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The angular distribution, as well as the energy distribution of b electrons produced in collisions
of 1.0-MeV/u F~+ (q = 4, 6, 8, 9) ious with molecular hydrogen, have been studied for laboratory
observation angles (Ol, ) from 0' to 70' with respect to the beam direction. The measurements are in
fair agreement with the impulse approximation calculations which use the quantal elastic electron-
ion differential scattering cross sections folded with the Compton profile of the target electrons. We
observe that the energy of the centroid of the binary-encounter-electron (BEE) peak is projectile
charge state, q, and laboratory angle, 8I„dependent. Moreover, at 0', an enhancement of the
ratio of the observed double differential cross section for nonbare projectiles to that for the bare ion
projectiles, o(q+)/o(9+), is observed, contrary to the q scaling predicted by a first Born calculation
for ionization. This ratio o(q+)/o(9+) decreases monotonically with increasing OL, , and becomes
smaller than one for 81. ) 30'.

PACS number(s): 34.50.Fa

I. INTRODUCTION

Ion-atom collisions lead to the copious emission of elec-
trons with energies from approximately zero up to many
keV. It is well established that spectra of continuous en-

ergy electrons (so called h electron) emitted in swift ion-
atom collisions, generally exhibit three distinct promi-
nent features [1—3]: (1) a strong and monotonically de-

creasing continuum of electrons due to soft collisions be-
tween projectile and target electrons. This feature of
the spectrum, particularly at large laboratory observa-
tion angles, Ol„may appear to dominate the entire spec-
trum; (2) a strong sharp prominent cusp or equal veloc-
ity (V, = Vp, where V, and V„are the target electron
and projectile velocities, respectively) peak at 0' with
respect to the beam direction (Or, = 0'). This contains
electron loss from the projectile to the continuum (ELC)
and electron capture from the target atom to the contin-
uum of the projectile contributions. At nonzero observa-
tion angles (Ol, g 0') this peak is seen as a broad electron
loss peak; and (3) a broad peak, the binary-encounter-
electron (BEE) peak which is due to target electrons ion-
ized through direct, hard collisions with the projectiles.
Using elastic two-body collision dynamics for heavy-ion
impact on a free electron, the scattered electron velocity
is 4', = 2V&cosol. , the energy of this scattered electron
is thus EsEE = 4E„(m,/M~) coszOI, (0' ( Ol, & 90'),
where R„ is the projectile energy and rn, /M„ is the elec-
tron to projectile mass ratio.

Binary encounter electrons have recently been exten-
sively studied [4—15]. Most of the investigations, however,
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have concentrated on the forward direction and in par-
ticular at OL, ——O'. Some measurements of the angular
dependence have also been reported [3,10—15].

For bare-ion-atom collisions, Lee et al. [4] used a va-

riety of 1—2 MeV/u bare ions (H+, Cs+, Nr+, Os+, and
Fs+) in collisions with Hz and He targets to study BEE
production at 81, ——0', the double differential cross sec-
tion (DDCS) was found to be in excellent agreement with
the Zz-scaling law (where Z is the incident projectile
charge), which was derived from first-order perturbation
theory. The energy of the BEE peak was observed to
be shifted to a lower energy than the "classical" two-

body free electron energy value, EBEE. This shift was

explained to be due to the effect of the binding energy of
the target electron. For large OL„however, Pedersen et al.

[5] investigated DDCS for ejection of electrons from he-

lium by di8'erent projectiles (1.00 and 1.84 MeV/u H+,
Hez+, Cs+, and Os+) at different Ol„and found large
departures from the Z dependence of the cross section,
particularly above and below the binary encounter peak.
The deviations were explained to be due to the simulta-
neous effect of the projectile and residual target fields.

For non-bare-ion-atom collisions, Richard et al. [6] re-

ported that the double differential BEE cross section at
Ol, = 0' in collisions of 1.0 and 1.5 MeV/u F +l with

H2 and He targets increases with decreasing projectile
charge state, which is in contradiction to the q -scaling
law predicted by a erst Born approximation. This result
was also confirmed in electron-projectile coincidence ex-
periments [7,8], where the pure target ionization channel
was selected.

