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Double ionization of helium differential in energy transfer, is studied for both high-energy
Compton photons and charged particles. The ratios of double to single ionizR¢ite), for Compton
scattering, andR;(e) for charged particles, are found to display an unexpected behavior: For large
€ up to the two-body binary encounter (BE) limigg, we find Rc(e) = Rz(e) = 0.86% in good
agreement with recent experimental data. For even lasgeregg, Rc(€) andRz(e) are modified by
an “exchange shakeoff” mechanism. At> egg > 1, both differential (unlike integrated) ratios are
predicted to approach the photoionization limit. [S0031-9007(96)00861-7]

PACS numbers: 32.80.Cy, 32.80.Fb, 34.50.Fa

Two-electron transitions in atoms by impact of photonssimilarities between the two processes at largend show
and charged particles continue to attract considerablthat the ratioR-(e) for Compton scattering is closely re-
interest [1-10], primarily because it can serve as dated to the ratiaRz(e) for charged particles. For large
sensitive probe of many-body and correlation effects ine up to the binary encounter limigg, Rc(€) andRz(€)
atoms. The simplest two-electron system is helium wher&ecome identical and approach the same lit{t86%.
correlation is important, but only partially understood. = More remarkably, we find that for energy transfers beyond

The need to understand the similarities and differencethe binary encounter limit, the ratios Compton scattering
between impact by photons and by charged particles i®c-(e) or charge particle®;(e) change dramatically and
underscored by recent experimental and theoretical actiwoth approach the photoionization limit. While completely
ities studying two-electron processes such as double iomegligible for the total cross section, this observation pro-
ization of He. New synchrotron radiation sources havevides new insights into the interconnection between differ-
extended the photon energy range such that Compton scant mechanisms for double ionization.
tering, i.e., inelastic scattering of photons, can dominate To first order the triply differential cross section for
over photoionization [3—-9]. At the same time, advanceCompton scattering [16,18] in terms of the ejected electron
in experiments have been reported in which double ionizaenergiesE,, E,, and momentum transf& is (in atomic
tion by fast charged particles is measured at large energynits hereafter, unless noted otherwise)
transfers, either directly [10] or indirectly [11-13]. At ++ 2
large e Compton scattering and charged particles probe dEchECd 7 = m; kzlkz[l + cog G]F;*(Q), 1)
the correlated two-electron initial state over the whole co- 1dE2dQ @
ordinate space, thus providing new and complementar{¥nere
information to photoionization that is sensitive to the lo- ) )
calized region near the nucleus. The high-energy ratio Fih(Q) = f dQdD[(fl Z expliQ - rj)|l>|2 (@)
of double to single ionizationR, for photoionization is =12
measured to be-1.7%, in agreement with most theories IS the angle-integrated inelastic form facter, the fine
[2,14,15]. Theoretical predictions for the correspondingstructure constank;, and{};, the magnitude and direc-
ratio for Compton scattering, integrated over all energytion of momenta of the ejected electrons,respectively, and
and momentum transfers, range from 0.8% [6,16] to 1.6% andé the energy and the scattering angle of the photon,
[5,17]. More recently, a data point at 58 keV has beerfespectively. The form factdF; " (Q) in Eq. (2) depends
reported at 0.84% [9]. Concurrently, the ratio by pro-on the initial and final states of Heé) and| f). It also de-
ton impact has been measured to-b@.8% at an energy Pends implicitly on the energy transfer= E; + E, —
transfer of 10 keV [10]. E; whereE; is the energy of the initial state.

In this Letter, we present the first comparative theo- The first order cross section for charged particles may
retical study for double ionization of He by high-energy be similarly expressed as [19]

