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Random and channeled energy loss of 33.2-TeV Pb nuclei in silicon single crystals
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Measurements of the energy loss and the energy-loss distributions of 160 GeV/amu fully stripped lead ions
traversing a silicon single crystal are presented. The energy loss is measured using the silicon crystal as an
intrinsic detector. Hence the measured energy loss is a restricted energy loss excluding very large energy
transfers. For random incidence, the observed energy-loss distributions are very narrow and Gaussian-like. For
well-channeled particles, the energy loss is strongly reduced as compared to so-called random particles. The
observed energy loss is compared to calculations as well as simulations. Due to the small straggling, the
energy-loss distributions are reflecting directly the distribution in transverse energy.
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I. INTRODUCTION

The energy loss per unit distance, the stopping power,
the distribution of energy losses, the straggling are key
rameters in the understanding of the passage of charged
ticles through matter. Since the first investigations at the
ginning of the last century, each time a new energy
particle regime has been entered, new phenomena hav
peared. Hence the description and the calculation of en
loss have evolved over time using models including n
important processes. From a more practical point of view
understanding of slowing-down phenomena is also ne
sary. Two prime examples, relying on an accurate descrip
of the passage of charged particles through matter, are
ology and detector development.

Since the discovery and first treatment of the channe
effect @1#, stopping phenomena for channeled particles h
been studied. There is an interplay between the channe
effect and the slowing-down process. The channeling ef
has been used to vary the impact-parameter distribution
hence to study the impact-parameter dependence of the
ping power. Conversely, measurements of stopping pow
for channeled particles have been used to obtain informa
about the trajectories of the channeled particles. As a re
ence to the energy loss of relativistic random and chann
particles, we refer to the first general survey for relativis
particles@2#, and to the more recent paper@3# on the energy
loss of channeled particles in bent crystals.

Recently, fully stripped ions at ultrarelativistic energi
have become available at CERN. This led to the discov
@4# and subsequent explanation@5# of the now called nuclear
size effect, or Lindhard-Sørensen effect, which leads t
reduction of the stopping power as compared to that fo
from the Bethe-Bloch formalism, for large values of the Lo
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entz factor. The reduction appears for close collisions wh
the de Broglie wavelength of the projectile becomes sma
than the nuclear dimension. Clearly, in this case the co
sions can no longer be considered as collisions betw
pointlike particles.

In the present investigations, we use intrinsic silicon cr
tals for detection of the energy loss. In this way it is t
deposited energy, which is measured, and energetic elec
may escape the target. Hence, this so-called restricted en
loss excludes high-energy transfers from close collisions,
the above-mentioned nuclear-size effect has no influenc
it appears for close collisions only. Instead the aim of t
present experiment was to obtain a general survey of
energy-loss process for channeled and random incidence
highly charged relativistic lead ions, and in particular to t
to take advantage of the small straggling as described in
following.

II. EXPERIMENT

The experiment was performed in theH2 beamline in the
north area of the SPS at CERN. A beam of 160 GeV/amu
206Pb821 ions with an intensity of around 1000/sec during t
spill was incident on a 0.3-mm-thick silicon crystal mount
in a precision goniometer. A system of scintillators in coi
cidence or anticoincidence defined the usable fraction of
beam hitting the active area of the crystal. The root-me
square divergence of the beam was around 50mrad. The
goniometer had a minimum step angle of 1/1000
51.7mrad. The crystal was aligned observing the lo
energy loss for planar or axially channeled ions. In this w
it was possible to align the beam direction with planar
axial directions to a precision much better than the be
divergence.

Since there was material, mainly vacuum windows, in
beamline, the beam did not consist of lead nuclei only,
instead of a mixture of fragments produced by nuclear co
©2001 The American Physical Society02-1
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sions in the material. The nuclear charge of the incident p
ticles were tagged by using the energy deposition in a g
filled ionization chamber, a so-called MUSIC detector@6#. A
spectrum from this detector is shown in Fig. 1, and the la
208Pb821 peak and the much smaller peaks from nuclei
lower atomic numbers are clearly visible. The peaks co
sponding to different atomic numbers cannot be resol
completely, since only one anode of the MUSIC detector@6#
was used.