In the impulse approximation (IA), the ionization of
target electrons in ion-atom collisions is treated as elastic
scattering of quasifree target electrons from the screened
projectile potential. The theoretical DOCS for BEE
emission is then obtained by folding this calculated dif-
ferential elastic scattering cross section with the Comp-
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ton profile of the target electrons. By using the static
screened potential and the impulse approximation, sev-
eral calculations of good agreement with the experimen-
tal data were reported [16,17] for the BEE region. Mi-
raglia and Macek [18] had performed calculations using
various models applicable to the entire electron emission
region and compared to the data. Taulbjerg [19] and
Bhalla and Shingal [20] found that inclusion of electron
exchange between the quasi&ee target electrons and the
projectile electrons gives an improved agreement between
experiment and theory. Classical trajectory Monte Carlo
calculations also gives non-q scaling of the ionization
cross section [21,22].

Recently the angular dependence of the BEE produc-
tion, as well as the energy shift of BEE peak, for dif-
ferent charge states of carbon projectiles were measured,
and part of these data were compared with calculations
[14,15] based on a distorted-wave methods. However, in
their experiment, only the ratio of the DDCS for non-
bare ion to bare ion were investigated &om 3' to 60 in
the laboratory kame, the comparison between absolute
cross sections at different angles was therefore not pos-
sible. Several angular distribution studies using much
heavier projectiles have also been reported [10—13], an
anomalous oscillation in the ejected electron spectrum
in the binary peak region was observed. The observed
structures were attributed to diffractive scattering of the
target quasi&ee electrons in the projectile potential.

It is the purpose of this paper to report on the studies
of the angular distribution of b electrons, with partic-
ular emphasis on the BEE, emitted in 1.0 MeV/u Fi+
(q = 4, 6, 8, 9) on molecular hydrogen with HL, between
0' and 70'. A comparison of absolute electron produc-
tion cross section, as well as the energy of the BEE peak,
at difFerent observation angles and different projectile
charge states are presented. Following the brief discus-
sion of experimental method in Sec. II, IA calculations of
the BEE production will be introduced in Sec. III. Sec-
tion IV is devoted to comparisons of the experimental
and theoretical cross sections.

II. EXPERIMENTAL METHOD

A. Technique

mm) (see Fig. 1). The target gas pressure was kept con-
stant within 2'%%uo, and single collision conditions have been
verified experimentally.

The electrons emitted into a solid angle of 2.5x10 sr
were energy analyzed with an electrostatic hemispheri-
cal electron analyzer (Ro ——160 mm) and then detected
by a channel electron multiplier. The spectrometer was
mounted on a &arne, which can be externally rotated
around the center of the chamber, where the gas jet was
located. The energy resolution of the spectrometer was
set to 2'%%uo. The scattering chamber has been equipped
with a double p metal shielding to isolate the colli-
sion region and the spectrometer from magnetic fields.
The measured magnetic field was smaller than 2 mG. A
shielded Faraday cup was used to measure the beam cur-
rent, which was used to normalize the electron count for
each electron energy channel.

Considerable care was taken in reducing the beam-
induced background by carefully collimating the beam.
Such a background can be a large source of error, espe-
cially at smaller observation angles, due to their longer
target length. This beam-induced electron background
was directly determined by taking an electron spectrum
without gas in the gas jet, and then subtracted from the
electron spectrum with target gas in the gas jet.

B. Data evaluation

We obtained an energy calibration of our spectrome-
ter using Ne K Auger and Ar I Auger electrons &om
collisions 3 MeV H++Ne, Ar, since the energies of these
target Auger electrons are well known [23,24].

For a correct derivation of the DDCS of BEE &om
the data, it has been found that a precise knowledge of
the beam velocity is indispensable [25], hence a precise
measurement of the projectile energy is required. The
determination of the cusp energy has been found to be a
convenient and reliable way [26] of measuring the actual
projectile velocities to within 0.1%. The cusp energy can
be determined experimentally by directly measuring its
value in the electron spectrum at OL,

——O'. For highly
charged ions obtained by poststripping projectile ions of
a lower charge state, a small but observable energy loss
of the beam occurs as it traverses the poststripper foil.

A beam of Huorine ions of charge state q = 4+ &om
the EN Tandem Van de Graaff of the 3. R. Macdonald
Laboratory at Kansas State University was accelerated
to an energy of 1.0 MeV/u. After poststripping in. 10-
pg/cm C foils (for direct beam q = 4+, no poststrip-
per foil is needed), the beam was magnetically charge
state selected to q = 4+, 6+, 8+, and 9+. On the way
to the target gas region the beam was passed through
two magnetic quadrupoles and a magnetic deHector, and
was tightly collimated over a length of 7.75 m by three
adjustable four-jaw slit systems (typically open to 3x3
mm, 1xl mm2, and 1.2x1.2 mm ), the last one serving
as a beam scraper to reduce slit edge scattering. The
hydrogen gas was brought into the separately pumped
interaction region through a hypodermic needle (d = 0.5
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FIG. 1. Experimental setup to measure angular and energy
distribution of b electrons. The double focusing hemispherical
sector analyzer can be rotated to detect electrons emitted
from 0' to 70 with respect to the beam axis.
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This effect is accounted for in our data by measuring the
0' cusp energy for all the charge states.

