
cates the direct evaluation of oi* as compared to ionization-excitation cross sections.
However, the problem can be circumvented by employing a closure approximation. At
high energlies the photo electron carries nearly all the available energy w — I; =~ w,
and the second electron is ‘shaken up’ to a low-lying continuum state.!”!® The error
introduced by fixing the energy of the fast electron and extending the upper limit in
the integration in (7) to infinity is therefore small at higl: photon energies, The sum of
single- and double-jonization cross sections

(KLM,KIm|(T1V + VaV), )2, (8)

w"? da'*""(kLM k'lm)

gs =a}t + ok -‘-‘EZ Za+'(u,anm)+/ 2l dE,’ (9)

LM Im n

can be evaluated with these approximations by using the closure property of the Het
eigenfunctions, The double ionization cross section can now be obtained without refer-
ence to the two-electron continuum states, as o*+ = o5 ~ ot 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.?* For the problem at hand, this
approach cannot be applied since we are concerned with final-state specific processes.



A high-energy approach as described above for photoabsorpticn Is not justified because
the dominant energy transfers A E from the photon to the electron(s) ranges from zero
to an upper limit A Emes approximately given by the value for Compton scattering off
free electrons .
AEpay = — (10)
M med ¢ 2w
and the distribution of energy transfors is essentially independent of AE In this range.
One other important distinction between Compton scattering and photoabsorption is
the distribution of angular momenta in the final state. While for photoabsorption
only the final-state P sector is reached from the ground state of le (in the dipole
approximation), a large number of final-state angular momenta will contribute to the
transition amplitude for Compton scattering.
In order to estimate the influence of Compton scattering on the measured Il we
make here an impulse (or 'binary-encounter’) approximation to obtain the Compton
cross section differential in the energy transfer AL

Pmas
d:;% /41/ d”pé(q P+p}/24 s~ AD)ldJ(q)l“da"’;(w) (11)

where pmae i8 the electronic momentumn corresponding to maximum energy transfer
(see Eq. 10) In a binary encounter between the photon and one electron, ¢y is the
orbital binding energy of one electron, ¢(q) is the momentum-space wave function of
the one electron in the ground state, and doyn(w)/dp is the free-electron Compton
cross section differential in the momentum transfer to the electron for which we use
the Klein-Nishina formula. The single-ionization Compton cross section af(w) Is then
obtained by integrating (11) between [; and w and multiplying by two to accnunt for
the number of electrons. For double ionization we use

dao( )

odt(w) =2 / dAE —==
where Rc(AE) specifies the ratio of double to single ionization at a given energy trans-
fer. Of course, the exact knowledge of Ro(AFE) would imply that the problem at hand
was solved. We make here the following approximation: for final states in the P sector
Ré"‘(AE) is assumnd to equal the photoabsorption ratio at the photon energy AE,
for higher angular momenta in the final state the shake-off value RE>}(AE) = 0.73%
is used. The justification for this approximation relies on calculations for ionization-
excitation by Compton scattering®® described below,

RESULTS AND DISCUSSION

While it has becn established that the ionization-excitation and double junization
cross sections are independent of correlation in the final state as w — oo, provided an
accurate wave function of the initial state is used,®®15 this is not the case at finite
w, We illustrate this for w = 2 keV in Fig. 1 where the difference AB = Beopr ~
Byncorr Of the branching ratios B(n) = a;"h‘/ag calculated with and without the final-
state distortion D~) are shown. The effect of final-state correlation is to redistribute

probability for iunization without excitation to the ionization-excitation and double-
ionization channels.
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Figure 1t The change AB in the branching ratios H#(n) = (n)/(a ) calculated

with and wilhout correlation in the final-state wave function '{he bars for n z l and double
ionization (DI) have been multiplied by 10-1,

In Fig. 2 we show our result for Ky, as function of w=! together with the recent
calculations by Teng and Shakeshaft,!” Hino,!® and the MBPT calculation by Hino et
al.'? In the calculations of Hino and of Teng and Shakeshaft the double-lonization cross
saction waa calculated directly using the two-electron continuum analogue to the final
state (3). Teng and Shakeshaft used the velocity form of the dipole operator, while
Hino used the acceleration form but took only the monopole contribution from the
distortion factor D(=) into account. The MBPT calculation used various forms of the
dipole operator. The acceleration form, shown in Fig. 2, the length and velocity forms
all give similar results in the high-energy region.'?

Our present result reaches an w~! behavior for w > § keV and extrapolation
to infinite photon cnergy yields the correct non-relativistic limit for photoabsorption
Rpa(o0) = 1.66 %, which was obtained much earlier by other authors®® using only a
correlated initial state. The value of the coefficient of the leading w=! term is 0.90 keV.
The short-dashed line in Fig. 2 represents an extrapolation of this linear behavior in
w~! to both larger and smaller energies.

The various calculations'’=1® do not converge to the correct high-energy limit, even
though they differ by relatively small amounts. We attribute this discrepancy to inac-
curate initial-state wave functions used in the calculations. For w=! > 0.2 the results
start to diverge significantly. It is important to realize that the final state (3) and its
two-electron continuum analogue constitute high-energy approximations and their use
is not justified for lower photon encrgies. Our present result and the result of Teng
and Shakeshaft have very similar slopes from 8 down to about 4 keV. At lower w our
result has a much stronger dependence on w=!. We have traced this strong dependence
to the contributions from the | # 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 highly asymmetric. We have verified for an uncorrelated final state that
the accuracy is sufficient at least down to w = 2 keV. However, the validity of the
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Figure 2. The ratio Ren = aft/aly for photoabsorption as functicn of w="'. Solid curve:

prescnt result; long-dashed cutve, Teng and Shakeshaft;!? dash-dotted curve, Hino;!® dotied
curve, Hino et al.'® Short-dashed curve: the high-cnergy behavior of the present result accurate
to order w=t,

closure method for correlated final states at low energies remains to be verified,

In Fig. 3 is illustrated the excitation-lonization by inelastic Compton scattering.
We show the ratios between the cross sections for ionization and excitation to Het(5s)
and lonization without excitation as functions of the energy & of the ionized electron,
broken down into the final-state angular-momentum components. We find the angular-
momentum decomposition, shown here at w = 10 keV, to be approximately universal
functions of the energy transfer but only weakly dependent on the primary photon
energy. The two arrows indicate the asymptotic ratios for photoabsorption and for
shake-off,!® respectively. As can be seen, the L = 1 curve is close to the former value
over a significant range of E, while the average of the L > 1 rutios, weighted by their
partial cross sections, is close to the latter value. (The L = 0 component is small except
for the lowest £ and does not significantly contribute to the total cross section.) It
is this observation which motivates our choice for RX(AE) discussed in the context of
Eq. (12).

In Fig. 4 is shown the ratio R, for photoabsorption (dash-dotted curve) together
with the corresponding ratio for Compton scattering R (dotted curve) and the weighted
mean of both processes (solid curve) which should be compared to the experimental
points. The agreement is, considering the simplicity of the approximation, satisfactory,
We also show the linear extrapolation of the photoabsorption ratio (dashed curve) which
appears to improve the agreement with the experiments below w = 3 keV. Further work
on two-electron processes by photoabsorption and inelastic scattering of photons is in
progress.
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Figure 3: Ratios between the cross sections for ionization and excitation to 6s and foniza-
tion without excitation as functions of the energy of the ejected electron. The dashed curve
represents the ratio for all final-states with L > 1. Arrows indicate the asymptotic ratios for
photoabsorption and shake-off,
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