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Introduction

There exist substantial discrepancies between theoretical

predictions for the cross section of double ionization in

helium by Compton scattering. Consistency between dif-

ferent approaches has been reached for the high-energy

asymptotic value of the double-to-single ionization ratio

RC = �2+
C
=�+
C
(cf. [1] and references therein), but the

available theoretical results di�er strongly in their pre-

dictions for the energy dependence of RC leading up to

this limit. The sparsity and large uncertainty of pub-

lished experimental results have previously prohibited a

conclusive assessment of any of these predictions. The

main impediment to experimental determinations of RC
arises from the smallness of the Compton cross section of

about 10�24 cm2. The fundamental di�culty for theo-

retical treatments lies in accounting adequately for elec-

tron correlation in the initial bound and �nal continuum

states of the system. In the e�ort to include �nal-state

correlation, substantial progress has been made for the

corresponding case in photoabsorption (cf. [2] and ref-

erences therein), where, in contrast to Compton scat-

tering, the transfer of energy and angular momentum

are well-de�ned and �xed. We have measured precise

experimental results for the ratio RC in the 8{28 keV

x-ray energy range which allow a critical evaluation of

theoretical predictions.

Method

The experiment was performed at the Basic Energy Sci-

ences Synchrotron Radiation Center (BESSRC) undu-

lator beam line 12-ID at the Advanced Photon Source

(APS). The collimated x-ray beam was intersected with

a jet of cold helium atoms in a vacuum chamber. The

vacuum chamber held a time-of-
ight (TOF) spectrom-

eter in a 160� re
ectron geometry with 40-cm 
ight

path. The electrostatic re
ector in the 
ight path of

the ions e�ectively eliminated prompt counts on the

detector caused by scattered x-rays and energetic elec-

trons from the interaction region. A two-dimensionally

position-sensitive multi-channel plate (MCP) detector

was used. Time-of-
ight measurements were made rela-
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tive to the time structure of the storage-ring �ll pattern.

The combination of a cold and spatially con�ned tar-

get, a TOF spectrometer with a position-sensitive de-

tector, and event-mode data acquisition constitutes a

COLTRIMS system (cold target recoil ion momentum

spectroscopy [3]). Here, this technique was employed

to distinguish Compton ionization events from photoab-

sorption events by means of their di�erent recoil mo-

menta. Whereas in photoabsorption the ion recoils from

the emission of photoelectrons, virtually no momentum

is transferred to the residual ion in Compton scattering

(cf. [4]).
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Fig. 1: Compounded TOF spectra for He+ and He2+

ions with small momenta perpendicular to the 
ight

path, measured with 16-keV x rays, points with error-

bars; background measurement, open circles; integration

limits for Compton events, dashed lines. The arrows in-

dicate the remnants of forward/backward recoiling He+

from photoabsorption (abs.) and He+ counts created by

a bunch impurity in the storage ring �ll pattern (imp.).

Measurements were carried out at energies between

8 and 28 keV during timing mode operation of the stor-

age ring (20 single pulses in 130-ns intervals, 3.7 �s repe-

tition time). The microsecond-timescale ion 
ight times

in conjunction with the short intervals between subse-

quent x-ray pulses caused the TOF spectrum to multi-

ply overlap itself. Special care was taken in choosing the

spectrometer operating parameters to ensure that the

He TOF peaks (�2 ns fwhm) were not superimposed on

other structures in the spectrum. The portions in the
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Fig. 2: Experimental and theoretical results for RC(E).

This work, open circles; the shaded band is a smooth

curve �tted to the data and broadened by the experi-

mental uncertainty. Other experiments: Spielberger et

al. [4, 12, 13], solid circles; Levin et al. [8], triangles up;

Morgan and Bartlett [9], diamonds; Samson et al. [10],

square; Becker et al. [11], triangles down; Wehlitz et al.

[14], triangle left. Theory: Bergstrom et al. [17], solid

curve; Andersson and Burgd�orfer [15], short-dashed and

dot-dashed curves; Spielberger et al. [13], long-dashed

curve; Suri�c et al. [16], dotted curve.

total TOF spectrum resulting from the 20 single pulses

were added up in the analysis into single TOF spectra

for the two He charge states (see Fig. 1). Typical ac-

cumulation times were 6{8 hours per energy with target

gas and a comparable period without gas to determine

the background TOF spectrum at each energy.

Results and Discussion

Fig. 2 shows a comparison of our measured values for

the ratio RC = �2+
C
=�+
C

in helium (open circles) with

published experimental [4, 8, 9, 10, 11, 12, 13] and the-

oretical [15, 16, 17, 13] results. The present data are

highlighted by the shaded band, which is a smooth curve

�tted to the data points and broadened by the experi-

mental uncertainty. It traverses the considerable scatter

of prior experimental data in this region and suggests a

smooth connection with the recent high-energy data of

Spielberger et al. (solid circles, [12, 13]) which indicate a

very 
at behavior of RC(E) above 40 keV x-ray energy.

Among the theoretical predictions of RC(E) the

present experiment favors most the result of the

many-body perturbation theory (MBPT) calculation by

Bergstrom et al. (solid curve, [17]), which lies 5{10%

higher than the shaded band. At 20 keV the discrep-

ancy is greater and the experimental result decreases

more rapidly with energy than the apparent trend in

the MBPT results. From about 10 keV upwards our

RC values lie higher than the results of Andersson and

Burgd�orfer [15], who performed their calculation with

two di�erent choices of correlated �nal-state wave func-

tions (short dashed and dot-dashed curves). This under-

estimation persists, to a lesser degree, in the improved

extension of that work above 20 keV (long dashed curve,

[13]). In the calculation based on the impulse approxi-

mation (IA) the maximum in RC(E) is absent (dotted

curve, [16]). This calculation clearly fails to describe

RC(E) in the energy range of the present experiment. It

was recently estimated that use of the IA for the calcula-

tion of the helium double-ionization cross section should

be adequate only above about 50 keV [18].
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