Thin electrodes on the surfaces of the crystal were use
make it into a surface-barrier detector, which could regis
the deposited energy. An amplifier system consisting o
pre- and a main-amplifier created a signal appropriate for
data-taking system analog-to-digital converter. The very h
charge of the projectiles results in very large ionization in
silicon crystal, and hence care was taken to avoid satura
effects. As seen above, there are nuclei of practically
atomic number in the beam. This means that an online ch
of saturation effects could be made by observation of
silicon-detector signal relative to the MUSIC signal. In Fig
is shown a two-dimensional plot of these two signals, and

FIG. 1. Distribution of signals from the MUSIC detector show
ing the distribution of charges in the beam. Note the logarithm
vertical scale.

FIG. 2. Two-dimensional distribution of signals from the silico
detector versus the MUSIC detector showing the linearity of b
detectors.
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approximate linearity is apparent.
The measured energy loss can be calibrated on an a

lute scale by the use of radioactive sources, if the abso
thickness is known and if the detector is fully depleted. U
fortunately this was not possible in the present experime
since the detector could not be fully depleted owing to el
trical breakdown. Hence the energy-loss measurements
sented here are only relative, and the thickness of the ac
layer is only known to be significantly less than the physi
thickness of 0.3 mm.

III. THEORETICAL CONSIDERATIONS
AND EXPECTATIONS

The energy loss of relativistic particles traversing a tar
of thicknessDx is described by the Bethe formula@7#

DE5Dx
4pe4NZ2

mv2 Z1
2F lnS 2mv2g2

I D2b22d/21DLG ,
whereZ1 and Z2 are the projectile and target atomic num
bers,N the target atomic density,I the mean ionization po-
tential, v the projectile velocity, b5v/c and g5(1
2b2)21/2 the Lorentz factor. The last two correction term
are the Fermi-density effectd and the Lindhard-Sørense
correctionDL @5#. For highly charged ions, the feature o
paramount importance is theZ1

2 front factor in the Bethe
formula resulting in an energy loss, which is around fo
orders of magnitude higher for lead nuclei than for proto

The restricted energy loss, excluding energy transf
larger thanE0 , is given approximately by@7#

DErestr.5Dx
2pe4NZ2

mv2 Z1
2F lnS 2mv2g2E0

I 2 D
2

E0

2mc2g22b22dG .
The restriction energyE0 corresponds to the energy of a
electron having a range of half the target thickness. T
Fermi-density effect saturates the logarithmic increase of
restricted energy loss at large values ofg at the so-called
Fermi plateau.

For channeled particles, a path-dependent average en
loss for relativistic particles was calculated by Esbensen
Golovchenko@8#

DE~b!5Dx
2pe4N

mv2 Z1
2F @Z21Z2~b!#H lnS 2mv2g2

I D2b2J
2Z2d1C~b!G ,

whereNZ2(b) is the local electron density at positionb in
the transverse plane and whereC(b) is a velocity-
independent term dependent on the local electron densi
positionb. The same authors also calculated the reduction
the well-defined leading edge of the energy-loss distribut
for channeled particles@8,2#.

When the energy loss of the particles is sufficiently larg

c

h
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RANDOM AND CHANNELED ENERGY LOSS OF 33.2- . . . PHYSICAL REVIEW A 64 032902
that the number of collisions of all types is much larger th
one, the energy-loss distribution is Gaussian, and given

f ~x,D!5
1

A2pV
exp~2~D2D̄!2/2V2!.

Here x is the target thickness,D the energy loss, andD̄ the
average energy loss. The standard deviation is given by

V25DxE
Emin

Emax
ds~E!E2

whereEmin andEmax are the minimum and maximum energ
transfers, respectively. The Rutherford cross section i
good approximation to the differential cross sectionds(E)
in the present case as the integral is heavily weighted
wards large energy transfers. In the nonrelativistic case,
well-known Bohr expression for the straggling is obtaine
Only the upper limit in the integral is important, and it co
responds in the present case toE0 and not the very much
larger maximum energy transfer in a collision between
heavy projectile and an electron. Hence the width of t
distribution of deposited energies is much smaller than
corresponding width of the distribution of energy loss
proper.

