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The energy distribution of binary-encounter electrons (BEE) produced in collisions of 1 —2

MeV/amu H+ and bare C, N, 0, and F ions with H2 and He gas targets is reported at 0 with

respect to the beam direction. These electrons result from ionization of the target due to hard col-

lisions with the projectile and can thus be considered to be produced in a process analogous to elas-

tic scattering of a free electron from a highly charged ion. An impulse-approximation (IA) model

has been developed to describe this process in which "quasifree" target electrons undergo 180'

Rutherford scattering in the projectile frame. The measured BEE double-differential production

cross sections for bare ions were well described by this model and were found to scale with Z~ and

E~
' ' ' "where Z~ and E~ are the charge and energy of the projectile, respectively. An energy

shift of the BEE below 4t, where t is the cusp electron energy, is observed and is also predicted by

the IA treatment. A plane-wave Born approximation (PWBA) calculation for BEE production is

also found to be in overall agreement with our data. However, the energy shift of the BEE peak

could not be fully accounted for within this PWBA calculation.

I. INTRODUCTION

Binary-encounter electrons' (BEE) are target elec-
trons ionized through direct, hard collisions with energet-
ic projectiles, giving rise to a broad energy distribution.
Using elastic two-body collision dynamics for heavy-ion
impact on a free electron, the energy of the recoiling elec-
tron can be shown to equal 4t cos 8&,b and is known as
the BEE peak energy. ' The cusp electron energy is
given by t =(m/M~)E~, where m/M is the electron-to-
projectile mass ratio, E~ is the projectile energy, and O~,b

is the laboratory electron observation angle with respect
to the beam direction. Thus for zero-degree measure-
ments (O~,b =0') the BEE peak energy should be at 4t.

The production of BEE has been studied using H and
He projectiles, "however, to our knowledge, only a few
measurements using heavy-ion projectiles have been re-
ported" and none at O'. A detailed understanding of
BEE can be useful in the study of characteristic E Auger
electron spectra in heavy-ion —atom collisions, since BEE
production is often the dominant component of such
spectra and can interfere with coherent Auger electrons,
as, for example, in resonant transfer excitation followed
by Auger decay (RTEA). ' ' Thus it is important to
have a good quantitative model of BEE production that
can give the correct projectile E and Z dependences, as
well as a good description of projectile screening ' '
and target electron binding effects.

In this paper, we report on the production of binary-
encounter electrons at 0 with respect to the beam direc-
tion in energetic l —2-MeV/amu collisions of bare ions
with H2 and He targets. By utilizing bare projectiles we
eliminate complications due to possible screening
effects, ' and by using two-electron targets we focus on
the BEE production for only the K shell. At the rather

high co1lision energies involved in this study, both the
impulse approximation' (IA) and the plane-wave Born
approximation' (PWBA) should provide a good descrip-
tion of BEE production. Thus by measuring double-
differential cross sections (DDCS) of electron production,
in both electron energy and solid angle, we can provide a
stringent test of both the IA and PWBA treatments of
energetic ion-atom collisions.

In particular, we have developed an IA model in which
BEE production at zero degrees can be viewed from the
projectile frame, essentially as 180' Rutherford scattering
of a "quasifree" target electron by the projectile ion.
Upon integrating the Rutherford cross section over the
incoming electron s momentum distribution due to its or-
bital motion around the target nucleus (Compton profile)
and correctly accounting for its binding energy, we find
that the predicted DDCS are in excellent agreement with
our data, particularly in the case of the Hz targets, over
the whole range of collision energies and projectile
species studied here. The PWBA DDCS are also found
to be in overall agreement with the results of the IA and
experiment for H2 targets. However, the BEE peak, ob-
served to be shifted towards lower electron energies (see
Fig. l) from 4t, is in better agreement with our IA formu-
la than with the P%'BA.

Based on the excellent systematic agreement between
the IA and the measured DDCS for projectiles ranging
from protons to F +, it was decided that our IA formula
for BEE production could be used to provide a direct and
accurate in situ absolute efficiency normalization (calibra-
tion) of our electron spectrometer in the electron energy
range of 1 —5 keV. This eliminates the extrapolation of
the efficiency derived from the normalization to known
Ne target K Auger electron cross sections' ' (Auger en-

ergy about 0.8 keV) produced by proton impact.
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Considerable care was taken in reducing the beam-
induced background by carefully collimating the beam.
Such a background is produced mainly by electrons scat-
tered by the beam at the edges of the spectrometer slits
and gas-cell apertures and can be a large source of error
at 0' observation. This beam-induced electron back-
ground was directly determined by taking an electron
spectrum without gas in the target cell. Around the BEE
peak, this background could be reduced to less than a few
percent of the true counts and was subtracted with small
error.

