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We have experimentally separated the contributions of photoabsorption and Compton scattering to
He single and double ionization for high-energy photon impact by measuring the full momentum
vector of the recoiling He 2" ions. For recoil ions following photoabsorption large momenta and a
distinct dipole emission pattern are observed. The ions produced by Compton scattering show small
momenta. For the ratio of double to single ionization we find2 * 0.06)% at 8.8" 125 keV for
Compton scattering and.72 = 0.12)% at7.0°%¢ keV for photoabsorption. We compare our data with
recent theories.

PACS numbers: 32.80.Fb, 31.15.—p, 32.80.Dz

Compton scattering and photoabsorption are the tw§7—9]. Therefore, instead of solving the old problem to
fundamental ionizing interactions of a photon with ansettle an experimental value for the high-energy limit of
atom. For the Compton process the momentum an&,,, new questions were added: Is there any difference
energy transfer of the photon correspond to the finabetweenR: andR,,, and what are their values?
energy and momentum of the emitted electron, whereas From the theoretical side agreement has been achieved
for photoabsorption a second particle in the final state—{1] in predicting the asymptotic value fa&,, to be 1.67%
the recoiling target ion—is needed to compensate fof7,12—14], although the predictions fluctuated between
the momentum of the free electron. Both interaction9.32% [15] and 2.33% [16] over many years and an ex-
are described by single particle operators. Thus doublperimental proof is still missing. For Compton scattering
ionization of a He atom is always mediated by electronneither the high-energy limit a&c nor the energy depen-
electron correlation. Determining the ratio of double todence ofrc before reaching the asymptotic value is clear:
single ionization(R = o2*/o'") by Compton scattering Suricet al.[10] calculated 0.8% approached from below,
(Rc) and by photoabsorptioi®,,), because of the intrinsic  Andersson and Burgdorfer [1] come to the same asymp-
differences between the two processes, is one of the mogitic value but approached from above, and Amusia and
challenging tests of our understanding of these electrorMikhailov [17] predict 1.7%. Thus at 8 keV, where the
electron correlation effects [1]. present experiments were performed, the predictions dif-

In this Letter we demonstrate an experimental approacfer by more than a factor of 2 between 0.6% [10], 1.3%
to distinguish both mechanisms by measuring the recoill], and 1.65% from Hino, Bergstrom, and Macek [9].
momentum of the ions simultaneously with their charge In order to determingr,, andRc separately, not only
state at a photon energy of about 8 keV. Since ionshe charge state but also the momentum of the recoil ions
from Compton events and photoionization are distinct inwas measured in the present experiment using COLTRIMS
momentum space, this method provides for the first timécold target recoil ion momentum spectroscopy) [18-20].
a separate determination of the ratRysandR,y,. A supersonic He gas jet provides a dense, localized, and

Most experimental studies on He double photoionizatiorinternally cold He target. The He gas expands through
concentrated on low and intermediate energies [2]. Onlya 30 um nozzle from a gas reservoir at a pressure of
in the last few years have experiments in the keV regime&0 bar into the first chamber. Through a skimmer of
become feasible [3—5] due to novel synchrotron radiatiord.6 mm diam the gas jet enters into the scattering chamber.
sources. These experiments were aiming to establishhis setup yields a target of 3 mm diam and a density
the asymptotic high-energy value fay,,. However, as of 2 X 10'?/c?. The gas jet atoms have a well-defined
brought to attention by Samson, Green, and Bartlett [6], albffset momentum of 6 a.u. in thedirection resulting from
those experiments did not allow one to distinguish betweethe supersonic expansion. The recoil ions created at the
Compton scattering and photoabsorption. At about 6 ke\intersection volume with the photon beam are accelerated
the single ionization cross sections for both processes at®y a well-defined homogeneous electric field of 96cm
equal [6—-10]. The photoionization cross section scale¢see Fig. 1). After a 3 cm acceleration length the ions pass
with E-7/2[11,12] in this high-energy regime, whereas thea 6 cm field free drift tube and are then postaccelerated to
Compton cross section is slightly increasing with energy2000 V/charge onto a two-dimensional position-sensitive
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FIG. 2. Full line: photon energy distribution as used for the
experiment. Dashed line: photon energy distribution folded
with the E-7/2 dependence of the He photoionization cross
section [11,12]; dotted line: photon energy distribution folded
with calculated Compton scattering cross sections [7—9].

