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Double ionization of helium differential in energy transfer,e, is studied for both high-energy
Compton photons and charged particles. The ratios of double to single ionization,RCsed for Compton
scattering, andRZsed for charged particles, are found to display an unexpected behavior: For l
e up to the two-body binary encounter (BE) limit,eBE, we find RCsed  RZsed . 0.86% in good
agreement with recent experimental data. For even largere . eBE, RCsed andRZsed are modified by
an “exchange shakeoff” mechanism. Ate ¿ eBE ¿ 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
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Two-electron transitions in atoms by impact of photo
and charged particles continue to attract consider
interest [1–10], primarily because it can serve as
sensitive probe of many-body and correlation effects
atoms. The simplest two-electron system is helium wh
correlation is important, but only partially understood.

The need to understand the similarities and differen
between impact by photons and by charged particle
underscored by recent experimental and theoretical a
ities studying two-electron processes such as double
ization of He. New synchrotron radiation sources h
extended the photon energy range such that Compton
tering, i.e., inelastic scattering of photons, can domin
over photoionization [3–9]. At the same time, advan
in experiments have been reported in which double ion
tion by fast charged particles is measured at large en
transfers,e, either directly [10] or indirectly [11–13]. A
large e Compton scattering and charged particles pr
the correlated two-electron initial state over the whole
ordinate space, thus providing new and complemen
information to photoionization that is sensitive to the
calized region near the nucleus. The high-energy r
of double to single ionization,R, for photoionization is
measured to be,1.7%, in agreement with most theorie
[2,14,15]. Theoretical predictions for the correspond
ratio for Compton scattering, integrated over all ene
and momentum transfers, range from 0.8% [6,16] to 1
[5,17]. More recently, a data point at 58 keV has be
reported at 0.84% [9]. Concurrently, the ratio by p
ton impact has been measured to be,0.8% at an energy
transfer of 10 keV [10].

In this Letter, we present the first comparative th
retical study for double ionization of He by high-ener
Compton scattering and by fast charged particles dif
ential in energy transfere. Our goal is to explore th
0031-9007y96y77(9)y1723(4)$10.00
s
le
a

in
re

es
is

iv-
n-
e
at-

te
s
a-
gy

e
-
ry
-
io

g
y
%
n
-

-

r-

similarities between the two processes at largee and show
that the ratioRCsed for Compton scattering is closely re
lated to the ratioRZsed for charged particles. For larg
e up to the binary encounter limiteBE, RCsed andRZsed
become identical and approach the same limit,0.86%.
More remarkably, we find that for energy transfers beyo
the binary encounter limit, the ratios Compton scatter
RCsed or charge particlesRZsed change dramatically and
both approach the photoionization limit. While complete
negligible for the total cross section, this observation p
vides new insights into the interconnection between diff
ent mechanisms for double ionization.

To first order the triply differential cross section fo
Compton scattering [16,18] in terms of the ejected elect
energiesE1, E2, and momentum transferQ is (in atomic
units hereafter, unless noted otherwise)

ds
11
C

dE1dE2dQ2 
pa2k1k2

2v2 f1 1 cos2 ugF11
fi sQd , (1)

where

F11
fi sQd 

Z
dV1 dV2jk fj

X
j1,2

expsiQ ? rjd jilj2 (2)

is the angle-integrated inelastic form factor,a the fine
structure constant,k1,2 andV1,2 the magnitude and direc
tion of momenta of the ejected electrons,respectively, a
v andu the energy and the scattering angle of the phot
respectively. The form factorF11

fi sQd in Eq. (2) depends
on the initial and final states of Hejil andj fl. It also de-
pends implicitly on the energy transfere  E1 1 E2 2

Ei whereEi is the energy of the initial state.
The first order cross section for charged particles m

be similarly expressed as [19]
ds

11
Z

dE1dE2dQ2


4pZ2k1k2

y2

F11
fi sQd
Q4

, (3)
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where Z, y are the charge and speed of the char
particle. Except for the prefactor in Eq. (1) arising fro
summing of polarization vectors and the characteri
momentum transfer dependence of Coulomb scatte
1yQ4 in Eq. (3), the cross sections for Compton scatter
Eq. (1) and for charged particles Eq. (3) are structur
similar. Specifically, the dependence on the initial a
final states is in either case given by the atomic transi
form factorFfisQd.