Figure 1 shows a representative electron spectrum for a
collision of 19-Me% F ++H2. The BEE peak is the
broad structure at the high-energy side of the spectrum.
We note that for this relatively high collision energy, the
BEE peak is well separated from the cusp.

LABORATORY ELECTRON ENERGY (eV)

FIG. 1. Electron-energy spectrum for the collision of 19-
MeV F ++H2 observed at 0' showing the cusp and binary en-

counter peaks. The cusp, not shown in its full height, at energy
t is about 5.5 times higher than the binary encounter peak. The
maximum of the binary-encounter peak appears at an energy
slightly lower than 4t (arrow).

In addition, BEE studies of this kind lay the founda-
tion for the investigation of more complicated
multielectron-ion-atom collision systems' and possibly
provide an alternative way (other than the more direct
but difficult electron-ion crossed-beam experiments) to
study multielectron ion-electron scattering.

II. EXPERIMENT

The experiment was performed using highly charged
ion beams produced by the Kansas State University tan-
dem Van de GraafF accelerator. A 0' tandem 45'
parallel-plate electron spectrometer ' with a channeltron
detector was used to analyze the energy of electrons pro-
duced in the collisions. The performance of this spec-
trometer has already been reported in measurements of
KLL Auger electrons used in state-selective determina-
tions of absolute cross sections of various ion-atom col-
lision processes. '

The electron spectra were obtained with 2.8% full
width at half maximum (FWHM) energy resolution
without any electron-energy retardation. The binary-
encounter electrons were recorded under single-collision
conditions found to be valid for target gas pressures less
than 80 mTorr in a 10-cm-long gas cell. The gas cell was
doubly differentially pumped, ' so that the chamber pres-
sure could be maintained below 0.01 mTorr at typical gas
cell pressures of 40 mTorr. A shielded Faraday cup was
used to measure the beam current, which normalized the
electron count for each electron energy channel. Partial
charge neutralization of the projectile beam due to elec-
tron capture in passing through the target gas, which
could give rise to erroneous beam integration, was found
to be negligible for the collision systems studied here.

III. CALCULATION OF DOUBLE
DIFFERENTIAL CROSS SECTIONS

The expression within the large parentheses on the right-
hand side of Eq. (l) is the Rutherford scattering cross sec-
tion of a free electron by a bare projectile ion. Z e is the
projectile nuclear charge for the case of a bare projectile.
For the O' BEE measurement, the electron scattering an-

gle is 8=180' in the projectile frame. The target-electron
momentum wave function is given by g;(p; ), where the
subscript i refers to the ith target electron. E is the elec-
tron energy in the projectile frame.

Including the target ionization energy EI, from energy
conservation considerations, E can be expressed as

Projectile
nucleus

s=mV„ Piz Target
electron

FIG. 2. Schematic diagram of the kinematics of a target elec-
tron in a binary-encounter collision with a projectile as seen
from the projectile frame. s=mV~ is the cusp momentum,
where m is the electron mass and —V~ is the projectile velocity.

p, and p;, are the target-electron's orbital momentum and its
component along the beam axis (z axis), respectively. In this
reference frame the target electrons undergo 180' Rutherford
scattering from the projectile nucleus and give rise to the BEE
observed at 0' in the laboratory frame.

Figure 2 shows a schematic diagram of the relevant ki-
nematic quantities associated with the production of BEE
in the "projectile" frame. In this figure, the z axis is
defined along the projectile velocity V, s is the cusp
momentum (mV ), and p, is the target-electron's orbital
momentum. The BEE production cross section can be
evaluated in the projectile frame within the impulse-
approximation treatment' as follows:

z2 4

i6Z' '4(ex&)
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E =(a+p, )z/2m E—I

=(sz+2sp, , +p,i+p,. +p,.„)/2m E—I . (2)

E=t[(1+r) —
A, ] . (3)

Introducing the Compton profile J(p, } and using Eq. (3),
one obtains

where

cf cT

dQ aEE

Z e sJ(p, )
dE,

32t [(1+r) A, ] (1+—r)
(4)

J(p, )=g f f&p;„dp;~~ij'j;(p;)~'.

