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Transverse Cooling or Heating of Channeled Ions by Electron Capture and Loss
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We have measured the angular distribution of energetic heavy ions after passage through a Si crystal
for an incident beam with an isotropic angular distribution over angles much larger than the critical angle
for channeling. Strong redistribution of the flux has been observed, in some cases an enhancement along
channeling directions, and in other cases a reduction. The phenomenon is not predicted by channeling
theory and cannot be reproduced by computer simulations. We propose a new mechanism: cooling or
heating of the transverse motion of channeled ions due to repeated capture and loss of electrons. The
cooling effect is analogous to Sisyphus cooling of very cold, trapped atoms in a strong laser field.

PACS numbers: 34.70.+e, 34.20.Cf, 61.85.+p
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Energetic charged particles entering a crystal nea
parallel to an axis or a plane become channeled; th
motion is guided by correlated collisions with atoms o
atomic rows or in atomic planes [1,2]. For incidence ou
side a critical angle, the particles move nearly as in a ra
dom medium. During penetration of a thick crystal, the
will be transitions due to multiple scattering. Scatterin
from the channeled to the random beam (dechanneli
and from the random to the channeled beam (feeding-
are both suppressed by the channeling effect, and acco
ing to a general principle of reversibility, the two trans
tion rates are equal if energy loss can be neglected [2
Hence, an initially isotropic angular distribution is ex
pected to be stable under transmission through a crys
A small deviation from reversibility, due, for example, to
energy loss, would be easy to detect under these conditio
and this was the purpose of our experiment. Althoug
the symmetry required for stability of an isotropic angula
distribution is a symmetry in momentum space of the sc
tering events [3], it is closely connected to time reversib
ity of trajectories and the equivalence of channeling a
blocking [2,4].

In this Letter, we present experimental evidence for
redistribution of particle flux from an initially isotropic
angular distribution after transmission through thin sing
crystals. We have observed an increase as well a
decrease of the particle flux in the direction of axes
planes, depending on the experimental conditions. Su
behavior was not predicted by existing theory and cou
not be reproduced by computer simulations. The effect
not related to the well known flux peaking of channele
particles which is flux enhancement in space, not in ang
We propose a new mechanism to be responsible for
observed effects, related to the irreversibility of charg
exchange processes along an ion trajectory.

Most previous studies of the development of a charg
particle flux in single crystals have used collimate
beams in order to prepare well defined initial condition
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Channeling or blocking behavior has been observed af
transmission through monocrystalline foils of appropria
thickness, depending on the incidence angle of the io
[5–7]. However, reversibility of multiple scattering is
not tested under these conditions. In other experimen
a particles from a radioactive source have been us
to generate an isotropic ion distribution and channelin
patterns have been measured after transmission of t
crystals by track detectors or photographic plates [8,9
But, because of the energy selection by an absorber
front of the crystal or by the detector itself, no quantitativ
comparison has been possible between channeled
random particles. The reversibility of multiple scatterin
has been confirmed in experiments at very high energ
where both energy loss and charge exchange can
neglected [10].

In our earlier experiments, an angular distribution of re
coil atoms was created inside a Si crystal by scattering e
ergetic, heavy projectiles [11,12]. We selected differe
depths of origin by an appropriate choice of the incidenc
or exit energy and observed a transition, with increasin
path length in Si, from a suppression to an enhancem
of the intensity in channeling direction. However, th
energy selection may have favored channeled over ra
dom particles due to the difference in energy loss. Ther
fore, we chose a new scattering geometry for the pres
measurements.