Compton scattering and by fast charged particles differ- doy”  4wZ%k, Ffi(Q) 3
ential in energy transfee. Our goal is to explore the dE|dE,dQ? 2 o+ 3)
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where Z,v are the charge and speed of the chargedaontributions to the high-energy cross section originate.
particle. Except for the prefactor in Eq. (1) arising from We use a CI expansion in terms of Sturmian functions.
summing of polarization vectors and the characteristidn diagonalizing the Hamiltonian we keep the exponent
momentum transfer dependence of Coulomb scatteringp the Sturmians to be exactly 2 to preserve the cusp
1/0%*in Eq. (3), the cross sections for Compton scatteringproperty. By including as many as 84 Cl terms up to
Eqg. (1) and for charged particles Eq. (3) are structurallyz, ! = 7,6 of the ! configuration in the initial state, we
similar. Specifically, the dependence on the initial andreproduce the ground state energy within this constraint to
final states is in either case given by the atomic transitiora relative accuracy of X 1074, Since the high-energy
form factor F4;(Q). behavior is expected to be weakly dependent on final-state
For a given set of energy and momentum transfergorrelations (FSC), we choose the uncorrelated limit for
€, 0, the prefactors in Egs. (1) and (3) will be the samethe final state that consists of an antisymmetrized product
for double as well as single ionization. As has beerof two Coulomb waves
noted before [20], the ratios of double to single ionization
Rc(e, Q) and Rz(e, Q) should therefore be identical for
given € and Q, both proportional toFf;" (Q)/F/:(Q)
where F;(Q) is the form factor for single ionization.
In the following, we will show that in the limiting case where ¢ (k,r) is the incoming continuum states of
of large energy transfer, this identity holds also for theHe"". The uncorrelated limit may also serve as a useful
ratios singly differential in energy transfer. To this endgauge for FSC at lower energies. Since the initial state
we define the binary encounter energys = Q}23E/2 as IS accurate, any discrepancy with experiment can be
the maximum energy transfer to an electron permitted irfttributed to the lack of FSC.
a two-body collision with a photonefg, and a charged The form factor Eq. (2) is analyzed in terms of angular
particle, efz. The maximum momentum transfe@sy ~ Momentum transfek by expanding) ™ (k1. r12) (6) into
for Compton scattering, an@%g for a heavy charged partial wavesl; andl, and recouple them to give a total

1) = %W(kl,rl)d/(kz,rz) el 6

particle, in these binary encounter limits are angular momentuni. The nonorthogonality between the
2w — €€ 2w S components(L = 0) of the initial and final states is
05, = ——PF = == Q%: ~2v. (4) removed by a Gram-Schmidt procedure.

¢ ¢ The cross sections as a function of the angular momen-

In the energy interval, < € < epg, F;;" (Q) peaks nar- tum transfetL are shown in Fig. 1 foe = 1 and 10 keV.
rowly along the Bethe ridge = Q?/2 [20]. I, denotes The distribution becomes broader for larger as ex-
the second ionization potential. Near the Bethe ridge th@ected. Ate = 10 keV, its half-width AL is about 20,
prefactors in (1) and (3) vary only slightly. One may and it decays slowly ag increases. Largé ., ~ 40
invoke a peaking approximation to obtain the cross secare needed to obtain good convergence. For thisthe
tions as a function of energy transfer for Compton scatterdominant contribution does not come from the dipole term
ing do¢ " = [1 + cog @] [dQ? F;*(Q), and similarly  as in photoionization, but from nondipole terms. Mapped
for charged particledo; * « 0~* [dQ? F}/;*(Q). The into coordinate space, the broaddistribution illustrates
prefactors are again independent of final states, and bfat at largees (but less tharegg), Compton scattering and
the same reasoning as above, the rallpge) andR;(e)  charged particles probe the entire electron cloud, while
are proportional tof dQ? Ff; " (Q)/ [ d0*F/;(Q) and ap-  photoionization { = 1 only) probes the inner region.
proximately equal, i.e., Although the angular momentum transfers of the two
processes are strikingly similar (Fig. 1), the spectral
Rc(e) = Rz(e), I < €= epe. (5 distributions as shown in Fig. 2 are very different in
This relation is a special case of the previously proposethagnitude and shape. Compton scattering is remarkably
relation [20] valid for largee. However, it represents a weakly dependent ore up to egg and is therefore
simplification as onlye needs to be observed. We showdominated by largee. The cross section for charges
numerically below that the above relation is fulfilled for particles, on the other hand, is dominated by srazind
€ = 3 keV. decreases quickly as-e~2? until the binary encounter
For the initial state entering Egs. (1) and (3), we use a&nergy, at which point it drops sharply. Fer< egg,
fully correlated configuration-interaction (Cl) type wave the Compton photon and the charged particle can deliver
function for the initial state. Since we are interestedsufficient momentumQ to balance e such that the
in the high-energy behavior of the cross section, weprocess is localized on the Bethe ridge= Q%/2. For
construct a Cl wave function subject to the constraintenergies beyond the binary encounter lingit> egg,
that the cusp condition of the wave function at the originthe maximum momentum transfep5e for Compton
aW;(ry, ra, r12)/dralr,—0 = —2W;(ry,0, ry) for He [15] is  scattering is insufficient while the minimum momentum
exactly satisfied. The cusp condition governs the behaviaransfer 0%, = /v for charged particles exceeds the
of the wave function near the nucleus where significanf) value required for the Bethe ridge. In other words,
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FIG. 1. Distribution of cross sections in terms of angularFIG. 2. Cross sections for single and double ionization of
momentum transfeL for double ionization of He by 60 keV He as a function of energy transfer by 60 keV Compton
Compton scattering (solid line) and 6 MeV protons (dashedscattering and 2 MeV protons. The binary encounter energies
line) at two energy transfers = 1 and 10 keV. are marked byegg.