IV. RESULTS AND DISCUSSION

The deposited energy-loss distribution for random in
dence is shown in Fig. 3 as the dashed curve. In the rem
der of the present article, we will be referring to restricted
deposited energy losses unless otherwise mentioned.
energy-loss distribution is seen to be a Gaussian-like di
bution. The width is determined solely by the detector re
lution amounting to approximately 20 keV~full width at
half-maximum! since the intrinsic width calculated accor
ing to the above formula is much smaller. The very small
towards lower energies is not believed to have any phys
significance, and is most probably stemming from partic

FIG. 3. Distribution of energy losses for beam incidence alo
the ^110& axial direction~filled circles!. The distribution for a non-
aligned beam is shown by the dashed curve. The leading-edge
ergy loss from Refs.@2,8# is marked by the arrow.
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hitting the edge of the detector due to a finite inefficiency
the veto scintillator in front of the detector.

When the crystal is aligned with the^110& axial direction,
a much broader distribution is found as can be seen in Fi
as filled circles. Here it should be realized that the div
gence of the beam, around 50mrad rms, is much larger tha
the critical channeling angles. For the^110& axis the calcu-
lated Lindhard angle isc1522mrad and for the$110% planes
the planar channeling angle iscp58 mrad. This means tha
the distribution includes energy losses from particles that
axially channeled, planar channeled and particles traver
the crystal in the transition region, the so-called strings
strings region. The distribution is seen to include partic
giving an energy loss of up to 45% above the random va
Such large energy losses occur for planar-channeled part
with large transverse energies. A well-defined quantity is
energy loss of the best-channeled particles, which are ax
channeled particles with small transverse energies. T
quantity is represented by the low-energy edge of the dis
bution and amounts to 58% of the random energy loss. I
compared to the calculated leading-edge energy loss from
Esbensen and Golovchenko formalism@8# marked with an
arrow in Fig. 3. Agreement to the few percent level is se

For planar-channeled particles the spectra for incide
along the$110% and $111% planes are shown in Figs. 4 and
as thin-solid lines. The distribution for random incidence
also shown for comparison as a thick-solid line. The rand
spectrum is scaled to have the same height as the spec
for aligned incidence. Again it should be pointed out, that
divergence of the beam is much wider than the plan
channeling angle, which means that there is a large num
of nonchanneled particles, as is also apparent from the l
peak of random energy losses. A magnified view of the sp
tra for aligned incidence is shown in the upper left-hand s
insets. The experimental data are here shown as conne
open circles. A large energy-loss tail is seen in both spe
extending up to 30% and 40% above the random value

g

n-

FIG. 4. Energy-loss distribution for beam incidence along
$110% plane~thin-solid line!. The distribution for a nonaligned, ran
dom incidence, beam is shown by the thick-solid curve. The in
shows the data for aligned incidence represented by open cir
The leading-edge energy loss from Refs.@2,8# is marked by the
arrow. The simulated energy-loss distribution is shown by the f
drawn line in the inset.
2-3
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the$110% and$111% planes respectively, corresponding to p
ticles with large transverse energies. The planar electron
sity is higher for the$111% planes as compared to the$110%
planes, in accordance with the higher energy losses obse
for the $111% plane. Due to the divergent beam there will
a wide transverse energy distribution including particles w
transverse energies from zero up to large transverse ene
corresponding to angles much larger than the critical an
This is reflected in the energy-loss distribution, which exh
its energy losses from above the random value down to
energy loss of the best-channeled particles. The leading e
of the distribution corresponding to the energy loss of
best-channeled particles is seen to be at 61% and 69% fo
$111% and $110% planes, respectively. These values are co
pared to the Esbensen and Golovchenko values@8# and again
agreement to the few percent level is observed. Anot
noteworthy feature on the experimental spectra is that
energy-loss distribution for the channeled particles peak
the lowest energy loss corresponding to the best-chann
particles. This is a result of the transverse energy distri
tion. Although the present beam has a divergence larger
the critical channeling angle, the distribution in transve
energies peaks at low energies due to the almost harm
form of the planar transverse potential. In order to mak
more quantitative comparison, restricted energy losses in
silicon crystals were simulated using the Monte Carlo co
CATCH @9#, which employs the Esbensen and Golovchen
formula for path-dependent energy losses@8#. Fully stripped
Pb ions were tracked through the crystal lattice with a s
size of 0.5mm. The electron density and interplanar fie
used in the simulation was calculated from a therma
averaged Molie`re potential. In every step, a number of ele
tronic scattering events were generated according to a 1E2

