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The ultimate limit on cooling is determined by
a competition of the damping rate on the vibra-
tional energy due to laser cooling and the "noise"
excitation of the vibrational energy due to the
random occurrence (in time) of the photon impuls-
es. In the limit where v„«&v and when one
tunes for maximum cooling (vz, —v, =- s&v), the
resulting kinetic energy is approximately equal
to hb. v/8 corresponding to T = 0.5 && 10 ' K for the
transitions discussed here. One can use the scat-
tered photons from the cooling process as a moni-
tor in a double-resonance experiment. Since the
laser is not needed for trapping, it can be turned
off for a relatively long time while the resonance
of interest is probed. The possiblity also exists
to use a mixture of ion—one kind which can be
laser cooled and by collisions cools the other
kind which are the ions of spectroscopic interest.
%e note that the cooling method is quite general
and can in principle be applied to other cases
such as ions or nuclei bound in solid lattice.
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The doubly differential cross section resulting from electron loss of 0.5-MeV H ions
in collisions with Ar were measured from 0' to 173'. The singly differential cross sec-
tion (SDCS), A&gular distribution, for the v, = v; group was integrated over solid ~&~le
and normalized to the known total electron-loss cross section. This SDCS was found to
be dissimilar to that predicted by an electron scattering model previously used to de-
scribe projectile ionization. However, the SDCS was found to resemble, with some no-
table differences, the elastic scattering of electrons from Ar.

Experimental information on spectral shapes
and angular dependences are necessary for an un-
derstanding of the details of electron detachment
processes. In a recent paper' secondary-elec-
tron energy spectra, the doubly differential cross

section (DDCS), resulting from electron loss of
fast H ions mere measured in the angular range
0 -15 . The ion energy was 0.5 MeV and the tar-
get wa.s Ar. As expected, in the laboratory
frame, the DDCS for projectile ionization exhibit-
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ed peaks near E, = 2 I,v,'= 2 m, v, ', where v; is
the laboratory ion velocity and v, is the labora-
tory electron velocity. However, in the extreme
forward direction, 0'-3, evidence was found for
two groups of electrons each having a distinct an-
gular dependence. Although one group was peaked
at an energy slightly less than E„both groups
were associated with projectile ionization.

During a collision, H may suffer either single
electron loss (SEL) or double electron loss (DEL).
In Ref. 1, the two groups seen near 0 were ten-
tatively identified as belonging to the two differ-
ent processes. The experimental DDCS were in-
tegrated above background as described else-
where' and the resulting singly differential cross
sections (SDCS) were integrated over the limited
angular range of these measurements. However,
the ratio of the yield of the presumed SEL elec-
trons to the yield of the presumed DEI electrons
was in serious disagreement with measured ra-
tios of total cross sections. ' It was suggested
that, since most of the DEI electrons had not
been accounted for in the forward direction, mea-
surements of the DDCS over the entire angular
range were needed if identification of the two elec-
tron groups was to be at all meaningful. It was
hoped that any unexpected features of these spec-
tra might shed some light on the energy and an-
gular distribution of a two-electron-loss process.

In this paper, we present the first essentially
complete measurement of the angular distribution
of the secondary electrons ejected during the col-
lisional ionization of any projectile. These re-
sults will be discussed in the light of a simple
electron-scattering model' (ESM) and a recent
optical-model calculation of electron scattering
from Ar. '

Details of the scattering chamber, cross-beam
characteristics, background identification, and
overall experimental procedures have previously
been described. ' The results presented here in
the angular range 0 -20 were taken with an ex-
perimental arrangement similar to that used in
Ref. 1. In order to make measurements at large
angles the following modifications were made:
(a) The analyzer entrance apertures were changed
from 0.5 mm diam to 2.0 mm diam, and the ana-
lyzer was moved from a position 80 mm to one
180 mm from the center of the chamber; and

