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Double lonization of He by Fast Protons at Large Energy Transfer
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The ratioR(AE) of double to single ionization of He by fast proton impact has been measured as
a function of energy transfefAE). While R(AE) is observed to be nearly independent of proton
energy (1-6 MeV) within experimental error, it decreases with increasing energy transfer, from 2% at
AE = 1 keV to below 1% atAEF = 10 keV. Further comparisons of these ratios with those obtained
from photoionzation and Compton scattering are made. [S0031-9007(96)00315-8]

PACS numbers: 34.50.Fa, 32.80.Cy, 32.80.Fb

In fast collisions, double ionization of He requires for charged particles when fast electrons were isolated
interaction of its two electrons in addition to a quick [26—28], the difference between charged particle scatter-
interaction with the projectile. Because mechanisms foing and photoionization still remains. While a charged
the interaction with the projectile are relatively simple particle probes electrons in all its initial momentum space,
for these fast collisions, observations of double ionizatiora photon only interacts with electrons with high initial
provide an opportunity to study mechanisms for themomentum in photoionization because the photon is anni-
dynamics of electron correlation in an atomic systemhilated and it carries very little momentum. It has been
[1,2]. A simple approach is to study the ralRof double-  realized lately that ionization by charged particles is per-
to single-ionization cross section. When the collisionhaps more closely related to that by Compton scatter-
is fast enough,R is observed to approach a constanting, in which a photon transfers only part of its energy
value, independent of projectile energy. For chargedo electron(s). For collisions where first order perturba-
particle and antiparticle impacts, the asymptotic value igion approximation is valid, the ratiB(AE) as a function
0.26% [3-7], in good agreement with theories [8,9]. Itof energy transfefAE) is predicted to be the same for
is 1.7% for photoionization [10—12], also agreeing withboth Compton scattering and charged particles at large
various theoretical predictions [13—18]. By contrast, theAE [29]. At smaller energy transfer (“small” in this work
high energy limit for Compton scattering is elusive. It still requires the ejected electron to be fast), both Comp-
is still under investigation experimentally [10,19], while ton scattering and charged particle scattering are related
theoretical predictions remain controversial [15,20—23]. to photoionization in first order [30,31].

Of particular interest is the interconnection betwéen In this Letter, we report the first direct measurement of
obtained by charged particles and by photons [1,2,24,25R(AE) in fast proton-He collision. Here the energy trans-
They are in principle related to each other because botfer AE was measured directly and completely by measur-
charged particles and photons interact with He in thang the energy loss of protons after the collision, whereas
same way: via electromagnetic fields. The seemingly bigreviously AE was either calculated by assuming binary
difference between the asymptotic ratios due to chargekinematics between protons and electrons [26] or mea-
particle scattering and photoionization can be explainedured at one particular electron emission angle [27,28].
by the fact that photons impart all their energy to theThe new method has the advantage of much higher effi-
ionized electrons, while the ionization by charged parti-ciency, equivalent to measuring electrons emitted into 4
cles is dominated by soft collisions, for which outgoing solid angle, and thus avoids the possible complication due
“primary” electrons are slow [25]. Hence, the two elec-to angular correlation [28]. Indeed, it provides us the op-
trons may interact quite differently in these two casesportunity to measur®(AE) at much largeiAE, where a
On the other hand, one would expect a much smallertrend of decreasin®(AE) with increasingAE has been
if any, difference if the production of fast primary elec- observed for the first timeR(AE) drops from 2% below
trons in charged particle scattering is isolated. This hadFE =1 keV to less than 1% aAE = 10 keV, close to the
indeed been observed. A substantially higher ratio neassymptotic value for Compton scattering (0.8%) predicted
2%, very close to that for photoionization, is observed inby Andersson and Burgdorfer [15] and Sugtal. [21].
fast proton-He collisions, where the fast primary electronsThe trend of decreasing(AE) with increasingAE for
were selected either kinematically [26] or directly [27,28]. proton impact also resembles the trend predicted for Comp-

