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Absolute doubly differential single-ionization cross sections irp+He collisions
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We have measured and calculated doubly differential single-ionization cross sections for 50—150-keV
p+He collisions as a function of the projectile energy loss and scattering angle. The measured cross sections
were put on an absolute scale by normalizing the integrated cross sections to known total cross sections. Clear
effects of the postcollision interactiofPCl) were observed in the scattered projectile spectra. Our singly
differential cross sections as a function of projectile energy loss do not agree with corresponding cross sections
obtained from electron spectroscopy. These discrepancies are attributed to the PCI. Our calculations including
the PCI reproduce the shape of our data quite well; however, there are discrepancies in the absolute magnitude.
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INTRODUCTION is not sufficient to treat ionization using a first-order calcu-
lation. Madison[11] has shown that treating the target ion-
lon-atom collisions have been studied for many decadeslectron interaction to all orders leads to a much better de-
Nevertheless, even the most fundamental inelastic processssription of measured electron spectra for ionizing collisions
(excitation, capture, and ionizatipmccurring in the most than first-order calculations. However, it is also well known
simple collision systems are not completely understoodthat the projectile-electron interaction must be treated be-
From a theoretical point of view, the basic problem is thatyond first order as well. In the pioneering experiments of
the Schrdinger equation is not solvable for more than two Crooks and Rud@i12] and Harrison and Lucdd 3] for pro-
bodies without using approximations. The major difficultieSton impact ionization, pronounced, cusp-shaped peaks were
one encounters are quite different in nature for the three funfound in the ionized electron spectra at electron energies cor-
damental processes mentioned above. State-selective excitasponding to the projectile velocity for emission angles near
tion cross sections, both total and differential in the projectiled°. It was shown that these cusp electrons owe their exist-
solid angle, are reproduced reasonably well by various calence to the fact that the electrons experience the projectile
culations[1,2]. However, not much experimental data is cur-field even after traveling a long distance from the collision
rently available on the magnetic substate population in exciregion. Due to this projectile-electron interaction after the
tation processes for heavy projectiles. Although such data foprojectile-target collisiofipostcollision interactiotPCl)| the
electron impact have been available for many yéatsfor a  ionized electron is focused toward the projectile, which leads
long time these data were not reproduced by calculationt the cusp peak at an electron energy corresponding to the
even qualitativelyf4]. It is only very recently that theoretical projectile velocity. Therefore, the PCI, which is not taken
calculations have been performed which are in accord wittinto account by first-order calculations, has to be properly
experiment[5]. In the case of capture processes, a majotreated by theories on electron emission in the forward direc-
theoretical problem arises from the fact that the electrortion [14,15.
changes its frame of reference during the collision. The cor- Since the initial discovery of cusp electrons, the impor-
rect description of this change of frame of reference is aance of the PCI in ionizing collisions was established in a
difficult task, involving the introduction of translational fac- large number of experimenfd6—25 and theoretical studies
tors[6,7]. lonization is perhaps the most difficult process to[26—29. One conclusion that was drawn from these studies
treat theoretically. One major problem is the description ofwas that even though cusp electrons are important for emis-
the continuum state of the ionized electron. Because of theion angles near 0°, their contribution to the cross sections
long-range nature of the Coulomb force it is critical to prop-integrated over all electron angles was insignificant. Olson
erly represent the asymptotic behavior of these continuuret al. [28] and Gayet al. [19] reported indications that the
states by three-body Coulomb wave functi¢8$)]. Further-  PCI can also lead to an enhancement of electrons traveling
more, reaction channels other than ionization can be coupledn the saddle of the potential between the projectile and the
to the continuum. This can lead to complex interference eftarget nucleus. Recently, we have reported evidence that the
fects in the ionized electron spec{rt0]. much heavier projectile can also be significantly affected by
Because of the problems related to the long-range naturgne PCI[25]. Clear effects of the PCI were observed in the
of the Coulomb force, it is clear that in perturbation theory itdoubly differential ionization cross sections as a function of
the projectile scattering angle and the ionized electron en-
ergy. Furthermore, it was concluded that the contributions
*Present address: Department of Physics, University of Miskolcfrom cusp electrons to these doubly differential cross sec-

Miskolc, H-3515, Hungary. tions are not negligible, even though they are integrated over
"Present address: Division of Arts and Sciences, Spoon River Colall electron angles. Similar effects were also seen in our cal-
lege, RR1, Canton, IL 61520. culations which included the PCI. That work was focused on
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FIG. 1. Schematics of the ion energy-loss spectrometer.

