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Effect of Compton scattering on the double-to-single photoionization ratio in helium
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The effect of Compton scattering on the ratio of double-to-single ionization from photon impact in helium
has been measured for 2.1~h v~5.5 keV using a time-of-Dight ion spectrometer with a high relative collection
efficiency for Compton ions. Single ionization from Compton scattering is found to contribute measurably to
a reduction in the ionization ratio for h v~3.5 keV. Our measurements are compared with predictions based on
recent calculations of the single and double ionization cross sections for photoabsorption and Compton scat-
tering by Hino et al. [Phys. Rev. A 4S, 1271 (1993),Phys. Rev. Lett. 72, 1620 (1994)],Andersson et al. [Phys.
Rev. Lett. 71, 50 (1993)],and Suric et al. [Phys. Rev. Lett. 73, 790 (1994)].

PACS number(s): 32.80.Cy, 32.80.Fb

It is well known that double ionization from photon im-

pact in many-electron atoms is a direct consequence of elec-
tron correlation in the initial and final states. Indeed, the
matrix element for double ionization vanishes if taken be-
tween one-electron wave functions, because the interaction
Hamiltonian is a one-body operator [1].Double ionization,
therefore, provides an excellent tool for studying electron
correlation in atoms. Helium, as the simplest many-electron
neutral atom, has served as a test case. In the high h v regime
theoretical interest initially focused on the h v~~ (but non-

relativistic) limit of the ratio R„(h v) = cr„+(h v)/tT„(h v) of
the double- and single-ionization cross sections in photoab-
sorption, because the description of electron correlation in
this limit simplifies considerably. While early studies [2—5]
gave varying results for R„(~) ranging from 1.6% to 2.3%,
recent work [6,7] appears to establish that R„(~)= 1.66%.
Of particular significance, it has also been demonstrated

[6,7] that R„(~) is independent of final-state correlation, im-

plying that an experimental determination of R~(~) would
provide an independent test of the theoretical description of
ground-state correlation. %ith advances in computational
methods, the calculation of R„(hv) has recently been ex-
tended down to the soft-x-ray regime above 1 keV [7—9]
where final-state correlation becomes important. Here, how-

ever, there is some uncertainty regarding the correct value of
a„+ . For example, for h v=2.0 keV Hino et al. [9] obtain

R„=1.82% using many-body perturbation theory (MBPT),
while Andersson and Burgdorfer [7] obtain R„=2.53% and
2.10% using different approximations for the final-state
wave function at intermediate energies.

To date, to our knowledge the only experiments on He for
h v~ 1 keV have been by Levin et al. [10,11],who measured
the double-to-single ionization ratio R(h v) for
2.05~ h v~4.0 keV, near h v= 8.5 keV, and near h v= 11.5
keV, where R is expected to be within a few percent of
R„(~).These measurements were initially interpreted as be-
ing consistent with a value for R„(~) of 1.5% ~0.2% [11].
However, Samson, Greene, and Bartlett [12]emphasized that
Compton scattering will become the dominant process for

single ionization in He for h v~7 keV, where the increasing
cross section for Compton ionization crosses over with the
steeply decreasing [as =(h v) ] photoabsorption cross
section. Thus, at the higher h v Levin et al. 's measurements
reAect primarily the Compton ionization processes, and the
experimental value of R„(~) remains undetermined. Comp-
ton ionization has now been measured directly in He for
3.0~ h v~ 5.5 keV [13].

