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We have performed a consistency test of recent data for the ratios of cross sections of double to single
ionization of helium by photons and by fast charged particles. It is based on a relationship that connects the
dipole and nondipole components of cross sections by charged particle impact to photoionization and Compton
scattering, respectively. We find the high energy ratioRZ for charged particles to be a sensitive probe of the
photoionization data near threshold. Using recent experimental data for photoionization, the asymptotic ratio
RZ is found to range from 0.240% to 0.295%, as compared with direct experimental measurement of 0.26%.
@S1050-2947~96!08807-5#

PACS number~s!: 32.80.Fb, 34.50.Fa

I. INTRODUCTION

Many-electron transitions as exemplified in double ioniza-
tion of helium continue to challenge our understanding of the
role of dynamic electron-electron interaction. In photoioniza-
tion, double ionization of He occurs due to electron-electron
correlation in the initial and final states@1#. The ratio,RPE,
of cross sections of double to single photoionization of He is
a quantity most often studied. It is generally accepted that
this ratio will approach a limit in the high energy limit. Both
experiment and theory seem to establish the constant to be
aboutRPE 5 1.6 – 1.7 %@1#. In contrast the asymptotic
ratio, RZ , for light charged particles is smaller by about a
factor of 6.4.

Not as clear is the ratio in the energy range from threshold
at 79 eV to the maximum; 200 eV. Recent experiments
using synchrotron radiation have revealed considerable dis-
crepancies in this region@2–6#. Theoretical calculations
@7–13# also disagree among each other, making an assess-
ment of the situation difficult. Differences are observed at the
maximum and also very near threshold which are masked by
a steep rise in the ratio. Final state correlation effects are
presumably greater here since the two electrons slowly re-
cede from each other. Understanding of these effects requires
one to first sort out possible inconsistencies in the data.

In this paper, we perform a check of the mutual consis-
tency of data for double ionization by photons against that by
charged particles. We use the relationship proposed recently
that separates the dipole and nondipole components of cross
sections by charged particle impact@14#. In this relationship
the ratio of double to single ionization cross sections by
charged particles is expressed as a convolution in terms of
photoionization and Compton scattering. The ratio for
charged particles has also been investigated both experimen-
tally and theoretically over a wide energy range@15–18#.
Unlike photoionization, high velocity ratios for light charged
particles such as protons and electrons are believed to be less
ambiguous and converge to a value near 0.26%@1#. Check-
ing against this well established value will give us an inde-

pendent way to analyze the consistency of the available ex-
perimental and theoretical data. We find that the ratio of
charged particles to be a sensitive probe for the ratios of
photonization from threshold to the maximum.

II. THEORY

The relationship between ionization by photons and
charged particles has been described in detail elsewhere
@19,20,14#. In the following we present a brief summary
@14#. The relationship is based on the recognition that both
dipole and nondipole transitions are allowed for charged par-
ticles. The dipole term is usually large at small energy trans-
fers. The nondipole terms become important for increasing
energy transfers. Although in principle the dipole part will
eventually dominate over the nondipole part as lnv2, this
logarithmic dominance is too slow to be realized in practice
for finite v. Both the dipole and nondipole terms, therefore,
need to be included.

The double ionization cross section differential in energy
transfere, dsZ

11(e)/de, by charged particles may be ex-
pressed in terms of partial wave componentsL as
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It is recognized from~1! that the first term (L51) corre-
sponds to the dipole (D) component and the second term
((LÞ1) to nondipole (ND) components. Setting
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Eq. ~1! may be rewritten as
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We now define the dipole and nondipole ratios denoted by
RZ,D andRZ,ND , respectively, as

RZ,D~e!5
dsZ,D
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de YdsZ,D
1 ~e!

de
, ~3!

RZ,ND~e!5
dsZ,ND

11 ~e!

de YdsZ,ND
1 ~e!
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wheredsZ,D
1 (e)/de anddsZ,ND

1 (e)/de are the correspond-
ing dipole and nondipole components of single ionization
cross section by charged particles. In terms of the dipole and
nondipole ratios~3! and ~4!, Eq. ~2! may be expressed as
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From ~5! it is now straightforward to obtain the ratioRZ
of double to single ionization by charged particles
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whererZ,D
1 (e) andrZ,ND

1 (e) are, respectively, the dipole and
nondipole normalized energy distributions~i.e., normalized
energy differential cross sections! for single ionization by
charged particles given by
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The first and second ionization potentials of helium areI 1
~24.6 eV! and I 2 ~79 eV!, respectively.

It may be shown that, within the first Born approximation,
the dipole and nondipole ratios for charged particles are re-
lated to the ratios for photoionization and Compton scatter-
ing by @7,21,14#

RZ,D~e!5RPE~e!, RZ,ND~e!.RC~e!, ~9!

whereRPE andRC are the ratios of double to single ioniza-
tion for photoionization and Compton scattering, respec-
tively. Therefore, the ratio of double to single ionization~6!
for charged particles may be expressed in terms ofRPE and
RC as

RZ.E
I2

`

RPE~e!rZ,D
1 ~e!de1E

I2

`

RC~e!rZ,ND
1 ~e!de.