direction through the Be crystal. Thus the radiation
FIG. 1. Recoil-ion momentum spectrometer with supersonidised in this experiment was not monoenergetic. The
He gas jet. The recoil ions have been measured in coincidengghoton spectrum is shown in Fig. 2. It was measured
imensional DOt Sonstn i e o o badour he experiment wih a Si (111) single cryial i
The electric fipeld vector of the linear polagrized light iFs) parallel 8-26 ggometry. The spectrum is dominated by the third
to the extraction field. harmonic of the undulator, which was set to 9.2 keV. It
is cut below 5 keV by the absorption of the beamline
windows (carbon, beryllium, and aluminum) and the Be
crystal, and on the high-energy side at about 11 keV
chevron-channel-plate detector of 40 mm active diam wittby two Au coated mirrors. These mirrors were used to
wedge and strip readout. The electrical extraction fieldocus the light in the vertical and horizontal directions.
is sufficiently strong to project all created ions onto theA beamspot of less thah X 2 mm was achieved by two
detector. The ions are detected in coincidence with theets of adjustable slits about 1 and 1.5 m upstream of the
timing signal of the beam pulse provided from the storageollision region. The experiment was performed at a flux
ring. From the time of flight (TOF) we obtain the recoil of about1 X 10'* photongsec over the whole spectrum
ion charge state and the momentum component parallgielding about 80 HE" ions/sec.
to the field direction. The two momentum components The measured momentum distributions of the Hand
perpendicular to the extraction field are calculated fronHe?* ions are shown in Figs. 3(a)—3(c). Figure 3(a) is
the position on the channel-plate detector (see Fig. 1) anplotted in thep,-p, plane, wherex is the direction of
the TOF. the electric field vector of the linear polarized light and
The experiment has been performed at the undulator is that of the He gas jet. For the geometry, see Fig. 1.
beamline BW1 of HASYLAB at DESY in Hamburg. The data of Figs. 3(a)—3(c) are summed over momenta
Two experiments have been carried out at the same timia the z direction, —30 a.u. < p, < 30 a.u. Because of
at this beamline. The main experiment used a small banthe rotational symmetry of the system, the distribution
pass of x rays reflected out of the direct beam by anust be symmetrical with respect to the axis. Residual
Be single crystal monochromator of 0.25 mm thicknessHe gas atoms can be seen in Fig. 3(a)pat= —6 a.u.
operated in Laue transmission geometry. Our experimerfirom energy and momentum conservation we obtain for
was performed with all photons passing in a forwalrdphotoabsorption and Compton scattering

ﬁ'y + DHe = DPHe't T De (photo, Hé+),
Py T PHe = PHer + Pel T Pe2 (photo, Hé"),
Py 1 PHe = Py + PHet+ T Pe (Compton’ Hé+),

Py + PHe = Py + Puer + Pet + P2 (Compton, Hé").

The left hand side gives the momentum in the initial state. The incoming photon momgntis2.4 a.u. at 9 keV

and py., the momentum of the He atom as a whole, is approximately zed@ a.u., resulting from the internal He gas

jet temperature).p,., p.,, andpye1+.2+ are the final-state momenta of the scattered photon, the emitted electrons, and the
recoil ion.
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a) direction due to the initial photon momentum. On this

20 sphere the recoil ions have a density distribution mainly
given by a dipole emission pattern due to the linear po-

1o | , larization of the synchrotron radiation. From theoretical
3 i b investigations [16,22] only minor contributions of less
E‘ . i ‘ , than 2% from higher order transitions than the dipole

10 L ' portion are expected for this experiment. The dominant

dipole pattern can be seen nicely in Fig. 3(a). The width
-20 of the momentum distribution is mainly due to the energy
spread of the incoming photons. The dashed line in Fig. 2
LN I ST represents the photon energy distribution folded with the
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) E~72 dependence of the photoabsorption cross section
E 16000 ] [11,12]. After integrating over the full momentum sphere
B L | ] twice as many He ions from Compton scattering as
3wl o ] from photoabsorption are observed in the experiment.
i i J L]_ s b This is in good agreement with the result calculated
P e on the basis of the photon energy distribution and the
e | hez calculated absolute cross sections for photoabsorption
E 200 " 1 (o) and Compton scattering¢") [7-9].
2 12008 . : The Hé* momentum distribution is found to be very
g 13o0f 1 similar to the one for single ionization. This is in agree-
2 4 T ment with previous findings that at this high energy the

aonl -rUILL rﬁr_'l dominant H&" production process for photoabsorption is
0 rIJ Lo A0 4 the emission of one very fast and one slow electron [16].
A0l . 10 20T By integrating over the respective volumes in momen-
Pl tum space we obtaiRc andR,, separately. The results
FIG. 3. (a) Measured momentum distribution of 'Heions  are (1.22 = 0.06)% at 8.87|25 keV for Compton scatter-
in the x-y plane, integrated over the momentum in the jngand(1.72 = 0.12)% at7.0"%} keV for photoabsorption