':if:;s(,)f;apet?f t_he doulbly dl(l;f?r:entllal ;:ross SeC'[IOHIS ?ﬁ a func- FIG. 2. Measured doubly differential ionization cross sections
scattering angie and the electron energy. In this pap&g, 54 1 qy p-+He collisions as a function of the projectile scatter-

we present absolute magnitudes of both the doubly dlffereni-ng angle and the ionized electron energy

tial cross sections and singly differentiéhtegrated over '

scattering anglecross sections. We show that even in these £ aach projectile energy, the measurements consisted of

singly differential cross sections as a function of electrony, oo parts. First, an angular scan of the incident bezemo
energy there is an observable effect of the PCI between t ergy losswith ,no target gas was taken. From the angular
projectile and the ionized electron leading to cusp electronyigyriytion of the incident beam, we found an overall angu-
We compare our data to singly differential cross sectiongy; regolution of+75 urad. Second, an energy-loss spectrum
obtained by electron spectroscop§0,31. In these latter 44 taken for the target gas covering a range frefneV to
stuodles, electrons were only measured for emission angles %‘ther 80 or 150 eM(depending on projectile energfor a
10° and larger. Since cusp electrons are strongly forwargyeq scattering angle of 0°. The width of the peak represent-
peaked, they were thus heavily suppressed in these measufgy the incident beartzero energy logsindicates an overall
ments. energy resolution of 1.5 eV full width at half maximum
(FWHM). These energy-loss spectra enabled us to determine
EXPERIMENT relative doubly differential ionization cross sections at 0° as
a function of the energy loss. Finally, the angular distribution
The experiment was performed on the ion energy-lossf protons with fixed energy loss was measured. These mea-
spectromete(lELS) at the University of Missouri—Rolla. surements were then repeated for energy losses ranging from
The schematic of the apparatus is shown in Fig. 1. A protorp6 eV to either 80 or 150 eVdepending on projectile en-
beam with a very narrow energy spreedl eV) was pro-  ergy). The angular distribution of the incident beaero
duced in a hot cathode ion source and extracted at an energyiergy loss from the first measurement was used to decon-
of 2 keV. The beam was then accelerated to energies of 5@plute the incident beam divergenk28] from the measured
75, 100, and 150 keV and steered through a differentiallyangular distributions of the ionizing protons obtained in the
pumped target gas cell. A set of slits right in front of the gasthird measurements. From this procedure we obtained rela-
cell was used to collimate the beam to a size of 0.1 tive doubly differential ionization cross sections at fixed en-
mm. The projectile charge states after the collision wereergy losses as a function of scattering angle. From the com-
separated with a switching magnet. The protons then passeghation of the second and third measurements, we thus
through a solid-angle defining collimator and were decelerobtained relative doubly differential ionization cross sections
ated to an energy of 2 keV. The projectiles were energys a function of both scattering angle and projectile energy
analyzed using a 45° parallel plate analyi@] and detected |oss. The cross sections were put on an absolute scale by
by a discrete dynode electron multiplier. normalizing the cross sections integrated over both scattering
The energy analyzer was set to a fixed pass energy of 2ngle and energy loss to accurately known total ionization
keV. Projectile energy-loss spectra were taken by scanningross sectionf34]. A target pressure dependence was taken
an offset voltagedV on the accelerator relative to the decel- to ensure single collision conditions. The experiment was
erator. After acceleration, but before the collision region, theperformed with a target pressure of 50 mTorr over a length
protons therefore had an energy of 2 keWg..+AV)d, of about 1 cm.
whereV y..is the decelerator potential and 2 keV comes from
the ion source extraction. After the collision and after decel- RESULTS AND DISCUSSION
eration the energy was 2 keNAV —¢, wheree is the energy
loss the projectiles suffered in the collision. When the energy In Fig. 2 we show a three-dimensional plot of the relative
loss was equal to the offset voltage, the protons entered thdoubly differential cross sections as a function of the projec-
energy analyzer with the pass energy and were detected. Thite scattering angle and the ionized electron energy for a
projectile scattering angle was scanned by pivoting the acprojectile energy of 50 keV. The electron energy is given by
celerator about the center of the target chamber. the projectile energy loss minus the ionization potential.
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TABLE I. Measured doubly differential ionization cross sections as a function of the projectile scattering angle and the ionized electron
energy for 50-keVp+He collisions.