Since the scattering takes place in a plane, the component
of p; perpendicular to the plane, p, , is identically zero,
and p;„, which is perpendicular to the cusp momentum s,
is neglected, since (p,„/s ) && 1 for fast collisions. For ex-
ample, in 1-MeV/amu projectile-ion impact, (p;„ /s )

=0.03 and 0.07 for the most probable value of p; set
equal to p;„ for H2 and He targets, respectively. We note
that (p;, /s) is also small for most momentum com-
ponents and could be neglected, however, it is not neces-
sary to do so for the separation of variables required in
the utilization of the Compton profile J(p, ) [see Eq. (5)
below]. This differs from Brandt's "linearized" RTE-IA
treatment' where all quadratic terms and EI are neglect-
ed. It is thus expected that the present model will give
improved agreement with the observed BEE spectrum at
the low energy wing of the BEE peak, where the large
momentum components play an increasingly important
role. This effect will be more pronounced for atoms with
broader Compton profiles, as in the case of He compared
to H2.

Defining the cusp energy t =—s /2m, the reduced
momentum r =p;, /s, and the reduced ionization energy

Ei/t, t—he electron energy E is given within the ap-
proximation above by

Experimentally determined Compton profiles were used
for both H2 and He target electrons in the ground state.
Thus, the integrand in Eq. (4} is the DDCS for BEE pro-
duction at 180' in the projectile frame. Therefore,

v 2Z~J(p, )ao

32eot [(1+r) —
A, ] (1+r)

(6)

where t and p, are now in atomic units, and ao and co are
the Bohr radius and the atomic unit of energy.

In order to compare with theory, the experimental
DDCS and electron energies are transformed from the
laboratory to the projectile frame, using' '

d 0'

dE dQ

lab
cT

dE d 0 QE/E„b

and for 8=180'

E=(QE„b &t —)',
E&,b being the laboratory electron energy.

IV. DATA ANALYSIS

A. Determination of the cusp energy t

The cusp energy t, required in Eqs. (6) and (8), was
determined experimentally by directly measuring its
value in the electron spectrum. This determination of t
has been found to be a convenient and reliable way of
measuring the actual projectile velocities to within O. l%%uo,

particularly for highly charged ions obtained by
poststripping projectile ions of a lower charge state, a
process which results in a small but observable energy
loss of the beam as it traverses the stripper foil (-10
pg/cm ). The experimentally determined values of t are
listed in Table I together with to, the cusp energy derived
from E as determined by the accelerator calibration.

TABLE I. Measured cusp energies t and observed energy shifts EE~,b —=4t —E~,b" (see text), for vari-
ous projectile and target species. E~ is the projectile energy determined from the accelerator calibra-
tion, to is the cusp energy derived from E~, and E~,b" is the laboratory electron energy at the maximum
of the BEE peak. Experimental uncertainty on t is about k2 eV and on EE),b about +8 eV.

Projectile

~8+
N7+
C6+
H+

E~ (MeV/amu)

1.00
1.25
1.50
1.75
2.00
1.50
1.50
1.50

—1.5'
2.00

to (eV)

549
686
823
960

1097
823
823
823

—820'
1097

t (eV)

545
682
820
957

1097
820
823
823
800b

1085

EE],b(H2) (eV)

96
94
93
92
92
93
93
93
37
19

b,E),b(He) (eV)

186
178
174
171
169

82
68

'Projectile energy was only approximately known.
1.7' larger values of t were required in the IA and PWBA calculations in order to get agreement with

data.
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B. Determination of the DDCS
and the spectrometer ef5ciency

The experimental DDCS for electron production in
ion-atom collisions, in general, can be obtained from the
following well-known expression:

]ba
CT Y

dE dQ, „, Nnlb, QAEI,bg(EI,b)
(9)

x
UJ
O
LL

UJ
2-

f BINARY ENCOUNTER: B5—3BMeV F +H,

NEON K AUGER: 3 MeV H' + Ne

0 I I I I I I I I

a000 2000 5000 4000

LABORATORY ELECTRON ENERGY {sV)

FIG. 3. Overall absolute spectrometer efficiency g(E&,b) plot-
ted as a function of the laboratory electron energy Ei,b. The
solid line was interpolated using the data points (closed circles)
obtained by normalizing the F ++H2 BEE yields to the IA cal-
culation (see text). The dashed line was extrapolated using the
results of Ref. 32. The open circle is the efficiency measured us-
ing the known Ne target K Auger cross section (Ref. 19) at
E&,b =800 eV for 3-MeV H++Ne collisions. The error bars are
calculated from statistics alone. The Ne K Auger data has an
overall absolute uncertainty of 20%%uo (Ref. 19).

where Y and N are, respectively, the number of electrons
and projectiles counted per electron energy, n is the tar-
get number density, I is the length of the gas cell, EQ is
the effective solid angle, EE„b is the spectrometer accep-
tance energy at electron energy EI», and ri(EI») is the
overall spectrometer efficiency.