~10!

Thus,RZ is given by an integral@Eq. ~10!# which weighs
separately the dipole photoionization ratioRPE by the energy

distribution of dipole transitions and the Compton ratioRC
by the energy distribution of all other multipole transitions.

One key feature of the relationship~10! is that we may
obtain predictions for the ratios by charged particles from
known experimental or theoretical ratios by photons with
relative ease. This approach does not rely on an explicit de-
scription of two-electron transitions. The latter are taken into
account through experimental~or theoretical! data for photo-
ionization. All that is required is a calculation of the dipole
and nondipole energy distributions for single ionization by
charged particles. This calculation is much less difficult than
double ionization by charged particles. This method, there-
fore, allows for a detailed consistency check of completely
different sets of experimental or theoretical data with a mini-
mum of theoretical assumptions.

III. RESULTS AND DISCUSSION

The energy distributions for single ionization of He by 20
MeV protons are shown in Fig. 1. They are calculated in the
first Born approximation@22,14# by partial wave expansion.
A five-term Roothan–Hartree-Fock wave function@23# is
used for the initial state of He. The final state is a Coulomb
wave. To check the effect of electron correlation in the initial
state on single ionization, we performed another calculation
using fully correlated initial state. Thirty-five configuration-
interaction terms up to 5g of the 1S configuration are in-
cluded in the state, reproducing the ground state energy to a
relative accuracy better than 431024. The calculation is
also shown in Fig. 1. The results from using the Roothan–
Hartree-Fock wave function and the correlated wave func-
tion are within 5% of each other, showing that the single
ionization cross section~unlike double ionization! is insensi-
tive to electron correlation in the initial state at high energies.

The energy distributions show several universal features
found in single ionization by fast charged particles. The
small energy transfer region is dominated by dipole transi-
tions, while nondipole transitions become important for in-

FIG. 1. ~a! Single ionization cross section~energy distribution!
as a function of energy transfer by 20 MeV proton1 He using two
initial-state wave functions~see text!. Roothan-Hartree-Fock initial
state: total ~dipole 1 nondipole!—solid line; dipole term
( l51)—dashed line; nondipole terms (( lÞ1)—dotted line. Fully
correlated configuration-interaction initial state: total—dash-dotted
line. The threshold for single ionization is at 24.6 eV.
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creasinge and ultimately dominate at largee. The distribu-
tion falls off rapidly as a function of energy transfer. The
total cross section integrated over alle is clearly determined
by a small interval of energy transfer just above the ioniza-
tion threshold. As a result, the total cross section can be
accurately obtained by including a few partial waves, typi-
cally between 0 and 2. However, the differential cross sec-
tion for larger energy transfers requires many partial waves
to converge. We find seven partial waves to be adequate for
energy transfers up to 1 keV. Since the convolution~10!
starts upward from the second ionization threshold of 79 eV,
a substantial part of the cross section where dipole transitions
is dominant is effectively cut off. At the double ionization
threshold the nondipole terms already comprise 30% of the
cross section. At a higher energy transfer, the dipole and
nondipole cross sections cross each other. The crossing point
ec should move to higher energy transfers as the projectile
speed is increased, reflecting the logarithmic dominance of
the dipole term over the nondipole terms. However, the en-
ergy dependence of the crossing point is very slow. For in-
stance, when the proton energy is doubled from 20 MeV to
40 MeV, ec shifts up by only 4 eV. It appears that for pro-
tons of energies greater than 10 MeV, no experimental data
are available from which dipole and nondipole terms may be
extracted and compared with theory. We list in Table I the
numerical values of the energy distributions which may be
important when convolutions based on different theoretical
input for r are compared.

In Fig. 2 we show the results for the ratio of double to
single ionization of He by protons from the convolution of
the energy distributions of single ionization with ratios by
photonization and Compton scattering. In addition to the ex-
isting data set available prior to 1995@14#, we have used four
sets of new photonizationRPE data: data by Levinet al. @4#,
by Dörner et al. @5#, and two sets by Samsonet al. @6#. We
use the same Compton ratioRC which is unchanged from the
previous calculation@24,25#. Since then, one experimental
data point that unambiguously identifies Compton scattering
became available which agreed very well with the calcula-
tion in Ref. @25#. The differences seen in Fig. 2 are exclu-

sively due to the changes inRPE entering the dipole compo-
nent.