d?c/dQ dE (10713 cnéfsr eV)
6 (mrad leVv 5eV 10 eV 17 eV 22 eV 23 eV 26 eV 27 eV 29 eV 31leV 40 eV 45 eV

0 115 88 75 54 52 50 40 33 24 19 9.8 7.2
0.04 114 85 71 52 51 51 37 31 24 18 10 7.6
0.06 108 81 69 51 52 a7 37 31 24 18 9.6 7.3
0.08 97 80 66 48 45 46 32 28 23 18 9.1 7.1
0.10 91 75 59 45 44 42 30 28 22 18 8.7 6.7
0.15 70 58 48 36 36 34 24 24 19 16 8.5 6.5
0.20 48 43 36 29 29 27 18 20 17 13 7.6 5.9
0.25 32 30 27 21 20 19 15 16 13 11 6.6 53
0.30 21 18 19 14 15 14 11 11 10 8.5 5.5 4.4
0.35 12 12 12 10 11 9.6 9.3 8.0 7.9 6.7 4.8 3.7
0.40 8.3 8.0 8.8 7.2 7.8 7.2 6.1 5.7 54 5.5 3.7 3.1
0.45 7.4 5.6 7.5 5.6 6.2 5.9 54 4.8 4.4 4.2 2.9 2.8
0.50 4.5 4.1 4.5 3.9 4.4 4.2 3.9 3.4 3.6 3.2 2.3 2.4
0.55 3.7 3.3 3.6 3.2 3.7 3.1 2.8 3.0 3.0 2.9 2.1 2.2
0.60 3.4 3.0 3.1 2.9 3.0 3.0 2.5 2.7 2.5 2.7 1.7 1.6
0.65 2.7 2.4 23 2.4 2.4 21 2.4 23 1.9 20 1.7 1.2
0.70 2.2 2.7 2.4 2.3 2.3 2.4 2.0 2.3 1.7 14 1.7 0.8

These cross sections drop rapidly with increasing scattering As mentioned above, absolute doubly differential ioniza-
angle and ionized electron energy. Furthermore, there is @ion cross sections were obtained by normalizing the relative
pronounced shoulder at an electron energy around 25 eV faross sections integrated over both ionized electron energy
small scattering angles. This energy approximately correand projectile scattering angle to well-known total cross sec-
sponds tE,=m/ME,, whereE, is the electron energf,,  tions[34]. These absolute doubly differential cross sections
is the projectile energy, andn/M is the electron-to- are listed for all projectile energies in Tables I-1V and they
projectile-mass ratio. Electrons with this energy move at theare displayed for a subset of electron energies as the solid
same speed as the projectiteatching velocity. For all pro-  circles in Figs. 3—6. In these plots, the cross sections are
jectile energies which we measured, a structure was observguiesented for fixed incident projectile energies and fixed
around an electron energy corresponding to the matchingjected electron energies as a function of the projectile scat-
velocity. In an earlier articlg25], we demonstrated that these tering angle. For proton scattering angles larger than about 1
structures are due to the postcollision interaction between therad, the count rate of projectiles coming from collisions
ionized electron and the outgoing projectile, which is thewith the He target gas was not much larger than the back-
same mechanism leading to the well-known cusp peak in thground count rate coming from collisions with the residual
electron spectra. gas and from dark counts of the detector. Therefore, at these

TABLE Il. Same as Table | for 75 keV.

d?c/dQ dE (1078 cné/sr eV)
6 (mrad leVv 5eV 10eV 20eV 25eV 30eV 35eV 38eV 40eV 42eV 45eV 50eV 55eV