The efficiency ri(EI») is the product of the spectrome-
ter transmission, the channeltron detection efficiency, and
other possible factors. Channeltron detection efficiencies
have been found to range, depending on the experi-
mental setup, from 20% to 100% over the 1 —5-keV
electron-energy range of interest in this study. In view of
these difficulties, g(EI» ) is determined using our mea-
sured electron yields [see Eq. (9)] and the calculated IA-
DDCS [see Eq. (6)], at the BEE peak, at each collision
energy of the F ++H2 system. The values of g(EI»)
determined by this method are given in Fig. 3. Also
shown in Fig. 3 is the value of T)(EI»=800 eV) deter-
mined from the measured 3-MeV H++Ne E Auger
yields normalized to the published' cross section. In
view of the simple nature of the BEE process, we have
selected and used the BEE-IA normalization to test the
systematics of BEEproduction given below.

V. RESULTS AND DISCUSSION

Figure 4 shows the projectile-frame DDCS for col-
lisions of F + with H2 and He for three different collision
energies. Only the electron yields whose laboratory ener-
gies are greater than the cusp electron energy (see Fig. 1)
are transformed into the projectile frame, since electrons
whose laboratory energies are smaller than the cusp ener-

gy are not included in the IA model. The spectrum
rejects primarily the underlying Compton profile of the
target electrons. We compare this data to the IA model
[see Eq. (6)] (solid line) and the PWBA calculation
(dashed line).

The overall agreement between the data and the IA is
good except in the very-low-electron-energy region, cor-
responding to electrons with p,, nearly equal and opposite
to the cusp momentum, s, for which the impulse approxi-
mation approaches the limit of its validity. The combina-
tion of the Compton profile and the E energy depen-
dence of the Rutherford cross section results in an
electron-energy distribution asymmetrically skewed to
lower electron energies. The binding energy of the target
electron further shifts the energy distribution to even
lower energies. These shifts are more pronounced in He
than in Hz targets due to the broader Compton profile
and the larger binding energy of He. Therefore, as seen
in Fig. 4, the BEE peak is not found at t in the projectile
frame (4t in the laboratory frame), as it would if it arose
from collisions with truly free electrons (see the vertical
arrows in Figs. 1 and 4).

The origin of the BEE energy shift and its asymmetry
is investigated in more detail in Fig. 5, where we compare
four different calculations with our measurements. The
dot-dashed line is the Compton profile for either H2 or
He targets centered at t —EI in the projectile frame. The
solid line is the IA calculation with EI =15.5 and 24.5 eV
for the H2 and He targets, respectively. The dotted line is
the IA calculation with EI=0. The dashed line is the
PWBA calculation. ' As observed, around the BEE
peak, the PWBA calculation is seen to give the same re-
sult as the IA with EI=0 for 1 —2-MeV/amu F ++H2
collisions. The BEE energy shift below 4t, defined as
EE„b—=4t —E„b", was found to vary between -92-96
eV for H2 and —169—186 eV for He targets, in collisions
with heavy projectiles (see Table I for details). EP&" is
the laboratory energy at the maximum of the BEE energy
distribution, and was extracted by fitting the data by the
IA [see Eq. (6)]. The energy shift EEI,b becomes smaller
at higher projectile energies due to the Rutherford
scattering E energy dependence. It is interesting to
note that the energy shift for protons was smaller than
that for the heavy projectiles and could not be fully ac-
counted for, by either the IA or the PWBA treatments,
for reasons not yet understood.

The PWBA DDCS were obtained by integrating the
analytic expression given in Rudd and Macek' over the
momentum transfer. In this formulation, the initial state
of the target is described by hydrogenic ls wave functions
with an effective charge equal to the square root of the
binding energy in atomic units. ' This expression, valid
for ionization of a target atom by protons, was general-
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ized to treat other bare ions by multiplying the proton re-
sults by Z . In Fig. 6 we compare results from 1.5-
MeV/amu H+ on H2 and He. Included as an insert is a
comparison of the data for 1.5-MeV/amu H+ and F + on
He. The dash-dotted line is the H+ data multiplied by
Z (=81). As seen, the Z scaling works well only
around the BEE peak. The same Z~ scaling trend was
observed for the 2-MeV/amu data.