Very recently, efforts have been undertaken [7,14—17] to
calculate the ratio Rc=o.&+/or~ of the double- and single-
ionization cross sections for Compton scattering from He. In
the soft-x-ray region, approximations for single ionization
which become valid at very high hv, such as the impulse
approximation [18,19] (IA), are not expected to be adequate.
Also, as in the case of photoabsorption, electron correlation
must be incorporated to describe double ionization; however
in Compton ionization both final-state electrons generally
leave with low kinetic energy for h v within several keV of
threshold. In the high hv limit, Suric et al. [14] obtained
Rc(~) =0.80% with the nonrelativistic impulse approxima-
tion, while Andersson and Burgdo"rfer [15] obtained
Rc(~) =0.84% in calculations employing a fully correlated
ground state and approximate correlated final states. How-
ever, for the intermediate photon energy of. 12 keV Suric et
al. obtained R&=0.66%, while Andersson and Burgdorfer
obtained values ranging from 1.06% to 1.29%, depending on
the final-state approximation [7,15]. Hino, Bergstrom, and
Macek [16]calculated Rc for 4~ h v~ 12 keV, using MBPT
to evaluate the A term in the interaction Hamiltonian to first
order, and obtained Rz= 1.67% for h v= 12 keV. In contrast
with their initial assumption, however, more recent work by
these authors [17] indicates that their calculation has not ap-
proached its asymptotic limit by h v= 12 keV. Thus, at least
for lower photon energies, there are large disagreements
among the existing calculations of Rz. Furthermore, unlike
the situation in the case of photoabsorption, these disagree-
ments involve the cross sections for both double and single
ionization.

In this paper we report measurements of the double-to-
single photoionization ratio for He for 2.1~hv~5. 5 keV,
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FIG. 1 . Time-of-flight ion spectrometer.

obtained with a time-of-flight spectrometer (TOFS) with a
substantially higher collection efficiency for Compton ion s

than for ions created through photoabsorption. [We shall de-
note the ionization ratio that incorporates the spectrometer
collection efficiencies as R (h v) to distinguish it from the
ratio R(h v) of the total double- and single-ionization cross
sections. ] For 4 (h v~ 5.5 keV the deviation of R(h v) from

R„(h v) due to Compton ionization is shown to become sub-
stantial. Our experimental results are compared with pre-
dicted values for R (h v) obtained by weighting the cross
sections of Andersson and Burgdorfer [7], Hino et al. [9,16],
and Suric et al. [14] with the appropriate experimental col-
lection efficiencies.

The experiments were performed on the Los Alamo s Na-
tional Laboratory soft x-ray beamline XSA at the National
Synchrotron Light Source. h p = 2.1 keV is the lowest photon
energy accessible with the Si(11 1) monochromator crystals.
Above h v = 5 .5 keV the reAectivity falloff of the Ni-coated
beamline focusing mirror (incidence angle = 10 mrad, nomi-
nal energy cutoff =5.9 keV) results in an unacceptably small
count rate. The beam profile in the end station was =4
(horizontal) X 2 mm (vertical). uv light specularly rejected
from the monochromator crystal s was eliminated with a 0.5
pm Ni filter (transmission at 100 eV is 4.2 X 10 '

) . Helium
was introduced into the sample chamber from an effusive gas
nozzle located = 15 mm from the beam path, and an ambient
pressure of 2 .8 X 1 0 torr was maintained with a feedback
controlled valve . Separate count rates for He+ and He + ion s
were measured with a time-of-Right spectrometer, illustrated
in Fig. 1 . The x-ray beam was polarized parallel to the TOFS
axis .

The x-ray beam path lies in an ion "extraction" region
between TOFS plates P

&
and P 2 . Plates P2 and P3 define an

"acceleration" region, and plates P 3 and P4 a field free drift
region. Voltage pul ses of magnitude V &, V2 applied to P
P2, respectively, generate a field parallel to the spectrometer
axis which extracts and accelerates the ions which accumu-
late in the extraction region before the field pulse arrives .

P 3 and P4 are held at ground. For the present measurements
V& and V2 were 700 and 500 V, respectively, the pulse period
T was 8 p, s (in a few cases 9 p, s), and the pulse width was
200 n s . The detector consists of dual microch anne 1 plates
(MCP's) biased at —5.46 kV to ensure equal detection effi-
ciencies for the single- and double-ionization states [10]. 19
mm diameter (mesh covered) holes in plates P2 P& —allow
ions to pass through to the detector. The voltage pulse rise
provides the start pulse and the signal from the MCP

'
s the

stop pulse in a time-to-pul se-height converter. Mean Aight
times for the He+ and He + ions were =667 and 472 ns,
respectively. The count rates for He+ and He + varied from

0.65 counts/s and 0.012 counts/s, respectively, for
h v = 2 .1 keV, to =0.1 1 counts/s and 0 .0013 counts/s, respec-
tively, for h p = 5 .5 keV.