0 184 132 92 56 48 42 36 31 23 18 15 11 8.5
0.05 154 138 102 48 42 42 34 37 27 21 15 10 7.7
0.10 117 112 79 44 38 37 29 29 20 17 13 9.6 7.4
0.15 86 85 62 36 31 30 23 24 16 14 12 8.4 7.0
0.20 49 56 46 27 25 23 19 19 13 13 10 7.7 55
0.30 22 24 22 13 13 13 12 12 8.6 7.9 6.9 51 41
0.40 9.6 8.4 10 6.7 6.3 5.5 6.0 6.7 45 4.1 4.0 3.2 2.8
0.50 3.5 3.3 4.0 2.6 2.0 2.3 3.4 3.4 3.2 25 1.9 2.0 1.7
0.60 2.3 2.1 2.2 18 1.0 1.3 1.8 21 1.6 1.6 1.2 11 0.90
0.70 2.4 13 15 0.84 0.84 0.91 11 13 0.69 0.79 0.88 0.55 0.60
0.80 12 1.0 0.92 0.57 0.44 0.87 0.58 0.76 0.52 0.48 0.55 0.39 0.51
0.90 0.61 0.60 0.32 0.55 0.67 0.57 0.64 0.47 0.44 0.35 0.63 0.54 0.36
1.00 0.32 0.61 0.40 0.54 0.28 0.45 0.46 0.60 0.41 0.46 0.37 0.26 0.22
1.20 0.21 0.23 0.24 0.37 0.24 0.14 0.25 0.34 0.13 0.12 0.09 0.24 0.23

1.50 0.04 0.21 0.19 0.19 0.09 0.15 0.07 0.03 0.14 0.18 0.09 0.13 0.07
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TABLE lll. Same as Table | for 100 keV.
d?a/dQ dE (10713 cnié/sr eV)
5 10 15 20 25 30 35 40 42 44 45 48 50 53 55 60 65 75
6 (mrad eV eV ev eV eV eV eV eV eV ev eV eV eV eV ev ev eV eV
0 138 91 65 56 44 26 31 25 25 44 24 23 23 19 17 12 9.1 7.2
0.05 112 78 50 49 36 35 30 25 29 23 23 21 20 17 14 12 88 7.1
0.10 88 62 43 42 30 29 28 22 21 20 19 17 17 14 14 11 82 6.0
0.15 61 43 32 32 23 25 24 18 17 16 16 14 15 12 12 95 6.9 538
0.20 36 27 21 23 16 18 17 15 14 12 13 11 12 10 9.0 83 6.0 50
0.30 14 13 8.8 11 82 93 90 85 81 74 78 62 68 6.0 53 51 42 38
0.40 4.9 5.6 3.6 4.8 4.9 4.4 4.6 3.7 3.8 4.2 3.3 3.3 3.1 3.3 3.3 32 24 25
0.50 2.0 2.1 1.1 2.2 1.7 1.6 1.9 1.9 2.2 1.9 1.6 1.6 1.3 1.7 1.8 1.3 14 14
0.60 1.7 1.6 0.79 1.3 1.1 1.0 096 063 1.2 1.0 097 11 0.78 1.1 1.0 0.74 0.84 0.85
0.70 069 09 053 069 098 038 049 040 056 051 044 050 052 060 062 0.47 0.45 0.50
0.80 056 057 027 046 036 063 044 038 044 057 038 051 043 040 040 0.26 0.27 0.30
0.90 037 051 033 028 025 037 043 038 018 014 025 0.19 024 031 030 0.21 0.22 0.27
1.00 0.15 0.19 004 025 018 0.22 020 035 019 021 020 0.23 0.14 0.15 0.37 0.16 0.17 0.17
1.20 0.07 0.05 0.04 0.03 0.07 0.11 0.07 0.15 0.13 0.11 046 006 0.09 066 0.18 0.12 0.13 0.09
1.50 0.01 0.02 0.04 006 0.03 0.11 0.03 0.08 0.02 0.07 0.09 0.07 0.06 0.08 0.08 0.06 0.05 0.04

large scattering angles, the experimental uncertainties atbe projectiles are only deflected by their interaction with the
quite large. At scattering angles smaller than 1 mrad, in conelectron. Nevertheless, this calculation has been demon-
trast, the statistical errors are negligible. Here, the experistrated to reproduce ionized electron spectrapiéte col-
mental uncertainties are mainly due to the deconvolution ofisions at projectile energies as low as 50 keV reasonably
the incident beam profile and due to the normalization prowell [11,35. The full curve represents the same type of Born
cedure. The deconvolution affects scattering angles near @alculation as the dashed curve; however, here the PCI is
particularly sensitively so that here the uncertainties aréncorporated following the method of Sali5]. In this
larger than at intermediate angles, in spite of the larger counnethod the PCl is included by multiplying the transition am-
rate at small scattering angles. plitudes by a Coulomb factor which is proportional to