The use ofRPE data by Levinet al. reveals that the ratio
RZ is enhanced rather than reduced when compared to the
original results. It appears at first glance to be surprising
since the newRPE data are significantly lower than the origi-
nal data near the maximum. Closer inspection shows that
very near the threshold (;100 eV!, this data set is higher
than the original set. Since the energy distribution for single
ionization decreases rapidly for increasinge, theRPE data
around the threshold is more heavily weighted. In this case,
higherRPE data near the threshold more than offset the low-
ering due to smallerRPE at the maximum. On the other hand,
the data of Do¨rner et al. are in accord with the original set
near threshold but even lower than the data of Levinet al.
near the maximum. They result in an overall reduction of
RZ , but less than the reduction ofRPE near the maximum
would suggest, for the reason just discussed. The theoretical
data of Tang and Shimamura give values ofRZ ~not shown in
Fig. 2! very close to the experimental data of Do¨rner et al.,
and are almost indistinguishable from the latter on the scale
of Fig. 2. The two sets of data by Samsonet al., taken at
different facilities and times@Advanced Light Source~ALS!
and National Synchrotron Light Source~NSLS!#, give results
in between the other two experimental data sets. The differ-
ence reflects the fluctuations between the two data sets by
Samsonet al. near 150 eV@6#.

The high-velocity ratio ofRZ at 400 MeV is found to be
0.295%, 0.240%, 0.254%, and 0.244%, respectively, using
the four sets of new experimental data. They are to be com-
pared with the value of 0.26%@15,16#. Assuming this ac-
cepted number to be accurate within less than 10%, it would
indicate that theRPE data of Levinet al.might be too high in
the immediate region above threshold. It would also indicate

TABLE I. The dipole and nondipole terms of single ionization
cross section of He by 20 MeV protons. The sum of the two com-
ponents yields the total cross section. The number in brackets indi-
cates the exponent.

Cross section~a.u.!

Energy
transfer~eV! Dipole term Nondipole terms

24.6 1.06@-1# 3.79 @-3#

26.6 8.79@-2# 4.31 @-3#

30.6 6.08@-2# 4.51 @-3#

38.6 3.19@-2# 4.07 @-3#

54.6 1.16@-2# 2.76 @-3#

86.6 2.85@-3# 1.34 @-3#

150.6 5.12@-4# 4.85 @-4#

278.6 7.39@-5# 1.38 @-4#

534.6 9.57@-6# 3.26 @-5#

FIG. 2. Ratio,RZ , of double to single ionization of He by pro-
tons as a function of the inverse impact speed 1/v. Starting from the
top, the theory curves represent results using the following: photo-
ionization (g) data by Levinet al. @4# ~dash-dot line!; g data before
1995@14# ~thin dotted line!; g data sets of Samsonet al. @6# ~dash-
dot-dot line! taken at different facilities, ALS~upper one! and
BNLS ~lower one!; g data by Do¨rneret al. @5# and theoretical val-
ues of Tang and Shimamura@13# ~dashed line!; direct first Born
calculation by Ford and Reading including partial wavess, p, and
d @26# ~thick dotted line!. Symbols: Experimental data for electrons
~squares! and protons~triangles! from Refs. @15,16#. The arrow
marks the speed of lightc.
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that the data of Do¨rneret al.may represent the lower bound
of the accepted value. The data of Samsonet al.give results
in between the other two data sets and are closer to the as-
ymptotic value ofRZ . Recent theoretical photoionization
data have also been used as input into calculatingRZ at 400
MeV. The data by Tang and Shimamura@13# yield 0.240%,
and the data by Meyer and Greene@12# in the acceleration
and velocity gauges give 0.223% and 0.254%, respectively.
The energy range covered by the data of Proulx and Shake-
shaft @10# is insufficient for input into the convolution.

We emphasize that the important characteristics of the
ratio RZ include not only the asymptotic value ofRZ , but
also the way in which it is approached. As has been noted
before@14#, the dipole contribution@first term in Eq.~10!# is
rather flat across the energy region. The downward trend as
1/v→0 in our theoretical results is mostly due to the nondi-
pole contribution@second term in Eq.~10!#. Within the va-
lidity of the first Born approximation, theRZ values recon-
structed from photoionization and Compton scattering data
are correct only to the orderZ2. They should lie in between
RZ’s for protons and electrons, thereby averaging out the
sign dependence of higher orderZ3 contributions to charged
particle impact. The experimental data in Fig. 2 show a con-
siderableZ3 effect even at 1/v50.05 ~10 MeV/u!. At this
energy, the nondipole contribution is comparable to theZ3

effect. The latter is expected to be negligibly small for
1/v,0.03 (. 20 MeV/u! @18#, while the former will de-
crease very slowly as 1/lnv @14#.

There are several sources of uncertainty in our analysis.
Apart from interpolation error, the accuracy inRPE is limited
by experimental error bars. Values ofRC are still being ac-

tively pursued both experimentally and theoretically. There
is also some uncertainty in the calculation ofrZ

1(e). Consid-
ering these uncertainties, we estimate the error to be
;10–20 % for our overall results. However, we stress that
while this error could shift the absolute values, it will not
eliminate the observed difference when different sets of
photoionization data are used as input. Also, possible uncer-
tainties do not affect the the fact that our results lie in be-
tween the data for positively and negatively charged par-
ticles, as expected from a theory correct to orderZ2.

IV. SUMMARY

In summary, we have investigated the consistency of
photoionization data against charged particle data. We find
the latter to be very sensitive to the former in the near thresh-
old region. We suggest that the photoionization data in this
region should be further investigated experimentally and
theoretically.
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