For a given set of energy and momentum trans
e, Q, the prefactors in Eqs. (1) and (3) will be the sa
for double as well as single ionization. As has be
noted before [20], the ratios of double to single ionizat
RCse, Qd and RZse, Qd should therefore be identical fo
given e and Q, both proportional toF11

fi sQdyF1
fisQd

where F1
fisQd is the form factor for single ionization

In the following, we will show that in the limiting cas
of large energy transfer, this identity holds also for t
ratios singly differential in energy transfer. To this e
we define the binary encounter energyeBE  Q2

BEy2 as
the maximum energy transfer to an electron permitted
a two-body collision with a photon,eC

BE, and a charged
particle, e

Z
BE. The maximum momentum transfers,QC

BE

for Compton scattering, andQZ
BE for a heavy charged

particle, in these binary encounter limits are

QC
BE 

2v 2 e
C
BE

c
ø

2v

c
, QZ

BE ø 2y . (4)

In the energy intervalI2 ø e & eBE, F11
fi sQd peaks nar-

rowly along the Bethe ridgee . Q2y2 [20]. I2 denotes
the second ionization potential. Near the Bethe ridge
prefactors in (1) and (3) vary only slightly. One ma
invoke a peaking approximation to obtain the cross s
tions as a function of energy transfer for Compton scat
ing ds

11
C ~ f1 1 cos2 ug

R
dQ2 F11

fi sQd, and similarly
for charged particlesds

11
Z ~ Q24

R
dQ2 F11

fi sQd. The
prefactors are again independent of final states, and
the same reasoning as above, the ratiosRCsed andRZsed
are proportional to

R
dQ2 F11

fi sQdy
R

dQ2F1
fisQd and ap-

proximately equal, i.e.,

RCsed . RZsed, I2 ø e & eBE . (5)

This relation is a special case of the previously propo
relation [20] valid for largee. However, it represents
simplification as onlye needs to be observed. We sho
numerically below that the above relation is fulfilled f
e * 3 keV.

For the initial state entering Eqs. (1) and (3), we us
fully correlated configuration-interaction (CI) type wa
function for the initial state. Since we are interest
in the high-energy behavior of the cross section,
construct a CI wave function subject to the constra
that the cusp condition of the wave function at the ori
≠Cisr1, r2, r12dy≠r2jr20  22Cisr1, 0, r1d for He [15] is
exactly satisfied. The cusp condition governs the beha
of the wave function near the nucleus where signific
1724
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contributions to the high-energy cross section origina
We use a CI expansion in terms of Sturmian functio
In diagonalizing the Hamiltonian we keep the expone
in the Sturmians to be exactly 2 to preserve the cu
property. By including as many as 84 CI terms up
n, l  7, 6 of the 1S configuration in the initial state, we
reproduce the ground state energy within this constrain
a relative accuracy of4 3 1024. Since the high-energy
behavior is expected to be weakly dependent on final-s
correlations (FSC), we choose the uncorrelated limit
the final state that consists of an antisymmetrized prod
of two Coulomb waves

j fl 
1

p
2

fc2sk1, r1dc2sk2, r2d 1 r1 $ r2g , (6)

where c2sk, rd is the incoming continuum states o
He11. The uncorrelated limit may also serve as a use
gauge for FSC at lower energies. Since the initial st
is accurate, any discrepancy with experiment can
attributed to the lack of FSC.

The form factor Eq. (2) is analyzed in terms of angu
momentum transferL by expandingc2sk1,2, r1,2d (6) into
partial wavesl1 and l2 and recouple them to give a tota
angular momentumL. The nonorthogonality between th
S componentssL  0d of the initial and final states is
removed by a Gram-Schmidt procedure.

The cross sections as a function of the angular mom
tum transferL are shown in Fig. 1 fore  1 and10 keV.
The distribution becomes broader for largere, as ex-
pected. Ate  10 keV, its half-width DL is about 20,
and it decays slowly asL increases. LargeLmax , 40
are needed to obtain good convergence. For thesee’s the
dominant contribution does not come from the dipole te
as in photoionization, but from nondipole terms. Mapp
into coordinate space, the broadL distribution illustrates
that at largee (but less thaneBE), Compton scattering and
charged particles probe the entire electron cloud, wh
photoionization (L  1 only) probes the inner region.

Although the angular momentum transfers of the tw
processes are strikingly similar (Fig. 1), the spect
distributions as shown in Fig. 2 are very different
magnitude and shape. Compton scattering is remarka
weakly dependent one up to eBE and is therefore
dominated by largee. The cross section for charge
particles, on the other hand, is dominated by smalle and
decreases quickly as,e22.2 until the binary encounter
energy, at which point it drops sharply. Fore , eBE,
the Compton photon and the charged particle can del
sufficient momentumQ to balance e such that the
process is localized on the Bethe ridgee  Q2y2. For
energies beyond the binary encounter limite . eBE,
the maximum momentum transferQC

BE for Compton
scattering is insufficient while the minimum momentu
transfer QZ

min  eyy for charged particles exceeds th
Q value required for the Bethe ridge. In other word
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FIG. 1. Distribution of cross sections in terms of angu
momentum transferL for double ionization of He by 60 keV
Compton scattering (solid line) and 6 MeV protons (dash
line) at two energy transferse  1 and10 keV.

for e . eBE both processes “fall off” the Bethe ridge
however, in opposite directions.