distribution for the energy transferE. If an electron was car-
rying an energyE greater than a specified cut-off value, th
energy transfer was not counted in the ‘‘restricted’’ ener
loss of the considered particle~as the corresponding electro
most likely escaped the depletion zone thus carrying aw
the energy!. One poorly known input parameter to the sim
lation is required, namely, the cut-off restriction energy. T
was taken to be 30 keV corresponding to a thickness of
depleted layer of a few tens of microns.

FIG. 5. As Fig. 4, but for the$111% plane.
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The simulated energy-loss distributions shown in the
serts of Figs. 4 and 5 as solid lines are normalized so that
area of the simulated and the experimental distributions
equal. We observe that the simulated distribution reprodu
qualitatively the shape of the experimental distribution,
though the exact form is not reproduced. We also obse
from Figs. 4 and 5, that the measured energy loss of
best-channeled particles cannot be reproduced in the sim
tion for both planes. This is partly explained by the use of
Molière potential in the simulation, which apparently is n
reproducing the electron density very well at large distan
from the atomic nuclei. A better agreement with reference@8#
for the leading-edge energy loss is due to the use of
Doyle-Turner potential in this calculation. Furthermore t
position of the leading edge relative to the random ene
loss depends somewhat on the choice of the restriction
ergy.

The simulated distributions in Figs. 4 and 5 consist
contributions from particles of different transverse energ
obtained during surface transmission. The partial contri
tions to the energy-loss distribution from seven transve
energy intervals are shown in Fig. 6 for the$110% plane. We
observe as expected, that the particles with the lowest tr
verse energies give the smallest energy loss. In addition,
highest energy loss is obtained for particles with transve
energies in the interval 20–25 eV, i.e., around the heigh
the transverse potential. It is well known from channeli
theory @1#, that it is these particles, which gives an ener
loss higher than random. For very large transverse ener
the energy loss approaches the random value. This fig
supports the above interpretation of the measured ene
loss distributions; in particular that the low-energy edge
determined by the best-channeled particles and that part
with high transverse energies around the critical energy g
an energy loss larger than random.

V. CONCLUSIONS AND OUTLOOK

The energy loss and the energy-loss distribution of ch
neled and random highly charged relativistic particles ha

FIG. 6. Energy-loss distribution for the beam incident along
$110% plane according to theCATCH simulation~full-drawn curve!.
The partial contributions from seven transverse energy intervals
also shown.
2-4
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RANDOM AND CHANNELED ENERGY LOSS OF 33.2- . . . PHYSICAL REVIEW A 64 032902
been measured. For random incidence a very narrow, Ga
ian distribution is seen. This is in contrast to incidence
protons, where a Landau distribution is observed. This
ference is caused by the high charge of the projectiles. It
found that the Esbensen and Golovchenko theoretical m
mum energy loss for channeled particles agrees well with
measurements. Further, the ‘‘channeled’’ energy-loss dis
butions could be explained on the basis of the distribution
03290
ss-
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the particles in transverse energy. A simulation qualitativ
confirms this interpretation.

Even better quantitative investigations of the energy l
of channeled particles could be obtained using a beam w
a smaller divergence, and using a fully depleted detec
Also a simulation using a better potential and electro
density distribution like the Doyle-Turner potential wou
be interesting.
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