To prevent electron-impact ionization from contributing
to the He +, He + signals, electrons must be excluded from
the extraction region. Successive upstream aperturing of the
x-ray beam eliminated the generation of photoel ectron s from
plates P

&
and P 2 . Magnets placed along the beam pipe up-

stream and downstream of the spectrometer chamber rejected
externally generated electrons .

Because the He + and He + ion s which accumulate in the
extraction region have nonzero velocities, due both to their
thermal motion and to the recoil induced during ionization, a
certain percentage will drift out of the extraction-acceleration
region before the field pulse arrives or strike one of the
TOFS plates P

&
—P4 either before the field pulse arrives or

while traveling to the detector. The col lection efficiency of
the TOFS is therefore less than 1 . An additional complication
is that a certain percentage of the ions which drift into the
acceleration region before the field pulse arrives, or which
are created while the field is on, will fail to receive the ful 1

impulse from the held and so arrive at the detector late .
Let y

+ and rye denote the collection efficiencies for
He + ion s created through photo ab sorption and Compton
scattering, respectively, and 1et rg„+ and y c+ denote the cor-

responding collection efficiencies for He ions. y„+ is
slightly greater than rg„+ (and similarly for rye+ and rye )
because the time of Aight is shorter for He + ions and thus
fewer are lost to drift perpendicular to the TOFS axis . How-
ever, g„+ is considerably smaller than gc due to the large ion
recoil velocity v R in photoabsorption. Neglecting the photon
momentum,

v~ = 0.08 129(h v —24.59)" mm/ps

for h v in eV, where 24.59 eV is the He(ls) binding energy.
v R equals 3 .70 mm/p, s for h p = 2.1 keV and 6.02 mm/p, s for
h v = 5 .5 keV, whereas the mean thermal velocity v T at 300 K
is 1 .26 mm/p, s . In Compton ionization for h p ~ 5 .5 keV the
energy transfer to the atom is much less than in photoabsorp-
tion [16], the kinetic energy of the ejected electron is small,
and the ion recoil velocity is generally less than v T. The ratio
8 of the count rates for He + and He + is given by

2+ 2+ 2+ 2+
rg O + yc ac

+m + + + ++ ~c ~c

The procedures used for calculating the efficiencies rg +,
Qp Qc and pc, and for extracting the experimental
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TABLE I. Measured ratio R of the counting rates for He + and He+ ions; and time-of-flight spectrometer
collection efficiencies r/ for He+ and He + ions created through photoabsorption (p) and Compton scattering

(C). The last column lists R' =(g /rg„)R, Eq. (3).

hv (keV)

2.1

2.4
2.8
3.2
3.7
3.9
4.2
4.6
5.0
5.5

R (%)

1.86~ 0.12
2.14~0.16
1.90~ 0.16
1.94~ 0.21
1.82~ 0.17
1.66~ 0.22
1.60~ 0.17
1.19~0.20
1.44~ 0.19
1.15~0.25

0.148
0.138
0.113
0.118
0.0961
0.107
0.0902
0.0982
0.0825
0.0891

2+
'7p

0.151
0.141
0.116
0.121
0.0988
0.110
0.0929
0.101
0.0851
0.0922

+
+C

0.520
0.527
0.484
0.517
0.463
0.523
0.464
0.519
0.461
0.508

2+
+C

0.528
0.536
0.492
0.526
0.471
0.531
0.471
0.528
0.469
0.516

R' (%)

1.82
2.09
1.86
1.90
1.77
1.62
1.55
1.15
1.40
1.11

count rates for He +, He+, are discussed in the Appendix.
Our experimental results for R are listed in Table I, along
with the efficiencies. Note that the collection efficiency for
Compton ions is between 3.5 and 5.7 times that for ions
created by photoabsorption, implying that R weights pref-
erentially the contribution of Compton ions. Although advan-
tageous for observing the onset of Compton ionization, this
fact has not been accounted for in previous comparisons
[7,14,16,17] of our preliminary experimental results with
calculations of the ratio R of the total double- and single-
ionization cross sections [i.e., the right-hand side (RHS) of
Eq. (2) with all z/=1].