(b) the electron suppressor was removed from its
position approximately 2 cm in front of the gas
assembly and was incorporated into a shortened
beam collimator at the entrance to the chamber.
The expected effects of these modifications were

the following: (i) They decreased slightly both
the energy and angular resolution. Comparison
of data taken with both sets of apertures indicat-
ed that these effects were insufficient to affect
the shapes of the peaks. (ii) They led to a less
precise definition of the incident beam. This ef-
fect did not produce any undesirable effects for
detection angles greater than 5'. With the elec-
tron suppressor at the chamber entrance, elec-
trons produced via collisions of H with back-
ground gas between the collimator and the cross
beam could subsequently scatter from the cross
beam. However, the number of electrons so pro-
duced was estimated to be only about 1/p of the
number of electrons produced by the ionization of
H in traversing the cross beam, Furthermore,
since the total detachment cross section and the
electron scattering cross section are about the
same magnitude, the subsequent scattering of
these "background" produced electrons was ex-
pected to produce an immeasurably small con-
tribution to the electron yield in the back hemi-
sphere. This expectation was verified experimen-
tally. Thus the modified system was used be-
tween 5 and 173 and the original system was
used from 0 to 20 . The two sets of data were
then normalized to each other by using data in
the common angular interval of 5 -20 . The data
were taken for a fixed number of monitor counts
and runs for a given experimental configuration
were normalized on that basis.

Figure 1 shows the relative shapes of.the DDCS
at three angles (5', 90', and 173 ) without re-
gard to their relative heights. At 5' the electron
group appeared symmetric about an energy some-
what less than that for v, = v;. Previous calcula-
tions based on the ESM produced relatively sym-
metric peaks but were centered at v, =v, . The
two small bumps marked by the letter A on the
wings of the distribution were identified as result-
ing from the (2s')'S autoionizing state of H . At
90 the spectrum was no longer symmetric and
the maximum had moved to an energy nearer to
but still less than that corresponding to v, =v;.
At this angle, where the SDCS was near its mini-
mum, the yield of the v, ~v, electrons had de-
creased to such an extent that the smooth back-
ground, primarily due to continuum electrons
from target ionization and above which this group
always appears, was clearly visible and was ris-
ing at low energies as expected. Also, the Ar
Auger electrons found near 200 eV were apparent
and are marked by the letter B. Although the en-
ergy resolution of these experiments was insuffi-
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FIG. 2. A comparison of the angular distribution of
the e, = v; group as measured in this experiment (open
circles) and calculated for elastic electron-Ar scatter-
ing at 270 eV (closed circles).

FIG. 1. Secondary-electron energy spectra at 5',
90', and 173' from H -Ar collisions at 0.5 MeV. See
text for explanations of the symbols A and B.

cient to resolve the structure of these transitions,
a single peak did appear at 208 eV. Considera-
tion of previously measured Auger spectra' from
300-keV proton bombardment of Ar enabled us to
estimate that the dominant transitions would ap-
pear as a single peak near 207 eV. Thus, our en-
ergy calibration, which was previously made us-
ing a tungsten filament, was confirmed. Since
these Auger electrons contributed such a small
fraction of the total yield, no effort was made to
subtract them from the total yield above back-
ground. At 173 the yield increased significantly
over the minimum and continued to show a prom-
inent low-energy tail which was first seen at
about 30'. The energy at the maximum of the
173' spectrum was approximately the same as
found at 90.

Integration of the DDCS above background pro-
vided the data. for an angular distribution. This
relative SDCS was then integrated over the solid
angle from 9 = 0' to 8 = 180', after extrapolating
the data from 173' to 180'. Under the reasonable
assumption that most of the electrons lost by H

appear in the v, ~e& group, the value of this inte-
gral was equated to the known total electron de-
tachment cross section of H from 0.5-MeV col-
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lisions with Ar. ' Thus a conversion to absolute
cross sections was obtained. These data are
presented in Fig. 2. The estimated uncertainties
in the data are 20/p or less unless larger error
bars are shown. (The error bars shown at 20
are + 20%.) Most of the data points are the result
of averaging two or more experimental runs and
although much more data were available, in the
interest of clarity, only a few points were chosen
near 0 .