In Figs. 3—6 we also compare the experimental data to ou(rve—vp)_l, wherev, andv,, are the electron and projectile
calculations. The dashed curve shows a distorted-wave Bowelocities. For convenience, we call the Born calculation
calculation[11] which treats the target ion-electron interac- without PCIB1 and the one with POB2. The open circles
tion to all orders. The projectile-electron interaction, in con-in Figs. 3, 5, and 6 show our classical trajectory Monte Carlo
trast, is only included in first order so that the PCI is takencalculations(CTMC). This calculation includes the PCI as
into account only very weakly. Furthermore, the targetwell as the interaction between the projectile and the target
nucleus-projectile interaction is not included either, so thanhucleus.

TABLE IV. Same as Table | for 150 keV.

d?c/dQ dE (1078 cn/sr eV)
6(mrad 5eV 15eV 25eV 35eV 45eV 55eV 65eV 75eV 77eV T79eV 8leV 83eV 85eV 95eV

0 153 71 46 32 22 16 12 9.9 9.5 8.6 7.6 6.6 5.6 4.2
0.05 132 61 41 29 21 13 12 9.7 8.8 8.1 8.2 6.8 6.3 4.2
0.10 98 43 32 23 18 12 11 9.1 7.6 7.7 7.1 5.7 54 3.7
0.15 65 31 25 17 16 9.7 9.2 7.2 7.2 6.8 6.1 5.3 4.7 3.3
0.20 30 16 15 12 12 7.5 7.1 6.5 5.8 53 4.9 4.5 4.0 3.0
0.30 9.8 6.9 6.5 7.6 6.6 41 4.4 3.8 3.7 3.6 3.3 2.5 2.7 1.9
0.40 2.5 3.0 2.8 3.3 2.8 2.2 2.0 2.2 1.9 21 1.6 1.4 15 1.2
0.50 0.66 0.99 0.70 11 1.2 0.90 092 11 1.0 0.96 0.81 11 0.93 0.73
0.60 0.46 0.42 0.44 0.84 0.85 0.61 0.40 0.67 0.64 0.61 0.77 0.43 0.66 0.61
0.70 0.65 0.17 0.24 0.52 0.35 0.39 0.13 045 0.50 0.40 0.94 0.23 0.39 0.31
0.80 0.42 0.13 0.19 0.43 0.44 0.30 0.19 0.30 0.24 0.41 0.40 0.16 0.29 0.24
0.90 0.30 0.17 0.19 0.33 0.28 0.28 0.26 0.32 0.24 0.18 0.26 0.18 0.24 0.21
1.00 0.33 0.27 0.14 0.20 0.33 0.32 0.17 035 0.10 0.15 0.24 0.22 0.22 0.25
1.20 0.24 0.06 0.03 0.18 0.18 0.12 0.14 0.20 0.16 0.47 0.20 0.16 0.17 0.23

1.50 0.12 0.14 0.11 0.10 0.14 0.13 0.29 0.28 0.18 0.18 0.20 0.29 0.14 0.20




54 ABSOLUTE DOUBLY DIFFERENTIAL SINGLE . . . 2955

u| T I I T E

T eman Tt 50 keV p + He
- E.,=5eV

d°6/ dQdE (cm’/sr eV)