direction between-30 and30 a.u. (b) Projection of (a) on the . . .
x direction. (c) Same as (b) for (thza ?—Tejcharge stfeltza. The (see Fig. 4). The respective energy is the mean value of

statistical fluctuations result from background subtraction. the folded photon spectrum (see Fig. 2). The horizontal
error bars indicate the spectral region from which 67% of

all He'" ions originate. Because of the high photon flux,

The HeE* and HE" momentum distributions [Figs. the statistical error foRrc is negligible (0.01%). By our
3(a)—3(c)] show a dominant contribution close to zerotechnique we are also able to definitely rule out the three
momentum resulting from Compton scattering. For themajor systematic errors of all former high-energy studies,
Compton process the nucleus is a spectator to first ordewhich are small contributions from low-energy stray light,
The momentum changép, — p,) of the photon is ionization by secondary electrons, and charge exchange
transferred to the ejected electron(s) leaving the nucleusf the ions with the target gas [3,4]. Lower energetic
behind with its initial momentum. The nucleus com- light would cause photoabsorption and would yield smaller
pensates the initial momentum distribution of the targetecoil ion momenta. Secondary electrons would not be
electrons (Compton profile). Since the He atoms are in aestricted to the path of the photon beam and therefore
well-defined initial state of zero momentum, one expectsesultin He ion creation along the gas jet and not only at the
for Compton scattering small recoil ion momenta on theintersection point with the photon beam, which can be sep-
order of 1 a.u., as can be seen from our experiment. Thiarated from the detector position. The well-localized gas
is similar to what we have found recently for electronjet and the good background pressure2ok 10~7 mbar
impact [19] and proton impact [21]. Samsehal. have prevent secondary collisions of the ions resulting in charge
recently used this fact to measure the cross section faxchange. Thus the only remaining systematic error could
He'™ production by Compton scattering [5]. In contrast, be a charge state dependence of the detection efficiency of
for single ionization by photoabsorption the recoil ionthe channel plate. This was checked in two ways. First
has a fixed momentum for each photon energy, since thine amplification of the channel plate was reduced by a
ion must compensate the sum of initial photon and finafactor of 2 (the pulse height of the channel-plate signal
electron momentum. For 9 keV photon impact the recoilis recorded for each event) by reducing the overall volt-
ions are distributed on a sphere in momentum space &fge by 100 V. Second, measurements were performed
25.7 a.u. radius. With respect to the laboratory framewith two different postacceleration voltages of 2000 and
this sphere has to be shifted py = 2.4 a.u. in the beam 1000 V. Both tests yielded the samRe within 5%. The
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ST T T T T T cantly distinct recoil ion momentum distributions. We
have exploited this difference in momentum space to
experimentally separate the processes for single and
double ionization of He at a photon energy of about
8 keV. We find a significant difference in the ratio
] ] of double to single ionization by photoabsorption and
e ] Compton scattering.
] The work was financially supported by BMFT, DFG,
T ] and the EG. These experiments would not have been
possible without the patient acceptance of us by the
A . . o main synchrotron radiation users, namely, K. Kjaer,
Y 2 4 6 g 10 12 14 G. Brezesinski, L. Leiserowitz, and co-workers. We
Photon energy (keV) acknowledge helpful discussion with C.L. Cocke,
FIG. 4. Ratios of double to single ionization. Full circle: J. Bgrgdorfer, P'" Bergstrom, T. SuridM. AmUSIa,'
experimental ratio for Compton scatteriigc); open circle: ~R. Driezler, H.J. Ludde, and J. R. Samson. We received
experimental ratio for photoabsorptia®,,). The data have indispensable help in building the supersonic gas jet from
been measured with light of an energy distribution as givery, Buck. We are grateful for the support of University
in Fig. 2. The horizontal error bars indicate the energy regionz,gnkfurt for the transportation of the experimental setup

from which 67% of all H&" ions result (based on cross sections h -
from [7-9,11]. Full line:R,, from Andersson and Burgddrfer to DESY, Hamburg, in particular, to E. Suck and Ch.

[7]; broken line: R,, from Hino et al.[9]; dashed line:Rc Kazamias.
from Andersson and Burgdorfer [1]; dotted linR; from Suric
et al. [10]; dash-dotted lineR- from Hino et al. [9].
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given error ofR¢ /py is the sum of our estimate of the sys-

tematical error based on these cross checks and the statis- *Electronic address: spielberger@ikf.uni-frankfurt.de
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