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We have measured the ratio of cross sections for double to single ionization of helium by Compton
scattering,Rc = o¢ " /od, at a photon energy of 58 keV using cold target recoil ion momentum
spectroscopy. We find a valuR: = 0.8473%% that is in agreement with the asymptotic limits
predicted by Andersson and Burgdorfer [Phys. Rev50AR2810 (1994)] and Suriet al. [Phys. Rev.

Lett. 73, 790 (1994)]. [S0031-9007(96)00468-1]

PACS numbers: 32.80.Cy, 32.80.Dz, 31.25.—v

During the last three decades the study of the process Photon-induced ionization can proceed in two ways
of double ionization in helium has been the focus of manydepending on whether the photon is either absorbed
experimental and theoretical investigations, and it contin{photoabsorption) or scattered (Compton scattering). The
ues to be a subject of fundamental interest (see, for exconcept of a sudden process at high photon energies
ample, the recent review [1] and references cited therein)s in principle applicable in both of these situations,
Understanding the role of electron-electron interactions ihowever, in a process-specific way. Also, the photon
helium, which is the simplest neutral atomic system ex-energies necessary to justify the treatment as a sudden
hibiting such correlation effects, is basic to an understandprocess differ greatly in the two cases. In the absorption
ing of the more general cases of many-electron atoms angrocess the atom receives the photon’s energy in full,
molecules. Among the different investigations, those conwhereas in the Compton process it is the energy loss of
cerned with double ionization induced by photons play ahe scattered photon that is imparted to the atom. This
special role, because photons interact only with single eledatter energy transfer is not a constant, but it depends on
trons and do this in a way which can be formulated exactlythe scattering angle of the photon and is maximum for
Thus photon-induced double ionization is an ideal probédackward scattering. As a consequence, in the process of
for electron-correlation effects. Compton scattering substantially higher photon energies

As a measure of the relative importance of electrorare required to assure the conditions for a sudden process
correlation in the ionization process, determination of thethan is the case for photoabsorption.
ratio of cross sections for double and single ionization, Whereas for the rati®k,, of ionization by photoab-

R =o0""/o™", is of particular interest. Calculations sorption the theoretical prediction of an asymptotic value
of this quantity are highly sensitive to approximationsR,, = 1.67% has been solidified by several independent
and assumptions about electron correlations both in th#heoretical [2,3,5—8] (for a discussion of a breakdown of
bound initial state and in the final state of the twothe asymptotic behavior, see Refs. [9,10]) and experimen-
electrons escaping from the ion. A special situationtal studies [11—13], there are two general predictions for
arises if the energy deposited into the atom by thdhe asymptotic rati®k¢ of ionization by Compton scatter-
photon is very large: then, the initially struck electroning which differ by more than a factor of 2. Amusia and
is removed practically instantaneously from the atomMikhailov [14] found the asymptotic valuR. to coincide
without being able to interact much with the other closely with the photoabsorption val®g,, Rc = 1.68%;
electron. A theoretical treatment of such a situationAndersson and Burgdérfer [15], Suriet al.[16], and
can be reduced to the so-called “sudden approximationKornberg et al.[17] calculated the asymptotic value to
(cf. [2]). In this approach the probability for double be aboutR: = 0.8%. The work of Bergstrom, Hino,
ionization depends mainly on the overlap matrix elementand Macek [18] gives for the highest photon energy con-
of the initial neutral % state with a continuum state sidered (20 keV) a value similar to the former predic-
es of the ionized atom and is otherwise proportional totion, Rc = 1.6%. However, Bergstronet al. pointed out
the probability of single ionization. In the limit of high that an asymptotic behavior had not been reached in their
photon energies the rati® should therefore approach an calculation—approaching 20 keV their calculated values
asymptotic value, and calculations of this value depend. were still decreasing. In the experimental investiga-
very sensitively on an accurate representation of théions of R the highest x-ray energy reported so far is
highly correlated initial state of helium [2—6]. also 20 keV: Levin, Armen, and Sellin [13] determined
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Rc = (1.45 = 0.13)% in agreement with Samsoet al.  detector (PSCD), 40 mm in diameter, and with a wedge-
[19] who obtainedRs = (1.4 = 0.42)%. It has to be and-strip readout. The ions were detected in coincidence
emphasized that experiments become progressively mowith a timing signal derived from the ESRF storage ring.
difficult at higher photon energies as the Compton douidentification of the helium charge states was then ob-
ble ionization cross section is at abd@t 2° cn? and the tained from the analysis of flight times. Additional in-
available synchrotron-light-source flux diminishes. Be-formation on the detection properties was obtained from
cause of the above stated concerns that an asymptotice pulse height of the detector signal. A more detailed
value of Rc may not yet be reached at 20-keV x-ray en-description of the experimental method can be found else-
ergy, the present experiment was motivated by the desiwhere [11,20,22].
ability of establishing a firm value dt¢ at a significantly Because of the smallness of the relevant cross sections,
higher photon energy. the low rate of ionization events was the main difficulty in