The experimental setup consists of a high vacuu
chamber with a 5-axis sample positioning system and
large-area position sensitive gas ionization detector, whi
can be positioned at different scattering angles [13].
beam of 210 MeV I or 230 MeV Au ions was incident on
a scattering target and the recoils (or scattered ions) w
detected after transmission through a thin Si crystal (s
Fig. 1). The scattering targets consisted of C, Al, Cu,
Au with thicknesses of 40 to 180mg�cm2. Experiments
were performed with (001) Si crystals of 2.9 to 8.7mm
thickness, prepared by electrochemical etching with
© 1999 The American Physical Society 1759
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FIG. 1. Schematic of the experimental geometry.

ion-implanted etch stop [14]. The direct beam could not
hit the Si crystal after the scattering target and, therefore,
radiation induced damage or dimpling was avoided. In or-
der to have the (amorphous) native oxide layers removed,
the Si foils were etched by a short HF dip immediately
before being mounted in vacuum. The recoil energy was
changed by selection of two different scattering angles
(37.6± or 50.2±) and in some measurements by an Al ab-
sorber foil in front of the Si crystal. The elastic recoil
cross section varied at most by 30% within the angular ac-
ceptance of our detector (62.2±). Thus the initial flux of
scattered ions could, to first approximation, be assumed to
be uniformly distributed over the measured angular range.

Figure 2 shows angular distributions of scattered ions
or recoils, after transmission through an 8.7 or 2.9 mm
thick (001) Si foil. Recoil atoms and scattered projectiles
were separated in the detector but no selection on energy
was applied. The particle density is represented by
the pixel gray level with darker gray indicating higher
density. Flux enhancement is obvious for C recoils along
the �100� axis and along the �100� and �110� planes. A
surprising feature is seen for Cu recoils, which exhibit
enhanced and reduced flux simultaneously. This behavior
remains to some extent for I ions, whereas Au ions show
a strong flux reduction along the crystal axis and planes.
Circular averaging around the axis was used to obtain the
ion yield as a function of the angle to the axis, plotted
in Fig. 2 together with the corresponding flux patterns.
This procedure eliminates planar effects as well as the
asymmetry due to the scattering angular distribution. Flux
patterns with energy selection of particles (not shown)
indicate that channeled ions have less energy loss than
random ions, but the difference in exit energy is only
about 15%.

In this paper we shall discuss mainly axial effects, and
Table I summarizes the results of our experiments for dif-
ferent ions along a �100� axis in Si. We have included in
Table I two results of experiments with He ions, where a
nuclear track detector was used in a setup similar to that
described in [9]. The final energy, Ef , after transmission
through the Si foil was calculated with TRIM for random
1760
energy loss. The measured half angle of the flux peak (or
dip in the case of Au and I) is compared with the Lindhard
critical angle [2] for channeling in the last two columns.
The small value of c

exp
1�2 for Cu (and I) should be noted

which is limited by the experimental resolution.
In order to understand the physical reason for the ob-

served flux redistribution it was important to know if it
could be reproduced by computer simulations. We used
the binary collision code CRYSTAL-TRIM [15] which takes
into account the nuclear energy loss and angular scatter-
ing in the universal-potential approximation, the electronic

FIG. 2. Flux distributions of heavy ions after transmission
of (001) Si foils, and corresponding circular averages around
the �100� axis at varying polar angle: (a) C recoils at 18 MeV
after 8.7 mm Si; (b) Cu recoils at 46 MeV after 8.7 mm Si;
(c) scattered I ions at 121 MeV after 2.9 mm Si; and
(d) scattered Au ions at 92 MeV after 2.9 mm Si. The angular
range of the patterns is 62.2± around the �100� axis in the
center. Planar directions are indicated in (a).
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TABLE I. Results of flux distribution measurements after
transmission of (001) Si foils. Ei and Ef are the entrance and
exit energies of the ions for random energy loss. t indicates
the foil thickness and xa the flux in direction of the �100� axis.
The measured half angle c

exp
1�2 of the peak (or dip) is compared

with the Lindhard angle c1 for axial channeling at Ef .