3 1 4 le) E
i () =
10-13 - -
H 1 1 1 I b=
0.0 0.2 0.4 0.6 0.8
0 (mrad)
5 T T T T
~ 10" F 3 FIG. 3. Doubly differential
® o 50 keV p+ He 3 ionization cross sections as a func-
7 [ E,=25eV . tion of the projectile scattering
NE y N i angle for a subset of fixed electron
8 10 EC 0 0 o 4 "“; ~~~~~ E energies for 50-ke\p+He colli-
w c ° o 6 * 3% ] sions. The solid points are the ex-
g i ° o 4 o ] perimental data, the dashed curve
S el ° o4, o ) ] shows our Born calculation with-
Nb 1o E © 0o 4 - out PCI, the solid curve our Born
© - calculation with PCI, and the open
" | ! | | ] circles represent the CTMC calcu-
0.0 0.2 0.4 0.6 0.8 lation.
6 (mrad)
5] ] ] T I E
> 50 keV p + He
1072 3
- E,=45eV ]
__________ [ ]
NQ - T T T T i -~ 1
g o -
~ o] h
o © ° o o
Hiok °© © o, 3
G E © % o 4 ]
© - o o o .
C\lb i ° © o
e} - _
10k 1 1 | ] =
0.0 0.2 0.4 0.6 0.8

0 (mrad)

At a projectile energy of 50 keV and for small electron ever, with increasing electron energy, the difference between
energies, the CTMC calculation is in nearly perfect agreethe two Born calculations decreases systematically.
ment with the data. Both Born calculations describe the With increasing projectile energy, the agreement of the
shape of the measured cross sections well, but they som82 and the CTMC calculations with the experimental data
what overestimate the magnitude for small electron energiefiecomes increasingly better. At 150 keV the agreement of
At an electron energy of 25 eV, which is the energy whereboth calculations with the data is quite good both in magni-
the cusp peak occurs in the electron spectra at this projectileide and shape. ThB1 calculation, in contrast, still shows
energy, the shape of tHgl calculation is significantly dif- significant discrepancies except for small electron energies.
ferent from the shape of the experimental data. Both calcu¥he CTMC calculation tends to exhibit better agreement
lations including the PCKCTMC and B2), on the other with the data for large scattering angles than B# calcu-
hand, describe the shape quite well, even though the agrektion. This can be understood by the fact that B#calcu-
ment is not very good in the absolute magnitude. The CTMdation does not include the projectile-target nucleus interac-
calculation shows increasing discrepancies in the absolutiéon. Therefore, in the Born calculation the projectile can
magnitude to the data with increasing electron energy. Aonly be deflected from the target electron. For a proton scat-
similar comparison between the theories and the data is oltering from a free electron at rest, there is a classical maxi-
served for electron energies above the cusp energy. Hownum scattering angle of 0.55 mrad. The contributions in the
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B2 calculation above this angle are primarily due to the mo-data, the widths were obtained from a fit of a combination of

mentum distribution of the electron in the initial target state.a Gaussian and a Lorentzian function to the data. The mea-
Nevertheless, due to the missing projectile-target nucleus irsured widths show the expected general trend, i.e., they in-
teraction, the contributions at large scattering angles arerease with increasing electron velocity. However, contrary

strongly underestimated. to our expectation, at the matching velocity /v ,=1),

The better overall agreement of tB& and CTMC calcu- which corresponds to the cusp energy, a distinct change of
lations with the data compared to tBé& calculation suggests the slope is observed. Below the matching velocity, the
that the doubly differential cross sections are significantlywidth increases relatively slowly while it increases much
affected by the PCI. In particular, the shape of the measurethore steeply above the matching velocity. This effect ap-
cross sections is much better reproduced by the calculationmears to become weaker with increasing projectile energy
including the PCI. This is illustrated in Fig. 7, where the half and it is not observed at 150 keV. Qualitatively, the CTMC
widths at half maximum of the angular distributions of the andB2 calculations show similar features. Both calculations
doubly differential cross sections for fixed electron energieslso show a change of slope and in some cases even a mini-
are plotted as a function of electron velocity relative to themum is observed near the matching velocity. At the low
projectile velocity. The symbols and curves have the samerojectile energies, there appears to be some indication for
meaning as in Figs. 3—6. In the case of the experimentauch minima in the experimental data as well; however, at
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the higher projectile energies there are certainly no minimassumptions into question. On the other hand, it should be
as pronounced as in thB2 calculation. Otherwise, these noted that our cross sections are differential in the projectile
calculations are in fair agreement with the data. Biecal- angle. Furthermore, it cannot be ruled out that the projectile
culation, in contrast, drastically overestimates the widthsangle is correlated with the electron angle such that if one
with the largest discrepancies occurring at the matching veselects small projectile scattering angles, small electron
locity. In a recent paper, we have interpreted these observamission angles are favored as well. In that case the impor-
tions as due to the postcollision interacti@b]. tance of the PCI in our doubly differential cross sections
In the electron spectra obtained directly from electronwould be less surprising at least for the small scattering
spectroscopy, the cusp electrons are only observed at eleangles, where indeed the effect of the PCI appears to be most
tron emission angles around 0°. It was therefore assumegkonounced(see Fig. 2. It is therefore important to also
that the PCI has a significant effect only on cross sectionanalyze the singly differential cross sections integrated over
doubly differential in the electron energy and the electronall projectile angles.
ejection angle, and it was thought to be negligible in the In Figs. 8—11 we show the ionization cross sections singly
cross sections integrated over all electron angles. In our exdifferential in the ionized electron energy as a function of the
periment, the cross sections are automatically integrated oveatio of the electron velocity to the projectile velocifiela-
all electron angles. Our results thus appear to call the abouive electron velocity. The data show similar features as the
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electron energy dependence of the doubly differential crosprojectile angle and the electron angle.