In this Letter we report a measurement of the ratiothe experiment. According to the compilation of Veigele
Rc = ol ¥ /ol of cross sections for double and sin- [23], the total attenuation cross section of helium is
gle ionization by Compton scattering with 58-keV x about1.1 X 107%* cn? at an x-ray energy of 58 keV.
rays. Our measurements employed the cold target recoilirtually the entire attenuation cross section is to be
ion momentum spectroscopy (COLTRIMS) method [20]attributed to Compton scattering, photoabsorption at this
which is optimally suited for the present purpose in thatenergy is suppressed by roughly a factor ¢g6A00 [6]
it is able to separate Compton scattering events from phadue to theE~7/2 scaling of the cross section in dipole
toabsorption events [11]. Furthermore, COLTRIMS of-
fers a powerful tool to detect and avoid any contaminating Momentum (a.u.)
ionization events which are caused by stray lower-energy =30 5 0 15 30
photons or electrons, for both of which the cross section a)
can be higher by several orders of magnitude than the low 10
cross section for ionization by Compton scattering. i

We used the 58-keV x-ray beam at the ID 15, beam
line 25 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France [21]. It arises from a
wiggler insertion device and a Bragg-type monochromator
employing a single bent Si(311) crystal. It was focused B
and collimated by two upstream sets of tungsten 4-jaw =
slits to a spot 1 mm wide by 4 mm high at the target. o
The beam entered the target chamber through a 1 mm
thick Be window. Between the window and the target
region a third set of 4-jaw slits (tantalum) was included
to shield against possible scattering products generated
in the transition of the beam through the window. The
flux was typically around0'? photongsec. The incident
photon-energy spectrum peaked at 57.85 keV and had a 3
bandwidth of 0.1%, i.e., about 60 eV. The experiment 102
was performed during the 16-bunch operation mode of
the storage ring. 3

The target in our experiment was a cold1( K) super-
sonic jet produced by allowing He gas at a pressure of 30
bars to expand vertically through3®-um nozzle into a
first vacuum chamber. The jet that resulted then passed
through a 0.6-mm skimmer into the target chamber, which 4000p 1

2.5nsec || ++
was maintained at a pressureléf ® mbar. At the posi- i x20 He 1
tion where the jet was intercepted by the photon beam, 2000 k ‘ 1
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its diameter was about 3 mm and the density was about -
10'2 He atomgcn?. lons created at the intersection of 0 '

the photon beam with the jet were accelerated out by 0 100 TOFZ(OC?,anne‘Q;;) 0 400
means of a carefully constructed uniform electric field of _ - S
225 V//cm. After traveling 4.5 cm these ions passed intoF!G- 1.(a) Raw image of the position sensitive ion detector.

9 | field-f drift tub d th I The software window on the jet spot is indicated. (b) lon
a v cm long field-iree drilt tube and were then acCeleryine of-flight spectrum. On top the experimental raw spectrum,

ated further by a 1500-V postacceleration potential onto &elow the spectrum after off-line data analysis. (c) Gated TOF
two-dimensional position-sensitive chevron-channel-platapectrum as in (b) on a linear scale.
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approximation). Therefore, the vast majority of eventsoutside the beam path and the well-defined jet spot. No
observed can be expected to arise from ionization byguch events were detected. We therefore conclude that
Compton scattering. The raw data accumulated duringur result reflects the uncontaminated rati@.
40 h of continuous data taking are shown in Fig. 1(a) The possibility of different detection efficiencies for the
as the PSCD image in an enlarged scale and Fig. 1(ivo He charge states due to their different impact ve-
as the time-of-flight (TOF) spectrum. In the 16-bunchlocities when hitting the PSCD was investigated in mea-
mode of the storage ring the timing signal synchronousurements with postaccelerations of 3000, 2100, and 1500
with the x-ray pulses arrives at intervals of 176 ns. TheV/charge. In comparing the normalized count rates for
ion flight times, however, are several hundred nsec anthe He" charge state, we found the detection efficiency to
so the TOF spectrum shown in Fig. 1(b) is “wrappedbe constant within 10%, the statistical accuracy of the pro-
around.” The signal delays were adjusted to bring thecedure. Therefore, no such correction had to be applied
peaks due to He and He * ions into regions of the in the determination oRc. A velocity dependency of the
time spectrum where background subtraction could beetection efficiency would tend to increase the observed
performed effectively. The peak labeled “prompt” on theratio He" " /He", and this uncertainty has been incorpo-
right end of the TOF spectrum is attributable to photongated in the lower error limit of our result. The value then
and high-energy electrons scattered towards the PSCerived for the ratio waR¢c = 0.8470%)%. The low
The strong background is mainly due to “dark” pulses inrate of production of H&* ions was the limiting factor
the PSCD. influencing the accuracy with which a value ®¢ could