Ei Ef t c
exp
1�2 c1

Ion �MeV� �MeV� �mm� xa (deg) (deg)

Au 130 92 2.9 0.18 6 0.02 0.95 6 0.05 0.46
I 157 121 2.9 0.52 6 0.04a 0.74 6 0.05a 0.33

Cu 113 90 2.9 1.12 6 0.05 · · · 0.28
Cu 113 46 8.7 2.19 6 0.11 0.12 6 0.02 0.39
Al 74 52 8.7 1.60 6 0.10 0.22 6 0.02 0.25
Al 48 23 8.7 2.20 6 0.05 0.22 6 0.02 0.37
C 42 36 8.7 1.12 6 0.05 · · · 0.20
C 26 18 8.7 1.48 6 0.12 0.30 6 0.02 0.29
He 4.5 3.1 8.7 1.18 6 0.05b 0.50 6 0.10b 0.40
He 3.5 1.7 8.7 1.32 6 0.05b 0.65 6 0.10b 0.54

aValue at 0.22± with corresponding half angle, flux peak at 0±

with 0.12± half angle.
bMeasured with nuclear track detector.

energy loss (either nonlocal or impact parameter depen-
dent), and multiple scattering on electrons. A Gaussian
distribution of the atomic displacements simulated the
thermal vibrations (Debye model). Most of the calcula-
tions were performed for transmission of 48 MeV Al ions
through an 8.7 mm thick (001) Si crystal. The starting
points of the particles were randomly distributed over the
area of a Si elementary cell (5.43 3 5.43 Å2) with polar
angles between 0± and 4±. This restriction was neces-
sary to avoid excessively long computing times, but a nor-
malization procedure had to be applied to compensate for
the broadening of the angular distribution. The calcu-
lated angular distribution of the particles after transmission
through a 8.7 mm Si did not exhibit significant deviations
from a random distribution. The results were in agreement
with calculations using the LAROSE code [16]. Thus, state-
of-the-art simulation programs which take into account
all energy loss effects do not reproduce our experimental
observation.

It is perhaps not surprising that energy loss has little
effect on the angular distribution of transmitted ions. If
the stopping were the same for channeled and random
ions (nonlocal stopping), the angular distribution would
be completely unaffected. The damping term representing
energy loss in descriptions of multiple scattering as diffu-
sion in transverse energy [2] then exactly compensates for
the increase of the Lindhard angle, c1 ~ E21�2. As men-
tioned above, the lower stopping for channeled ions leads
to a slightly higher average energy for ions exiting the
crystal parallel to an axis or a plane, and this could lead to
a distortion of the isotropic distribution. But the simula-
tions have demonstrated that this distortion is very small.

We suggest that the observed effects are instead caused
by charge exchange. A swift, heavy ion has an average
net charge Z�
1e given approximately by Z�

1 � Z
1�3
1 y�y0,

where Z1 is the atomic number and y the velocity of the
ion and y0 � e2�h̄ is the Bohr velocity [17]. The ion
charge is in dynamical equilibrium, fluctuating rapidly
due to capture and loss of electrons. As illustrated in
Fig. 3, a capture and loss cycle changes the transverse
energy of an ion. Considering an ion as a point charge
its transverse energy may be written as E� � p2

��2M1 1

Z�
1U�r� where U�r� is the potential for a proton. The

point-charge approximation is not always very accurate
but, qualitatively, this does not affect the following
argumentation. If an electron is captured at distance rc

and lost at a larger distance rl , the ion experiences a
net loss in transverse energy, DE� � U�rl� 2 U�rc�, as
indicated in the figure. The electron is carried away from
the atomic row, up a potential hill for the electron, and
then lost. This effect is analogous to Sisyphus cooling of
very cold, trapped atoms in strong laser fields [18]. If,
on the average, rl . rc, capture and loss will lead to an
increase in the density of ions at small E� and therefore
to an enhancement of the flux of ions exiting the crystal
nearly parallel to the axis.