exception of extremely high energy tranfees € w; see

below) where the cross section is, however, many orders

of magnitude smaller than values near the binary ridge.
Figure 3 displays another remarkable and surprising

for € > egg both processes “fall off” the Bethe ridge,
however, in opposite directions.

The ratio of double to single ionization as a function
of energy transfer is displayed in Fig. 3. The ratios ) . :
Re(e) for different incident photon energiesy, are feature: a small dip followed by a sharp rise of b&{(e)

almost identical to each other below binary encounteF‘ndRZ(e) ate = €pE. The sharp r'ise_ is partially du'e to
energy. They rise quickly from threshold and |eve|two-electron kinematics in double ionization. The rise in

off around 0.86% forl, < e = egs. Ry(¢) shows a Rc(e) could be experimentally tested provided sufficient

maximum near 200 eV, and approaches the same vallrhoton flux is available since the cross section is relatively

as Compton scattering, thus numerically proving Eq. (5)SMall. Ate > g the behavior of bottkc(€) andRy(e)

In comparison with recent experimental data [10,12], alsds similar to the corresponding ratio for photoionization
shown in Fig. 3, our results are in good agreement wittt much lower energies. These similarities are not acci-
the experiment’fore >3 keV. Our Compton limit is dental. As Compton and charged particle scattering move

also in good agreement with other theoretical result@Vay from the Bethe ridge, they cease to exist as two-
[6,16] ~0.8% and with recent experimental data 0.84%

[9] for the e-integrated ratio which is dominated by large
e. Considerable differences exist between theory and
experiment toward lowee. Experimental data show a
decrease from about 2% at 1 keV down to 1% at 3 keV
and are about twice as high as our theory in this energy
range. Two sources of possible discrepancies are present
in our theory: the lack of final state correlation and higher
order terms of the Born series. The second order Born
term, in particular thez® effect, is known to be important
for the total cross section in the energy range studied here
[21,22]. However, the total cross section is dominated
by small energy transfers. We believe that the final
state correlations are most likely the cause of discrepancy
between theory and experiment fer between 0.5 and
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3 keV, consistent with experimental observations [10,12]F|G. 3. The ratio,R, of double to single ionization of He
This could be tested experimentally by using negativelyas a function of energy transfer by Compton scattering
charged ¢Z) particles. Compton scattering has @8 (20 keV, — - — - — , 60 keV, — - - — - - —; 90 keV, — - —
effect and would be even more suitable for such a test, =) @nd protons (2 MeV; - - - - ; 6 MeV, - - - 100 MeV,
The second-order terrfp - A)?> for Compton scattering ~ ). Bxperimental data are from Wt al. [10] (2 MeV, O;

. . A ) 3 MeV, A; 6 MeV, V) and from Kambetret al.[12] (3 MeV,
is of the order ofe/w relative to the first-order terri?) +; 6 MeV, X). R,, denotes the high-energy photoionization

and is negligible at high photon energies, with the possibléimit 1.66% [1].
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