The experimental DDCS for electron production in
ion-atom collisions can be obtained from the expression

for the asymptotic charge q and f, (0) is the scattering
amplitude that includes both V, and the exchange con-
tributions,

d2o. N, (E, 01,)
dEdO '

N&nl(0L, ) b, EABrl(E) '

f, (0) = (2ik) ) (2l + 1) exp(2io~)
l=o

x [exp(2i8~) —1]P~(cos 0), (4)
where X,(E, 01,) is the detected electron count at a given
electron energy E and a given observation angle OL„N„ is
the number of incoming projectiles, which can be derived
from the beam current (measured by a Faraday cup) and
projectile charge state, n is the target density, which is
proportional to the pressure in the scattering chamber,
l(0L, ) is the effect target length at 01„AE is the spec-
trometer acceptance energy at electron energy E, which
is proportional to electron energy E, AO is the effec-
tive solid angle, and rl(E) is the efficiency of the electron
spectrometer.

In our measurement, the factor nAEAO/E is a con-
stant. The channeltron detection eKciency, which is in-
cluded in rl(E), is a known function of electron energy E
[27], but is taken as energy independent in the electron
energy region studied here. Since Ne K Auger lines ex-
cited by protons are known to be isotropic to better than
3%%uo, the Ne K Auger cross sections for 3 MeV p+Ne col-
lisions were measured at different OI„and were used to
obtain a target length correction as a function of 01, . At
large observation angles (0r, ) 15'), our target length
correction is consistent with a .

&
correction.

S1Il OL,

III. CALCULATION OF DDCS FOR BEE

The impulse approximation is expected to be valid
when the velocity of the incoming ion projectile is much
larger than the orbital velocity of the target electron,
as is the case for the collision systems considered here.
Within the impulse approximation, the BEE production
cross section can be related to the differential cross sec-
tion for the electron-ion elastic scattering [see Eq. (6)
below].

The spherically symmetric potential of the ion con-
sists of the static potential, V, (r), due to the interaction
of the incident electrons with the nucleus and the elec-
trons of the ion, A~+, and asymptotically is given by
—q/r. In addition to the static potential, the nonlocal
exchange contribution, y~(r), due to the interaction of
the continuum and bound orbitals is incorporated. The
radial wave function u~(r) of the scattered state of the
incident electron (energy E =- k /2 and orbital angular
momentum l) is a solution of the second-order coupled
integro-differential equation of the form

where o.
~ is the Coulomb phase shift for the asymptotic

charge q and b~ is the additional phase shift due to screen-
ing and exchange effects.

The static potential, V„ the nonlocal exchange contri-
bution, y~, and the radial wave function, u~(r), were cal-
culated in a self-consistent Hartree-Fock atomic model.
The phase shifts were calculated up to a maximum t

value beyond which there was negligible contributions to
the scattering amplitude. Where appropriate, the phase
shifts were calculated for both singlet (S) and triplet (T)
cases, and the differential elastic scattering cross sections
were obtained as follows:

do. (0) 1 (dos(0) doT (0) 5

dB 4 i dO dB
+ 3 (5)

d'o (E, 0) (do (0) ) ( J(ip, i) 5

J k+u+ p~)
(6)

where J(~p, ~) is the Compton profile of the target atom

with p, = /2(E+ Es) —V„. Here Es is the binding
energy of the electron.

The DDCS of BEE in the laboratory frame are ob-
tained by the standard transformation [28]

d' or, (EL„0L,) ( EL, ) ' d'o(E, 0)

dEI. dAL, 5 E ) dEdA

where EI, and 0L, are, respectively, the electron energy
in the laboratory frame and the electron emission angle
with respect to the incident projectile direction

EL, = —[Vp cos0r, + (2E —V„sin 0L, ) ']=1 2 2 1 2 (8)

Vz —(2EI, ) 2 cos01,
coso =

[2EL, + V2 —2V„(2EL,) 2 cos 0L, ] 2

The double differential electron production cross sec-
tion in the ion-atom collision can be related to DCS in
the electron-ion collision through the IA. In the projectile
rest frame,

f d2 —2V, (r) + k
~
u((r) = yi(r). (2)

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

The scattering amplitude for such a potential can be ex-
pressed as

f(0) = f.(0)+ f.(0) (3)

where f (0) is the static Coulomb scattering amplitude

The angular distribution of b electron production can
be presented in three ways.