The dominant process in H collisions with Ar
is SEL and thus the spectra were expected to ex-
hibit, in the main, the features of this process.
Unfortunately, no specific calculation of SEL was
available to compare with the experimental data, .
However, it was hoped that the Born calculation
of projectile ionization of Drepper and Briggs'
would provide a guide for understanding the meas-
ured angular distribution at large angles. These
workers argue that when the electron is ejected
at large angles it is possible to neglect the "bare"
Coulomb interaction of the projectile and show
that for this condition the calculytion reduces to
the ESM. The ESM treats the target as a struc-
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tureless object defined by a screened Coulomb
potential and the projectile electrons are given
an appropriate velocity distribution but are other-
wise treated as free. Since there is no bare Cou-
lomb interaction in the final state for the SEL
process, it seemed reasonable to compare the
data with ESM calculations. The SDCS predicted
by the ESM, and thus the Born calculation as
well, decreased monotonically with increasing
angle. This is in sharp disagreement with the re-
sults shown in Fig. 2. One is forced, therefore,
to conclude that any model which treats the target
as a screened potential and the electron as free
is not a suitable description of SEL at large an-
gles. (Note that this discussion excludes angles
near 0' where the spectr a are known to be com-
plex. )

Nevertheless, H is a weakly bound system and
it does not seem unreasonable to expect that dur-
ing SEL the H" electrons may interact with the
target as essentially free electrons. However,
rather than treating this free electron as scatter-
ing from a screened potential it was possible to
compare the data with a more realistic descrip-
tion of the electron scattering process. A recent
optical-model calculation for the electron elastic-
scattering cross section from Ar was available. '
This calculation took into account the internal
structure of Ar, approximated exchange effects
between the incident electron and target electrons
and, most importantly, was in excellent agree-
ment with e-Ar elastic-scattering data. ' In Fig.
2 the optical-model calculation for 270-eV elec-
trons' is shown and exhibits a rather good over-
all agreement with the measured angular distri-
bution. It was found that the calculated distribu-
tion remained essentially unchanged when the in-
cident electron was given a velocity distribution
appropriate to its initial state. The general qual-
itative agreement between the e-Ar scattering
calculations and the data pres, ented here, togeth-
er with the fact that the ESM provided such a
poor representation of the data, suggested —not
unexpectedly —that details of the target are im-
portant in the collisional detachment of H .

A close comparison of the data and the calcula-
tion, however, reveals differences that may be
significant. The experimental results are always
greater than the e -Ar elastic-scattering cross
section but the deviations are largest near 0' and
180 . The large difference near 0 was not unex-
pected, since there is evidence for DEL as well
as SEL in this angular region. The difference be-
tween the optical-model calculations and the ex-

perimental results in the backward direction
may be a manifestation of the fact that the elec-
tron is, in fact, bound and therefore does not par-
ticipate in the collision as a free electron. For
example, in the rest frame of the H ion the Ar
atom approaches with a velocity v, . If a nearly
head-on collision occurs between the Ar nucleus
and one of the H electrons, the struck electron
would recoil with a velocity near 2v; in the back-
ward direction. In the laboratory frame, this
electron would then contribute to the v, ~v, group
near 180 . However, even if this presumed phys-
ical process is effective in causing the SDCS to
rise in the backward direction, it is not possible
to distinguish between SEL and DEL since the
final state of the other H electron is unknown.

In summary, the details of the variations of the
DDCS with angle were observed. Spectral shapes
and peak energies were found to depend on the
angle of ejection of the electron. Neither of these
effects had been predicted. The ESM was found
to disagree with experiment, suggesting that the
target structure is an important aspect of the col-
lisional detachment of H . Although the e-Ar
scattering data were found to be in qualitative
agreement with experiment, notable differences
cast doubt on the validity of describing the elec-
tron as free. Furthermore, it is very likely that
effects due to both target and projectile structure
were seen, thus supporting the notion that the de-
tails of the dynamics of the atomic interactions
are important even for weakly bound systems.
Experiments using other two-electron projectiles
are currently under way.
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