sections at small scattering anglsge Fig. 2 At projectile Our conclusion that the PCI significantly affects even the
energies of 50 and 75 keV a clear shoulder structure is obsingly differential cross sections is also supported by our
served at the matching velocity. Again, this effect becomegalculations. Thé1 calculation, which does not include the
weaker with increasing projectile velocity and no significantPClI, does not show any structure at the matching velocity
structure is seen at 150 keV. At 75 keV there appears to band it does not describe the shape of the experimental data
an enhancement of the cross sections at electron velocitiegell. The same calculation with the PCI includeB2), on

just below the matching velocity. This can be attributed tothe other hand, exhibits a very similar shoulder structure as
autoionization resonances for thep®@!D and (%2p)P the data at the matching velocity and describes the shape of
states. For a projectile energy of 75 keV, the resonance erthe data fairly well. In the CTMC calculation, the effect does
ergies for these states correspond to a relative electron veot appear to be as obvious probably due to the fewer calcu-
locity close to one. The fact that we even find a structure atated points. However, comparing the calculated points be-
the matching velocity in the singly differential cross sectionslow the matching velocity to those above the matching ve-
integrated over both the electron and the projectile angléocity shows that there must be a change of slope somewhere
shows that the effects of the PCI on the doubly differentialaround the matching velocity, at least for 50 keV.

cross sections are not merely due to a correlation between the While our B2 calculation is in good agreement with the
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FIG. 7. Widths of the angular distributions of the doubly differ- ot e jonized electron velocity relative to the projectile velocity for
entlgl ionization cross schon_s as a function of the electron velocitgq_ay p+He collisions. The stars show experimental data of
relative to the projectile veloplty. Thg curves and the open Symbo'?:henget al. [31] taken by electron spectroscopy. The dash-dotted
represent the same calculations as in Fig. 3. curve is a CDW calculation by Gulyast al. [36]. All the other

symbols have the same meaning as in Fig. 3.

shape of the data, there are significant discrepancies in the
magnitude especially for the low projectile energies. This isgies. In the CDW calculation, the structure is not quite as
a result of thead hocmethod used to treat the PCI in this pronounced as in thB2 calculation, but it is consistent with
calculation. The PCI is accounted for by multiplying the our data. A comparison in the magnitude of the CDW calcu-
scattering amplitudes by a Coulomb function, which has thdation, the experimental data and the two Born calculations
form 1/(Jve—v,|). This will always increase the cross sec- also indicates that there does not appear to be the total elec-
tion near the velocity match and thus the total electron flux igron flux problem encountered in th®2 calculation. The
not conserved in this calculation. On the other hand, the tru€DW calculation is in reasonable agreement with the mag-
effect of the PCl is just to redistribute the electron flux afternitude in the data while thB2 calculation significantly over-
the ionization process and thus it should not affect the totaéstimates the cross sections for small projectile energies. At
flux. the same time, the CDW argil calculations appear to yield