On the theoretical side, the subject has drawn renewetbn scattering [29].
interest [2,29-31] very recently, partially driven by the The experiment was carried out in the EN Tandem
flurry of new experiments at synchrotron light sourcesfacility at ORNL. The experimental apparatus is shown
[10-12,19], and theoretical calculations for photoioniza-in Fig. 1. A proton beam of energy 2—-6 MeV from
tion and Compton scattering [13—18,20—-23]. Although athe tandem Van de Graaff accelerator was energy defined
higher ratio close to that for photoionization was observedy the analyzing and switching magnets coupled with
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In the experiment, the dispersidh was first determined
by measuring the change of the peak positi®x) @gainst
the change of the Elbek magnetic fieldlR) according to
Eq. (2). Afterwards, the energy transt®E, which is the
same as the energy loss of protons, was measured,

AE/E = 2AP/P = 2Ax/D. 3)

The beam energ¥ was determined by the accelerator.
The energy resolution in this experiment was mainly
limited by the size of the beam, which was about 0.4 mm
on the PSD, equivalent to a relative energy resolution
(8E/E) of 4 X 107%.

Figure 2 shows energy-loss spectra for single ionization
FIG. 1. Schematic diagram of the apparatus. of He. The artificial cutoff at low energy transfer is due
to the blocking of the main beam. The main feature of
the spectra is the dropoff at some critical energy transfer.

two sets of slits right after the magnets. The angu|afl'his can be understood in terms of a binary collision b_e—
divergence of the beam was defined by a third set ofween a proton and one of the target electrons; there is a
slits in front of the gas cell. After passing through the Maximum energy that a proton can transfer to a free elec-
gas cell containing He at a pressure between 0.6 andon. Such limits are marked in Fig. 2 where they are seen
0.8 mTorr, the scattering protons were energy analyze® coincide with the observed experimental dropoffs. The
by the Elbek magnetic spectrograph [32,33] and detectegharp drop predicted by a free electron is partially washed
by a two-dimensional position sensitive channel-plate

detector (PSD) located in its focal plane. Except for 100 prr—rrr S S
the measurements of total cross sections, the main beam Ny Rutherford |
(energy unchanged) was stopped by a beam block so i \:_1 *  Experiment
that only protons which lost energy above a chosen ] .
amount were detected. The He ions created in the L. e, 4.4keV 10
cell were extracted perpendicular to the beam by an 1 e,
electric field of 140 V/icm over 1.4 cm. After drifting E ¢ 1102
another 6.2 cm, they were detected by a channel-plate < I .
detector. Double ionization was separated from single & 0 1 2 3 4 5 6 7
ionization by measuring the flight time between the
detection of the protons and the He ions. The ratio £ 3
between the production of He and He" was found to  o© 1} R 6.2keV
be independent of gas pressure within experimental errof)' . e,
(~18%). Moreover, the total cross section rafbwas
found to be (0.29 = 0.03)% for 2 MeV protons, in
agreement with the previous measurementg0dt8 =+
0.03)% [6] and (0.276 =+ 0.006)% [7].

A key part of the experiment is the energy calibration
of the position on the PSD. For proton beams, a direct
calibration such as a “voltage labeling” technique in _
charge exchange processes [33] is impossible. Instead, 0.1
the following indirect method was adopted. For a beam of b . e,
given momentunP, a momentum changé&P will cause 0.01 | . {10
its peak to move a distanéix along the focal line [32]: EMeV A

Sx = D(S?P , (1) 0:007 ] 3 s o P 15 18 21

. L Ener

where the dispersioD is a constant. On the other hand, gy Transfer AE (keV)

the change of the magnetic fieRiwill also shift the peak FIG. 2. Energy loss spectra for single ionization of He by
position of a beam with fixed momentum. It can be easilyprotons. The cutoffs at low energy transfer are artificial due to