We also list in Table I the quantity

ionization causes R ' (h v) to be slightly smaller than

R„(h v). One can estimate the difference using the calculated

oc(h v) /tr„+( hv). Andersson and Burgdorfer's cross sec-
tions imply a reduction of 1.0% at hv=2. 1 keV, 2.4% at
h v = 2.4 keV, and 6.9 lo at h v = 2.8 keV. Applying this cor-
rection to R'(hv) for hv=2. 1, 2.4, and 2.8 keV gives

R„(2.1 keV)=1 84%, R„(2.4. keV)=2. 14%, and R„(2.8
keV)=1.99%. Using these three points plus R„(~)= 1.66%
to fit the coefficients in the high-energy expansion [7] of
R„(hv) in (1/h v), retaining three terms, gives as our result-

ing estimate for R„(hv)

R (h v) = 0.0166+0.006 44/(h v) + 0.003 17/(h v) (4)

+
~p

Rm —— 2+ Rm ~

yp

2+
2+. +C 2o-„+ 2+ ac

'7p

~Co.„+ + o.c
Vp

(with hv in keV); or R„(2OkeV)=. 2.06%~0.15%, R„(2.5
keV)=1.97%~0.15%, where the uncertainties refiect the
experimental statistical uncertainty. Equation (4) is also plot-
ted in Fig. 2. If two terms are retained, an essentially identi-

E.
I I

I

R (CDW Approx. )

R
C (hv) ' Approx. )

R (Expt. )

R' reduces to R„=o.„+/o.„+ in the absence of Compton ion-

ization. In Fig. 2 we plot R' (h v), together with the MBPT
results of Hino et al. [9] for R (hv), and the R„(hv) ob-
tained by Andersson and Burgdorfer [7] for two different
models of final-state correlation. In one case the wave func-
tion is calculated with a full "Coulomb distortion factor"
[Coulomb-distorted-wave (CDW) approximation]; in the
other, corresponding to a "soft electron-electron collision"
limit for the final state, only the linear term is retained in a
high-energy expansion of R„(h v) in powers of 1/(h v)
[(hv) ' approximation]. Differences between R' (h v) and
the calculated R„(h v) are attributable either to inaccuracies
in the R„(hv) or to Compton ionization. At the bottom of
Fig. 2 we show the ratio o.&/o. + obtained with the cross
sections of Andersson and Burgdorfer [7], Hino et al. [16],
and Suric et al. [14].Also shown for comparison is o c/o„+
obtained with a simple free-electron model for Compton ion-
ization described in the Appendix. For h v( 3 keV o.~/o.„ is
small, and the available calculations [7,14,16] indicate that
oc+ is negligible. Equation (3) then implies that Compton

1.6V R (MBPT)

0.8

0.4

0.0
2 3 4 5

Photon Energy hv (keV)

1.0

O.B

0.6

0.4

0.2

0.0

FIG. 2. Squares represent the experimental values of the double-
to-single ionization ratio R' defined by Eq. (3). The heavy solid
curve is a cubic spline fit to the data to guide the eye. Also shown

are theoretical R = o.„+/cr„+ of Andersson and Burgdorfer (upper
dashed and dotted curves) and Hino et al. (npper dot-dashed curve).
The curve labeled R„(Expt.) represents an experimentally derived
determination of R (see text). Bottom curves are calculations of
o.c/a. + by: A —Andersson and Burgdorfer, H —Hino et al. , 8—
Suric et al. , F —free-electron model.
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2.5
Andersson et al. (CDW Approx. ) Andersson et al.

2.0 2.0

1.5
Hino et al.

Hino et al.

Suric et al.