This total electron flux problem introduced by the PCI in similar cross sections integrated over the electron energy.
our B2 calculation does not occur in the continuum Overall, the CDW calculation shows very good agreement
distorted-wave(CDW) calculation by Gulyaset al. [36].  with the data at small projectile energies. At higher projectile
This calculation is very similar to thB2 calculation in that energies, increasing discrepancies in the shape are observed,
it also treats the target potential to all orders. However, thavhile the agreement of thB2 calculation is improving.
PCIl is accounted for in a different way. In the CDW calcu- It is also interesting to compare our measured singly dif-
lation, the PCI is incorporatedb initio in terms of a phase ferential cross sections to those obtained by electron spec-
factor that the presence of the projectile potential after theéroscopy. The stars in Figs. 8—11 show the electron data by
collision introduces to the transition amplitude. DependingChenget al.[31]. These data were not normalized to known
on the phase factor, the transition amplitude can now bé¢otal cross sections as were our data. The integrated cross
either increased or decreased by the PCI and the total elesections of Chengt al. are somewhat different but, within
tron flux is not necessarily increased. experimental uncertainties, not inconsistent with our inte-

The CDW calculation is shown in Figs. 8—11 as the dashgrated cross sections. Significant differences between our
dotted curves. Here, too, a shoulder structure at the matchindata and those of Chergg al. are observed at the low pro-
velocity is apparent especially at the lower projectile enerjectile energies in the shape of the cross sections differential
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in the electron energy, however. Specifically, the electron
data of Chenget al. do not show any structure near the
matching velocity; rather, the cross sections just fall off
monotonically with increasing electron velocity. At 50 keV,
however, there appears to be a structure at an electron veloc-
ity considerably below the matching velocity. These differ-
ences in the shape of the cross sections between our energy-
loss data and the electron data can also be understood in
terms of the PCI. In this context it is important to point out
that the electron data were only taken for electron emission
angles of 10° and larger. This means that most of the contri-
butions from cusp electrons, which are mainly emitted in the
forward direction, will not be seen. Our experiment, in con-
trast, automatically integrates over all electron angles. It is
therefore not surprising that the effects of the PCI are more
prominent in our data. At high projectile energies, where the
influence of the PCI appears to be reduced, our data are in
agreement with the electron data within experimental uncer-
tainties.

The comparison of our measured singly differential cross
sections to various calculations with and without the PCI as
well as to the electron data, in which the PCI is suppressed,
leads us to conclude that the PCI is very important even in
the singly differential cross sections integrated over both the
projectile scattering angle and the electron ejection angle,
especially at small projectile energies. Gibson and R&¥
have obtained an estimate for the total cusp electron produc- sxi10™
tion cross section for the same collision system and projectile
energy regime as studied in this work. At 50 keV, for ex-
ample, they obtained a value of about 2078 cn?. Along
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FIG. 11. Same as Fig. 8 but for 150 keV.
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with the experimental width of the cusp pe@keV FWHM) measurements of singly differential cross sections it is criti-
in their work we crudely estimate the cross section differen-cal to take data for electron angles around 0°.

tial in electron energy to be aboutxa0 !° cni/eV at the It has been shown previously that, in theoretical calcula-
cusp energy, which is about 20% of our measured differentions of single-ionization cross sections it is important to
tial ionization cross section. This value is consistent with thetreat the target potential to all orders. Here, we demonstrated
difference between our data and those of Cheingl. There-  that the interaction between the projectile and ionized elec-
fore, if one wants to determine singly differential ionization tron has to be treated beyond first order as well. Specifically,
cross sections using electron spectroscopy, it is very importhe long-range nature of the Coulomb force between the two

tant to take data at emission angles near 0°. free particles, leading to the PCI, can only be described in a
higher-order treatment. In this context, our data provide a
CONCLUSIONS sensitive test case for the proper representation of the asymp-

) o totic three-body Coulomb wave function which is important

We have measured and calculated single ionization crosgy the description of the PCI. However, we also found that a
sections doubly differential in the projectile scattering angleg|assical treatment, which inherently includes the PCI, pro-
and the ionized electron energy. We have for the first tim&jiges a good qualitative description of the ionization process.
observed the effects of the postcollision interaction on the
heavy projectile spectra, both in the energy and in the angu- ACKNOWLEDGMENTS
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