na

0.1} e

Counts

da/d(AE) (10

,"":%_‘“ 13.2keV 3

shown [32] that the blocked main beam. The curves are Rutherford calculations
for a proton scattered from an electron multiplied by two.
6B The vertical marks indicate the maximum energy a proton can
éx = —D B () transfer to a free electron at rest.
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out by the initial electron momentum distribution in the obtained from 1 and 3 MeV protons [26,27] are almost
atom and the experimental resolution. Calculations basetthe same as those obtained from 40 MeV protons [28],
on Rutherford scattering of a proton from a free electrorfor which there should be no question about second order
[34] are compared with the measurements in Fig. 2. Sinceontributions. The lack of collision energy dependence
the experimental resolution (0.8 keV for 2 MeV protons)in R(AE) resembles the observation for the total cross
is much larger than the spread of He Compton profilesection raticR. Rwas found to decrease very slowly from
(FWHM = 0.04 keV), only the experimental resolution (0.276 * 0.006)% for 2 MeV protons td0.249 = 0.10)%
has been folded into the calculations shown. The agreder 10 MeV protons [7], whereas the asymptotic value is
ment between the shape predicted by this simple modeaxpected to be 0.26% [8]. Such energy (in)dependence
and that measured in the experiment is remarkable, sug@f R and R(AE) is certainly not a proof that the second
gesting that single ionization at such large energy transarder effect is excluded in the present experiment. By
fer is predominantly attributed to the scattering of protonscontrast, the significantly higheR for antiprotons [4,7]
from quasifree target electrons. This quasifree electrothan for protons demonstrates the importance of the second
process in single ionization has previously been observedrder effect. The weak energy dependenceRofor
in large angle £0.2 mrad) scattering of protons [26]. protons is caused by the near complete cancellation of the
The measure®(AE) are shown in Fig. 3, where they contributions of the second order term and the interference
are compared with the proton data measured by differerterm between the first and second order processes [7], a
methods [26—28] and calculations for photoionization [16]coincidence which occurs for particles with charge of 1.
and Compton scattering [29]. One critical question for theAs the data suggest, such cancellation seems also to occur
present experiment is the possible contributions to doubl R(AE), a differentiation ofR. The multiple interaction
ionization from independent interactions of the protonof protons with He is present in our experiment, but the net
with both He electrons (second order effect) [1,2,7,24]contributions due to this process seem very small.
The data in Fig. 3(a) show a very weak projectile energy The key finding of this experiment is tha&(AE)
dependence oR(AE). At AE around 0.5 keVR(AE)  decreases with increasin§E. At low energy transfer
(AE < 2 keV), R(AE) lies near 2%, in good agreement
with the predictions for photoionization [14—18] (since
PP Y T ——— pho_tons are annihilated in photoionizatiakE is simply
T a 3MeV v 6MeV (projectile scatgtyering,.Kumber et al.) ] the InCIdent phOton energy)' The same VaIURmE) for
© 1MeV & 3MeV (electrons at 45°, Cocke et al.) charged particle impact and photoionization is expected

3| © 40Mev (slectrons at 55°, Schiietz et al.) ] within the validity of the Bethe-Born approximation
[25,30,31]. However, with increasin§E, R(AE) starts
2le o Rl A} i deviating downwards f_rom that for photoionization at
v o the energy transfer region where previous measurements
ﬁ { end. At AE = 10 keV, R(AE) drops below 1% and
T =S approaches the asymptotic value for Compton scattering
) (a) p + He predicted by Andersson and Burgdorfer (0.83%, [15,23])
~ 0 : - and Suricet al. (0.80%, [21]), but significantly lower
.g 5 than predictions by Hino, Bergstorm, and Macek [20] and
2 Proton Impact: & 2MeV 4 3MeV v &Mev Amusia and Mikhailov [22] (both quote 1.7%, i.e., about
51 comtolonization: | —— Hno et ol : the same as photoionization limit). E(AE) obtained
ompton Scattering: 10 keV -~ 20keV . . [
(Burgdsrfer et al.) ] from charged particle scattering is indeed the same as

that obtained from Compton scattering as theories predict
[29,31], the present data indicate that the asymptotic value
of R for Compton scattering is more likely to be 0.8%
rather than 1.7% [23], because the raRdor Compton
scattering, which is the integral &(AE) over all AE, is
dominated by contributions from largeE [29]. A direct
comparison of our measurements WRKAE) for Comp-

ton scattering is not readily available. InsteR4AE) for
Compton scattering of 10 and 20 keV photons from He
FIG. 3. Ratio of double to single ionization of He as a[29] are included in Fig. 3(b). A very similar trend can
function of energy transfer from projectiles to He. Other pe seen for both Compton scattering and charged particle
experimental results for proton impact are from Kamberscattering. Comparing the 10 and 20 keV Compton

et al.[26], Cocke et al.[27], and Schiwietz et al.[28]. tteri Its indicates that bett t bet
Theoretical curves are from calculations for photoionization bysc"’l ering results indicates that better agreement between

Hino, Bergstorm, and Macek [20] (solid line), and for Compton Compton scattering and charged particle scattering can
scattering by Burgdorfeet al. [29] (dashed lines). be expected at higher photon energies. For an energy

.
Energy Transfer (keV)
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