The ratio of double to single ionization as a functi
of energy transfer is displayed in Fig. 3. The rat
RCsed for different incident photon energies,v, are
almost identical to each other below binary encoun
energy. They rise quickly from threshold and lev
off around 0.86% forI2 ø e # eBE. RZsed shows a
maximum near 200 eV, and approaches the same v
as Compton scattering, thus numerically proving Eq.
In comparison with recent experimental data [10,12], a
shown in Fig. 3, our results are in good agreement w
the experiment fore $ 3 keV. Our Compton limit is
also in good agreement with other theoretical res
[6,16] ,0.8% and with recent experimental data 0.84
[9] for the e-integrated ratio which is dominated by larg
e. Considerable differences exist between theory
experiment toward lowere. Experimental data show
decrease from about 2% at 1 keV down to 1% at 3 k
and are about twice as high as our theory in this ene
range. Two sources of possible discrepancies are pre
in our theory: the lack of final state correlation and high
order terms of the Born series. The second order B
term, in particular theZ3 effect, is known to be importan
for the total cross section in the energy range studied
[21,22]. However, the total cross section is domina
by small energy transfers. We believe that the fi
state correlations are most likely the cause of discrepa
between theory and experiment fore between 0.5 and
3 keV, consistent with experimental observations [10,1
This could be tested experimentally by using negativ
charged (2Z) particles. Compton scattering has noZ3

effect and would be even more suitable for such a t
The second-order termsp ? Ad2 for Compton scattering
is of the order ofeyv relative to the first-order termsA2d
and is negligible at high photon energies, with the poss
r

e
.

FIG. 2. Cross sections for single and double ionization
He as a function of energy transfere by 60 keV Compton
scattering and 2 MeV protons. The binary encounter ener
are marked byeBE.

exception of extremely high energy tranfers (e , v; see
below) where the cross section is, however, many ord
of magnitude smaller than values near the binary ridge

Figure 3 displays another remarkable and surpris
feature: a small dip followed by a sharp rise of bothRCsed
andRZsed at e * eBE. The sharp rise is partially due t
two-electron kinematics in double ionization. The rise
RCsed could be experimentally tested provided sufficie
photon flux is available since the cross section is relativ
small. Ate . eBE the behavior of bothRCsed andRZsed
is similar to the corresponding ratio for photoionizatio
at much lower energies. These similarities are not a
dental. As Compton and charged particle scattering m
away from the Bethe ridge, they cease to exist as t
d
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FIG. 3. The ratio,R, of double to single ionization of He
as a function of energy transfere by Compton scattering
(20 keV, 2 ? 2 ? 2; 60 keV, 2 ? ? 2 ? ? 2; 90 keV, – - –
- –) and protons (2 MeV,? ? ? ? ?; 6 MeV, - - -; 100 MeV,
—–). Experimental data are from Wuet al. [10] (2 MeV, s;
3 MeV, n; 6 MeV, ,) and from Kamberet al. [12] (3 MeV,
1; 6 MeV, 3). Rph denotes the high-energy photoionizatio
limit 1.66% [1].
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body processes. Instead, they emerge as three-body
cesses with the recoil of the He nucleus required to br
the scattering processes back on the energy shell, ju
for photoionization. The direct link to photoionizatio
can be shown analytically in the limit of very large b
nonrelativistic energy transferseBE ø e ø c2. In this
limit, the cross section for emitting a fast electron wi
momentumk1 and a slow electron withk2 by Compton
scattering is proportional to

s11 ~

Ç Z
dr2 c2psk2, r2d

Z
dr1 eisQC

BE2k1d?r1 jil

1
Z

dr2 c2psk2, r2deiQC
BE?r2

Z
dr1 e2ik1?r1 jil

Ç2
.(7)

Since for e ø eBE we have1 ø QC
BE ø k1, the first

term in Eq. (7) is equivalent to the sudden approximat
limit of photoionization [14,15]. Note, however, that i
addition to this direct shakeoff term, there is also an “e
change shakeoff” term. For the case of 20 keV phot
shown in Fig. 3,QC

BE ø 8. For this momentum transfer
the exchange shakeoff term is important and causes
ratio to lie above the high energy limit of photoionizatio
ø1.66%. The exchange shakeoff effect is pronounc
when QC

BE , k2. It should be noted that a similar ex
change shakeoff contribution is expected in photoioni
tion, if retardation is taken into account. In the lim
QC

BE ! ` the exchange shakeoff term becomes negl
ble. Consequently, foreBE ø e & v, RCsed approaches
the high-energy transfer limit which is equal to the ph
toionization limit of 1.66%. The same limit also holds fo
charged-particle scattering. We emphasize that the co
bution of the regione . eBE to the total cross section i
small and is not expected to affect the integrated ra
[3,6,16]. This region is, however, of strong conceptu
interest as it provides a unified description for double io
ization by all three processes.

In summary, the ratios of double to single ionization
He by Compton photons and charged particles are show
undergo three stages at large energy transfers,e: a constant
region of 0.86% for1 ø e & eBE, a rapidly changing
region influenced by the exchange shakeoff mechan
neare * eBE, and the photoionization limit ate ¿ eBE

for the differential (not integrated) ratios. The emergi
interconnection between photons and charged parti
impact can serve as guidance to further differential stud
of multiple ionization processes.
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