1.0
Suric et al.
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FIG. 3. Squares represent the measured values of the double-to-
single ionization ratio R„, defined by Eq. (2). The solid curve is a
cubic spline fit to the data. The remaining curves represent theoreti-
cal R obtained from Eq. (2) with the cross sections
o+, o„+, oc, and o.c+ of Andersson and Burgdorfer (CDW ap-
proximation), Hino et al. , and Suric et al.

cal fit results with R„(hv) =0.0166+0.007 68/(hv). Thus,
the actual value of the (h v)-' coefficient (and higher-order
coefficients) in the high-energy expansion cannot be accu-
rately determined, and the (hv)-' coefficient is determined
only crudely, given the experimental statistical uncertainty
and the fact that the higher-order coefficients are not known.
This estimate for R„ lies between the MBPT (R„=1.82% at
h v = 2.0 keV, = 1.79% at 2.5 keV) and CDW
(R„=2.53%, 2.25%, respectively) results, and is in good
agreement with the (hv) —

& approximation (R„=2.10%,
2.01%, respectively).

For hv~4 keV R' (hv) falls off in a manner which is
inconsistent with the calculated R„(hv), dropping well be-
low the predicted high h v limit of 1.66%. While in principle
this could refiect inaccuracies in the R„(h v), we attribute it
to the onset of single ionization from Compton scattering due
to the clear correlation between the decrease in R' and the
increase in o.&/o.„+ . This assignment also requires that
Rc= crc+icrc be well below 1.66% for h v~5.5 keV [Eq.
(3)]. Supporting this interpretation are the evident relative
reliability [7] of the theoretical value for R„(oo) and the fact
that current calculations [7,14,16] all indicate that
Rc(h v) ( 1% for h v~ 5.5 keV.

In Fig. 3 we compare our measured values of R (hv)
with the R (h v) curves obtained from Eq. (2) with the cross
sections o.„+, cr„+, crc, and oc+ of Hino et al. [9,16],
Andersson and Burgdorfer (in the CDW approximation for
o.„+),and Suric et al. [14] (Suric et al. use the o„, cr„+ of
Hino et al. ) Andersson and Burgdorfer appear to overesti-
mate, for h v(4 keV or so, the rate of decrease in R; Hino
et al. and Suric et al. less so. On the other hand, the calcu-
lations of Hino et al. and Suric et al. lie below experiment
for 2.5~hv~4 keV and 2.5~hv~5. 5 keV respectively.
One source of these disagreements, especially as h v~2 keV,
lies with the calculated o.„+(hv). Substitution of the experi-
mentally derived cr„(h v) from Eq. (4), however, permits an
examination of the discrepancies between the experimental

FIG. 4. As in Fig. 3, however the theoretical R„„were obtained
with o„ from Eq. (4).

and calculated R which originate solely with the calculated
values of the Compton ionization cross sections o.~ and
crc+. The results are shown in Fig. 4. [Similar results are
obtained with the (hv)-' approximation for Rp. ] All of the
calculated curves now exhibit very similar behavior for
hv(4. 5 keV, and all overestimate the rate of decrease in
R . This implies that, in some combination, the calculated
ratio crclo. (cf. Fig. 2) increases too rapidly with h v in this

energy range or the calculated ratio Rz=o.c+/o. ~ is too
small. The predicted values for Rz at h v= 3.9 keV from
Refs. [7], [14], and [16] are approximately 0.24%, 0.30%,
and 0.41%, respectively. Experimental measurements of the
individual cross-section ratios o z+/o.

& and o.&/o;+, are
clearly desirable in order to clarify this issue. The calcula-
tions begin to converge with experiment again for h v~4.5
keV, more so in the case of Hino et al. , less so in the case of
Suric et al.

Finally, we comment on the consistency of our measure-
ments with those of Levin et al. , who quote [10,11]:
R(2.05 keV) = 1.99% ~ 0.22% R(2.4 keV) = 1.96%
~ 0.18%, R(2.8 keV) = 1.60% ~ 0.30%, R(3.3 keV)
= 1.73% ~ 0.19% and R(4.0 keV)= 1.76% ~0.33%.
R(h v) cannot be directly compared with R (h v); however,
because R and R,'„preferentially weight Compton ioniza-
tion one should have R'(hv)(R(hv)(R„(hv), ie. ,

R(h v) should lie between the experimental R ' curve and the
curve labeled R„(Expt.) in Fig. 2. For h v=2.05, 2.4, and
4.0 keV, the quoted value of R is in excellent agreement with
the "expected" value based on this argument. For hv=3. 3
keV the expected value lies within the experimental error
bar, while for h v= 2.8 keV the expected value lies near the
top of the experimental error bar. Thus, there is good overall
consistency, given the stated statistical uncertainties.