We see that the agreement between the data and the
PWBA is also good around the BEE peak for F + col-
lisions with H2, but becomes worse for collisions with He
(see Fig. 4). In Fig. 4 the energy shift of the BEE peak is
not as well accounted for by the PWBA as it is by the IA
model. Nevertheless, both IA and PWBA give similar re-
sults once the DDCS are integrated over the range of the
BEE peak.

In order to test the Z dependence of the BEE produc-
tion more systematically, various bare ions, F +, 0 +,
N +, and C +, as well as protons were used as projectiles

in collisions with H2 targets at 1.5 MeV/amu. The BEE
DDCS for each projectile is compared to the full IA
(solid lines) in Fig. 7. The absolute single differential
cross section d cr /d 0 at 8= 180 (O„b=0') was extracted
for each projectile by fitting the experimental DDCS with
the IA and then integrating over the BEE peak. The re-
sulting cross sections divided by Z are plotted in Fig. 8
together with the results of the IA. Shown also are the
data and IA results for 2-MeV/amu F + and H++H2
collisions. The Z dependence of the BEE production is
thus confirmed over this range of Z .

In Fig. 9, we compare theoretical and experimental
DDCS evaluated at E&,b =E„b"for F + on Hz and He for
various projectile energies. As discussed earlier, the ex-
perimental DDCS have been normalized to the IA DDCS
at E&,b" for each E for F ++H2. It is seen that the He
data show a similar projectile-energy dependence as the
Hz data. The extracted exponential fit to the projectile-
energy dependence shown in Fig. 9 was found to be
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FIG. 5. Comparison of four different calculations to the mea-
sured BEE DDCS (projectile frame). Dot-dashed line: Comp-
ton profile J{p,) scaled to the IA BEE peak with p, ( =p„) relat-
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Solid line: IA with the proper binding energy (see text).
Dashed line: P%BA {Ref. 1S).

-F. for H2 and -E for He targets, respectively,
with 5% uncertainty. As seen from Eq. (6), an E~
dependence is predicted in the limit where A, and r ~0.

Finally, we consider the possibility of electron capture
and its effect on the BEE DDCS. Total capture for these
collision systems is quite large [e.g., -(S—0.3)X10
cm for 1 —2-MeV/amu F ++He], however, the impact
parameter relationship between capture and BEE produc-
tion processes has yet to be established. In any event, any
effect of capture on the BEE DDCS would manifest itself
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as a deviation from the observed Z scaling, since capture
at these collision energies is known ' to vary as -Z .
The strong confirmation of the Z scaling of the BEE
DDCS, as shown in Fig. 8, suggests that capture can be
neglected in the collision systems studied here. A similar
argument can also be made about the E dependence of
capture (-E ) compared to that of BEE produc-
tion (-Ep-2 6).

VI. CONCLUSIONS

In summary, binary encounter electron (BEE) produc-
tion at 0' was studied in 1 —2-MeV/amu collisions of bare
ions ranging from protons to F + with H2 and He tar-
gets. At these collision energies the BEE were found to
be well separated from the cusp electrons facilitating the
determination of their double differential cross sections
(DDCS). A description of the BEE production mecha-
nism within an impulse approximation (IA) treatment, in
which the target electrons undergo a 180' Rutherford
scattering by the projectile nucleus in the projectile
frame, was found to account for both the position and the
shape of the measured BEE DDCS. Attempts to use the
known H++ Ne K Auger cross sections to obtain an ab-
solute normalization led to measured DDCS that were
consistently lower than the results of the IA (or PWBA at
high velocities) by a factor of -0.6. By normalizing the
F ++H2 data to the IA calculation we obtained an

efficiency curve which reflected the expected electron-
energy dependence of the detection apparatus (channel-
tron).

Using this efficiency we found good agreement between
all the BEE data and the full IA calculation, i.e., projec-
tile nuclear charge and energy dependence, as well as tar-
get binding energy effects. Calculated BEE DDCS using
a PWBA were also compared to our data and the IA
model and were found to be in good overall agreement.
However, the PWBA calculation did not predict correct-
ly the maximum or the shape of the BEE distribution for
the He data.

The good overall systematic agreement of the IA and
our measured DDCS suggests that the IA could provide
experirnentalists with a direct and relatively easy method
for an in situ efficiency calibration of electron spectrome-
ters at laboratory electron energies larger than about 1

keV. This would be particularly useful in characterizing
Auger electron measurements in ion-atom collisions of
processes such as RTE, ionization, excitation and cap-
ture.
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