An indication in favor of this explanation of the
observed anisotropies of the ion flux is obtained from the
energy dependence for He and C beams, seen in Table I.
The anisotropy is much smaller at the higher energies
where the probability for carrying even a single electron
is small [19]. But a more severe test is explanation of the
reversal of cooling to heating, illustrated in Fig. 2. The
impact parameter dependence of capture and loss can be
estimated on the basis of the simple concepts introduced
by Bohr and Lindhard [17], which account fairly well for
measured capture cross sections for highly charged ions
[20]. A characteristic impact parameter Rl for electron

FIG. 3. Atomic-row potentials for C51 and C61 ions, in the
point-charge approximation. The horizontal line indicates the
transverse energy of a C61 ion moving along an atomic row,
capturing an electron at rc and losing it at rl .
1761
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TABLE II. Characteristic distances in Å for capture of Si
L-shell electrons and for electron loss.

Ion E �MeV�u� Z�
1

a R2s
b R2p

b R0 c Rl
d

C 1.5 5.5 0.13 0.22 0.10 0.17
Cu 1.0 18 0.23 0.39 0.48 0.23
I 1.0 27 0.28 0.48 0.72 0.23

Au 0.5 28 0.29 0.49 1.50 0.33

aMean charge after transmission through a carbon foil [19].
bFrom Eq. (1), equivalent to Eq. (4.3) in [17].
cFrom Eq. (2), equivalent to Eq. (4.4) in [17].
dFrom the Thomson cross section [Eq. (4.1) in [17]], cor-
rected for screening with the Lindhard standard potential [2].
The minimum energy transfer for ionization was assumed to
be 	 1

2 my2 except for C where the K-shell binding energy
was used.

loss can be obtained from the classical Thomson cross
section, with a correction for screening of the nuclear Si
potential. For capture there are two important distances.
The release radius R is defined as the distance at which
the Coulomb force from the ion equals the binding force
in the atom, and it is given approximately by

R � Z
�1�2
1 n2�Z2 2 s�23�2a0 (1)

for an electron with main quantum number n in an atom
with atomic number Z2. Here a0 is the Bohr radius
and s is the Slater screening correction (s � 2.4 for 2s
electrons and 5.8 for 2p electrons) [21]. The electron is
released with very small energy in the laboratory frame
and therefore has a kinetic energy 	 1

2my2 in the ion
frame. It will be captured if this energy is smaller than its
potential energy in the ion field, i.e., for R , R0, where

R0 � 2Z�
1

µ
y0

y

∂
2a0 . (2)

For R . R0 there can be capture due to delayed release,
but with smaller probability. The characteristic distances
for capture from the Si L shell are given in Table II for the
four cases illustrated in Fig. 2. There is little capture from
the M shell because R . R0, except perhaps for Au. The
characteristic distances for capture and loss in a single col-
lision with a Si atom give estimates of the corresponding
distances rc and rl from an atomic row. Since the smaller
of the release and capture radii determines the capture dis-
tance, the values for C in Table II predict a cooling ef-
fect, as observed in Fig. 2. For Cu, I, and Au the relative
magnitude of the two radii is reversed and a heating effect
is predicted. Cu is experimentally observed to be an in-
termediate case, with cooling for well channeled ions and
heating for poorly channeled ions and for channeling along
weaker planes. This could be due to electron loss in col-
lisions with valence electrons at large impact parameters,
where capture decreases very rapidly.
1762
In conclusion, our experiments have shed new light on
the basic symmetry of ion scattering in crystals. Notwith-
standing the cursory nature of the theoretical estimates,
the qualitative agreement between predictions and experi-
ments provides strong evidence for an explanation of the
observed flux redistribution in terms of transverse cooling
or heating by capture and loss of electrons. The predic-
tion for C ions in Table II that electron capture decreases
more rapidly with impact parameter than electron loss is
supported by measurements in Ref. [22] of charge state
distributions for O ions channeled through a thin gold
crystal, and the prediction of the opposite behavior for
I ions is supported by similar measurements [23].
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