In conclusion, we have measured the effect of Compton
scattering on the double-to-single ionization ratio in He for
2.1~h v~5.5 keV. We emphasize that the comparison of our
experimental results with calculated cross sections must oc-
cur through Eq. (2), using the efficiencies ri and experimen-
tal values of R listed in Table I.

Note added in proof Recently, Spielberger et .al. [Phys.
Rev. Lett. 74, 4615 (1995)] have reported measurements of
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O
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670 690 700

25
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FIG. 5. ~a~. ~a~ Dots represent the experimental time-of-Aight spec-
trum for He+ for h V=3.7 keV. The sol d

'
he so i curve is the time-resolved

efficiency curve. (b) same as (a), for He +.

APPENDIX A

Let rg„, denote the overall probability that an ion which is
created along the photon beam path in the extraction region
of the TOFS (Fig. 1) will reach the MCP detector, irrespec-
tive of its arrival time. (In the present d'n iscussion we suppress

p J t/t t is given by thesuperscripts +,2+ and subscripts p C.z

ollowing integral over the phase space of the parameters
describing ion creation

R and R i& in He with broadband radiation near h v=7.0 and
8.8 keV, respectively.

This work was supported by the U.S. Department of En-
ergy through Los Alamos National Laboratory and by the
National Science Foundation under Grant No. PHY-
9317934.W. We acknowledge helpful discussions with P. Berg-
strom, J. Burgdorfer, K. Hino, and T. Suric.

where t is the time the ion is cre t d =0a e t = represents the
trailing edge of the preceding field pulse), x and z define the
initial position of the ion transverse to th h t b

x and b z represent the transverse beam widths), y is the
initial position of the ion along the photon beam direction

(2yo is the length of the extraction region), u r is the thermal

velocity of the iony on, U R is the recoil velocity,

P(t,x,y, z, ur, v~) is the probability density that the ion is

created at t, x y, z with velocities v T and U andUR, an

(t,x,y, z, uT, vz) equals 1 if the ion reaches the d t
and 0 oth

e etector
o erwise. P is assumed to be uniform in x

t. The ve vT dependence is given by the Maxwell velocity dis-
tri ution. For single ionization from photoabsorption the de-
pen ence of vR on the electron emission direction (

stant u~ given by Eq. (1), which is an excellent approxima-
tion to the mean. Because the electric field is l d

e (z) axis, the angular distribution of recoil veloci-
ties is cos 0 about z. In double ionization from photoabsorp-
tion for hv)2 kkeV, the photon energy is transferred pre-
dominantly to the primary photoelectron [9], in which case
uR is again given to a good approximation by Eq. (1).Also,
we assume that the angular distribution of recoil velocities is
again cos 0.

In Compton single ionization from He, UR can de end

g y on t e electron emission direction and Compton
scattering angle. Because UR is small, however, it is adequate
to a opt a constant value equal to the mean ion recoil veloc-
ity UR. To estimate UR as a function of the incident h
ener h v w

'nci en p oton

gy v, we first note that for given Compton sc tt
anle 0g e, energy hv of the scattered photon, and electron
emission direction 0 = 0 P th f k'

e e e e our inematic con
straints of ener gy and momentum conservation determine the
magnitude U, of the electron emission velocity, and both the
magnitude vR and direction A =0m