(a) DDCS as a function of the laboratory observa-
tion angle OL,„, providing the comparison between abso-
lute cross sections at different angles for a certain charge
state projectile.
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(b) DDCS as a function of the projectile charge states,
which can be represented by the ratio of DDCS for non-
bare projectile to bare ion, yielding the charge state de-
pendence of the electron production at a certain emission
angle 0L, -

(c) The BEE peak energy shift from the "classical"
two-body &ee electron energy value, EBEE, as a function
of charge state q, and observation angle OL„ indicating the
energy dependence of the BEE peak observed at different
observation angles for different projectile charge states.

For the purpose of convenient graphical display, the
laboratory kame DDCS in all figures are multiplied by
the laboratory electron energy. This quantity is propor-
tional to the measured electron yield.

Figures 2—5 show the laboratory frame electron pro-
duction for collisions of F~+ on H2 (q=4, 6, 8, and 9) at
eight different angles OL, . All of the data are normalized
to the theoretical result of F9+ on H2 at the peak of the
BEE yield for OL, = 0' (see Fig. 5). Three prominent
features can be found in these spectra: a low energy soft
electron distribution, a strong cusp at OL, 0', and a
broad BEE peak.

Low energy electrons are produced in double scatter-
ing collisions [29], whereas BEE are generated in binary
hard collisions between projectile ions and quasifree tar-
get electrons. At small observation angles HL„ the BEE
peak is clearly distinguishable, however, with increasing
OL„ the BEE peak is strongly shifted to lower energies.
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FIG. 2. Laboratory cross section times laboratory electron
energy for electron production in 1.0 MeV/u F ++H2 colli-
sions. Solid lines are the results of the impulse approximation.
The observation angle 81. is varied as indicated.

FIG. 4. Same as Fig. 2, but for the collisions of F ++H2.
For the purpose of convenient graphical display, at 8L, = 60
and 70, both experimental data and theoretical results are
divided by a factor of 2.
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FIG. 5. Same as Fig. 4, but for the collisions of F +H2.

Classically it is given by EBEE = 4E„(m,/M~) cos ()l.
(0' & 01. & 90'). At 0L, = 60', EBFF gives the same
value as the V, = V„peak, and therefore the BEE peak
cannot be clearly identified. Beyond this observation an-

gle, a reasonable comparison between experiment and
theory is not feasible.

Theoretical results for the BEE production calculated
in the impulse approximation, as discussed in Sec. III,
are shown in Figs. 2—5 as solid lines. For small 01.
(()i. & 30'), the agreement between the data and the cal-
culation is good. At larger Ol„however, this agreement
is not so good. %e attribute the difI'erence between the
experimental data and the theoretical calculation mainly
to the high energy tail of the ELC and double scattering
soft electron contributions. The impulse approximation
is not applicable to the production of these low energy
electrons.

In our experiments, the energy of the centroid of the
BEE peak is observed to be shifted to a lower energy
than the "classical" two-body free electron energy value,
EBEE. This energy shift is both projectile charge state
and laboratory observation angle dependent. Figure 6
shows the measured energy shift of the BEE peak from
the two-body free electron value as a function of OL, in the
angular range where the BEE peak can be distinguished
from the soft electron background (i.e. , from 0' to 50').
The measured shifts increase with increasing observation
angle OL, and are projectile charge state q dependent;
however, the errors in extracting this shift become sig-
nificantly larger for the large angles. The impulse ap-
proximation model, based on the energy and momentum

conservation in which the binding energy Eg of the tar-
get electron enters, gives the prediction that the energy
shift of the BEE peak is target dependent (at 01. = 0',
it was confirmed by Lee et al. [4]), but q independent.
The present data show a strong q dependence for large
observation angles. The Bohr and Lindhard (BL) model,
which was used in the work of Pedersen et al. [5], how-

ever, assumes that the electron is released when the force
from the projectile field balances that of the target field,
and predicts that the energy shift of BEE is target and q
dependent (proportional to +q), but still HL, independent.
The measured values of AE in the present experiment
show negligible variation with q at 0' and show a consis-
tent increasing with q for all other angles, but due to the
large error in the values of AF, no meaningful q depen-
dence can be extracted. Similar results are obtained for
carbon ion projectiles by Gonzalez et, al. [14,15]; Hidmi
et al. [30] also observed non ~q dependence at 0' for
a large range of projectile Z. It is noted that the BL
model favors slow collisions, since the electrons do not
have enough time to adjust themselves to the potential of
t,he projectile during the high velocity collisions studied
here. The IA model and the continuum-distorted-wave