The COLTRIMS technique allows one to overcomebe extracted.
some of the problems inherent in traditional ion-counting Our valueR¢ is plotted in Fig. 2 (open circle) along
techniques. The noise level can be significantly reducedith calculations and other experimental data in the
and, moreover, it is possible to identify ionization prod- photon-energy range 8—60 keV. Some of these exper-
ucts from contaminating events of different origins. Iniments were not able to distinguish between photoab-
the Compton-ionization process very little momentum issorption and Compton scattering events, however, for
transferred to the residual ion. Therefore, they) po-  photon energies above 15-20 keV the contribution of
sition and arrival time of each ion at the detector serveghotoabsorption to the total cross section decreases to
to create a three-dimensional image of the source of thkess than 1%, and one can expect tRat= Rc. Among
ions. On the PSCD, the ions originating in the region ofthe available theoretical predictions some quote a value
intersection of x-ray beam and cold helium jet generate &or the asymptotic high-energy limit [14—17]. Others
sharply bounded image as can be seen in Fig. 1(a). Themlculate the energy dependenceR; however, these
size of this “jet spot” is caused by the extended target volstudies do not extend up to the x-ray energy of our
ume. The jet spot overlays a weaker diffuse distributiorexperiment. The present result would appear not to sup-
from thermalized ambient helium gas ionized along the x-
ray beam path. Because of the well-defined vertical mo-

mentum of the jet atoms of 6 a.u., the image of the jet spot o S

is somewhat displaced vertically against this other contri- ok ]
bution. By setting a suitable software window in the off- ot % A
line analysis on the jet-spot image one can sort out those"g’ : 5:_ . '%‘ 1<
ions with low momentum, i.e., events from ionization of %, , / ]
helium atoms in the cold jet by Compton scattering [24]. i / "%‘%\ ]

At the same time the noise level from “dark” pulses in the * 1‘03' ¢ 3 1
spectrum is significantly reduced. Carrying out this pro- F - 1 And
cedure produced the “gated” TOF spectrum also shownin ~ %°f -~ .- -~ 1 o
Fig. 1(b) as well as in Fig. 1(c) on a linear scale. Now the P ]
weak peak of H&" ions is clearly visible and the rati®¢ 00— 60

can be calculated from the respective peak areas. Further Ey (keV)

more, setting another software window displaced alonq: _ ) o

the beam direction permits determination of possible dist!/G: 2. Ratios of double to single ionizatiorkc, after

turbances ofR. arising from the underlvina backaround Compton scattering. Experimental data—open circle: this
. c g . }aerlying backg work; closed circle: Spielbergeet al.[11]; open triangles:

of residual gas and thermalized hellum, for which the CON{ evin et al. [13], open diamond: Sagurton, Morgan, and

ditions are less well defined than for the jet spot. WithinBartlett [25]; open square: Samsat al.[19]. Theoretical

the statistical uncertainty the Fié/He" ratios from the results—broken line: Bergstrom, Hino, and Macek [18]; full

g . “ " ; line: Andersson and Burgdorfer [15]; dash-dotted line: Suric
jet-spot window and the *warm" helium gave the SamMEeq al.[16]. The arrows indicate the predicted asymptotic

result. Similarly, if helium ions in the jet spot were Cre- ratios R — 1.68% of Amusia and Mikhailov (Amu) [14] and
ated by photons of lower energy or electrons produced ik. = 0.8% of Andersson and Burgdérfer (And) [15], Surt
beam-solid interactions, such events should be also foural. (Sur) [16], and Kornbergt al. (Kor) [17].
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port the prediction of Amusia and Mikhailov [14] for using a traditional TOF technique. A discussion of the
the asymptotic high-energy limit oR- = 1.68%. As  result forR. of Amusia and Mikhailov [14] can be found
indicated in Fig. 2, our value oR¢ is more closely in in Surig Pisk, and Pratt [27].

agreement with the asymptotic values calculated by An-

dersson and Burgdorfer [15], Surét al. [16], and Korn-

berget al. [17]. It must be pointed out, though, that the

calculation of Suricet al. [16] predicts an approach to the

asymptote from below, which seems to be clearly at vari- . - . :
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