' ' R= R, R o t e ion recoilf h

velocity. Thus, uR=uz(0, hv', 0,). We make the approxi-
mation that, for given 0, h v' assumes only the fixed value

m on scattering, i e.,associated with free-electron Com to t
hv'=hv — 1 —cosH /mi mac, where mo is the electron rest
mass; thus neglecting, for example, the Doppler broadening
of the scattered photon energy associated with the finite mo-
mentum distribution of the He(ls) electron. Next, we con-
sider an isotropic angular distribution for the Compton elec-
tron, thereby neglecting the dependence of the cross section

on the electron emission direction, and define uR(0, h v' as
the resulting average of v~(0, hv', 0,,) over A, . Lastly, we

average u R( 0, h v ) with respect to the photon scattering di-

rection 0, $ by weighting vz(0, hv') with the Klein-Nishina
i erential cross section for Compton scattering from a free

electron ~20 ta in1 ~ ~, taking as a minimum scattering angle 8b the
~ ~

scattering angle at which the energy transfer AF = h v —h v'

to a free electron equals the He(ls) binding energy, 24.59 eV.
The mean ion recoil velocity v R then becomes, for
hv'=hv,

&T t yo
dy dz dx d v d v

Jo J-yo Jag Jax J J

XP~P(t, x,y, z, ur, v~)N(t, x,y, z, v r, uz), (Al)

Iz d0]dA, sin0(2 —sin 0)u~(0, hv', A, )

4 m'I a d 0 sin 0(2 —sin 0)
(A2)
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o c (h v) = 0.75o T[ I + cos8b+ ( I + cos 8b)/3], (A3)

where 0.T is the Thomson cross section, 0.665 barns.
We next define a time-resolved efficiency z/(t«) such that

z/(t«)dt« is the probability that an ion will reach the detector
with a time of Aight between t«and t«+ dt,f. We have

f oo

7tot dt«7(t«) (A4)

where t«=0 represents the leading edge of the field pulse.
For each photon energy at which R (hv) was measured,
time resolved efficiencies r/„+(t«), r/c(t«), z/„+(t«), and

z/c (t«) were computed using a Monte Carlo procedure. The
weighted sum oc z/c(t«)+ a„+ r/+(t «) should simply repro-
duce the experimental time-of-fiight spectrum for He+ (and
similarly for He +), and so the efficiency curves for He+
and He + were fit to the corresponding time-of-flight spectra
in a least-squares calculation, using as parameters the cross-
section ratio o.c/a. „+ (or o.c+/a.„+), a constant background,
and an overall time shift of the experimental spectrum. Small

Uz ranges from 0.45 mm/p, s for h v= 2.8 keV to 0.84 mm/

p, s for hv=5. 5 keV. We note that integrating the Klein-
Nishina cross section over scattering directions satisfying
Ob» 0» m, and multiplying by 2, gives a "free-electron" ap-
proximation for the total Compton single ionization cross
section for He

adjustments were made in experimental parameters such as
the precise position of the synchrotron beam between TOFS
plates Pi and P2, the beam width, etc. , so as to optimize the
fit. Figure 5(a) shows the results for He for h v=3.7 keV.
Very good agreement is obtained. The shoulders at 663 and
673 ns represent photoabsorption ions with recoil velocities
directed toward and away from the detector, respectively.
The broad shoulder extending up to 637 ns is from ions
which drift close to plate P2 before the field pulse arrives.
The tail beyond 680 ns represents the late arrivals. Because
the tail decreases asymptotically it is necessary to introduce a
cutoff, which we take at 700 ns. We therefore now define the
time-independent efficiencies y+ and yz appearing in Eq.
(2) as the integrals over time of z/„+(t«) and z/z(t«), respec-
tively, for 630~ t«~ 700 ns. [ r/„(t «), r/c (t«) = 0 for
t«~ 630 ns.] Similarly, the number of He+ counts in the ex-
perimental peak is taken to be the total counts for
630 t «~ 700 ns minus the background counts. Figure 5(b)
shows the results for He +. For He + the experimental count
rate and the efficiencies y +, yz+ pertain to the interval
445» t„»490 ns.

The sensitivity of the efficiencies to various experimental
parameters, such as those mentioned above, was studied,
Note from Eq. (2) that R can be considered a function of
the efficiency rat'ios rj +/y+, gclrg, and gz+lxg+. Our
estimated uncertainties in the calculated values of these ra-
tios are ~1% for z/+/z/+ (similarly for r/c /z/c), and
~10k for r/clz/„+ and r/~ /z/„+.
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