Angle
6)1.
00

10

30

q= 4
1.38
1.29
1.22
0.84
0.77
0.49
0.30

Experiment
q=6
1.28
1.22
1.17
0.85
0.81
0.69
0.40

q= 8
1.15
1.08
1.01
0.89
0.86
0.85
0.68

Theory
q=4 q=6
1.62 1.41
1.55 1.36
1.38 1.22
1.15 1.04
0.92 0.87
0.71 0.71
0.50 0.57

0.85

TABLE I. The ratio of electron production at the BEE
peak for nonbare projectiles to the bare projectile in 1.0
MeV/u F~++H2 collisions.



SO ANGULAR DISTRIBUTION OF 5 ELECTRONS EMI I l ED IN. . . 1333

~ q=4 8LW
3000

0
~ qW 8L& ~ q=8 8L& ~ qW 8L&

Cf} i
~ ~ 2000 i

~ qW 8L=40 ~ q=s 8L=40
0

~ qW 8L=40

~ a

0
100

I

1000 1900 2800 1000 1900 2800 1000 1900 2800

: al&. . ectron. nergy (eV)

I

1000 1900 2800

FIG. 7. Electron energy spectra for the collision of 1.0 MeV/u Fo++H2 at 0' and 40' observation angles. The projectile
charge state q is varied as indicated. The error bars are calculated from statistics alone. The cross section decreases with

increasing q for the 8L, ——0' data and increases with increasing q for the 8L, ——40' data.

eikonal-initial-state calculations both give a weak OL, de-
pendence but fall below the observed energy shifts for
large OL, .

The BEE production is also observed to be both q and
81. dependent. At small observation angles, the mea-
sured BEE production decreases with increasing projec-
tile charge state q, i.e., with decreasing number of pro-
jectile electrons, contrary to the q -scaling law predicted
by a first Born approximation. However, this q depen-
dence varies with increasing 01,. At large observation
angles (OL, ) 30'), the BEE production is observed to in-
crease with increasing charge state q, and this increasing
becomes stronger for larger 01. (see Table I). The q de-
pendence of BEE production for two observation angles
(HL, = 0' and 40') is shown in Fig. 7.

The ratio of b electron production in collisions of
F ++H2 to that in collisions of F ++H2, R = &&&@(q =

2

4)/z&zz(q = 9), is plotted in Fig. 8 as a function of
electron energy for difFerent angles. In the high energy
region, this ratio R decreases with increasing OL„ indi-
cating the angular dependence of the enhancement. In
the low energy region, however, the ELC peak appears
prominently and tends to obscure the analysis at for-
ward direction. The ELC peak decreases rapidly with
increasing OL, and disappears at OL, ) 40 . The ratio R
is observed to be smaller than one, predicted by Z scal-
ing, but larger than (4/9)2 = 0.20, predicted by the q2

scaling law Rom the first Born approximation, showing
that the screening of the projectile electrons is signi6cant
[31]. As pointed out by Stolterfoht et al. [31], the full
screening is observed for low energy electrons where the
adiabatic radius, R o = hV„/Q, is larger than 1, where
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FIG. 8. The ratio of electron production for nonbare pro-
jectile F + to bare projectile F + in 1.0 MeV/u F~++H2 col-
lisions. Solid line, Z scaling prediction; broken line, 6rst
Born approximation prediction. Arrow indicates EBEE. The
observation angle OL, is varied as indicated.
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V~ is projectile velocity and Q = E+Eg. In the very low
electron energy region, E 100 eV, corresponding to
distant collisions, we find the ratio B to be even smaller
than 0.2. This is presently investigated in detail using
electron-scattered projectile coincidence techniques and
will be reported elsewhere.

At small 01., the experimental data are found to be in
good agreement with the calculation based upon the im-
pulse approximation. At larger Ol„some divergence be-
tween experimental and theoretical results is observed;
we attribute this divergence mainly to the approxima-
tions used in the theoretical methods. The energy shift
of the BEE peak, however, is found to be both projectile
charge state and observation angle dependent.

V. CONCLUSIONS

In summary, the angular distribution, as well as the
energy distribution of b electrons produced in collisions
of 1.0 MeV/u Fs+ (q=4, 6,8,9) ious with H2 has been
studied from 0' to 70' with respect to the beam direc-
tion. Three prominent features of the electron spectra
are discussed. The enhancement and screening efI'ects
are observed at different laboratory observation angles.
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