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Energy loss of 2-, 6-, and 15-GeV/c positive and negative protons, kaons, and pions transmitted through
thin germanium and silicon crystals are measured using the crystals as intrinsic detectors. For particles
incident in directions far from axial or planar directions the results are in accord with the relativistic Bethd-
Bloch stopping theory. The density eA'ect plays an important z'ole at these energies. The spectral distribution
of energy losses is in good agreement with the Landau distribution. for positive particles aligned with an axis
or a plane, the energy loss is considerably reduced compared to random. The measurments agree well with
theoretical calculations. Negative particles, well aligned to a crystal axis, show increased energy loss
compared to random by as much as —20%.

I. INTRODUCTION

In a previous experiment directional effects %ere
observed for charged heavy particles with energies
around 1 GeV penetrating through germanium single
crystals. The probability of both small- and large-
angle scattering depended strongly on the relative
orientation of the crystal and the particle beam,
with positive and negative particles behaving dif-
ferently. Also the energy-loss spectra were highly
influenced by crystal orientation. The directional,
or channeling, effects appear when the angle be-
tween the beam and a crystal axis or plane is
smaller than a certain critical angle, which, for
energies around 1 GeV, is of the order of 1 mrad.
In the channeling case, collisions with atoms be-
come correlated so that all deflections with a,

string or plane of atoms tend to be in the same di-
rection. A positive particle is therefore gently
steered away from the atomic string or plane.
This is the reason why channeling effects appear:
channeled particles are kept away from the close
vicinity of atoms.

Preliminary results of the experiment were
published in Befs. 1 and 2, and a fuller discussion
of the results together with a summary of the theo-
retical background is presented in Ref. 3. Thus
having solved various problems associated with
experimentally observing channeling effects at en-
ergies as high as 1 GeV, it has become possible
for us to pursue the effects at even higher energies.
We have been motivated to continue the study of

the channeling effect first of all because of its
basic physical interest but also because of its
possible implications for high-energy physics ex-
periments.

A new experiment has now been performed,
using particles with momhnta 2, 6, and 15 GeV/c
and var'ious germanium and silicon crystals. The
present phper deals with one aspect of the results
from the new experiment, namely, the measure-
ments of energy losS in the single crystals. In
addition to the energy loss under channeling con-
ditions, it is possible to measure the correspond-
ing energy loss for an amorphous target since
(cf. Ref. 2) the interaction between an energetic
particle and a single crystal is the same as that
for an amorphous foil whenever the direction of
motion of the particle is far from any axial or
planar direction in the single crystal. Such direc-
tions are called random directions; they give rise
to random energy l.oss. Another interesting fea-
ture of these results is that ht the present energies
the well-known relativistic Bethe-Bloch' formula
for the average energy loss of random particles is
strongly modified by the so-called density effect.
Our measurements on the energy loss of random
particles provide experimental support to Stern-
heimer's calculations~ of the density effect.

For well-channeled positive particles there ex-
ist many theoretical papers predicting the energy
loss of the particles. The theories are conflicting
and none of them are readily applicable at ex-
treme relativistic energies, We present a com-
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prehensive tabulation of energy-loss data for pions,
kaons, and protons, channeled along axial and
planar directions in silicon and germanium for
momenta. of 2, 6, and 15 GeV,/'. We find good
agreement between the data and a recent theory of
Esbensen and Golovchenko. '

A theoretical description of the energy loss for
negative channeled particles is not straightforward.
Qualitative arguments lead to the expectation that
channeled negative particles should experience a
larger than random energy loss. Until lately elec-
trons were the only negative particles to be used in
channeling; due to several experimental problems
(dechanneling, bremsstrahling, etc. ), energy-loss
experiments with well-aligned electrons are not
very attractive, and only one has been performed to
our knowledge. "

In the old experiment no appreciable difference
between a channeled- and a random-energy-loss
spectrum was observed for negative pions around
1 GeV/&. In the present experiment, however,
with improved angular resolution we have found a
considerable shift of the energy-loss spectrum
compared to the random-energy-loss spectrum.
Measurements on the interesting scattering effects
of channeled particles as well as applications to
nuclear reactions will be published separately.

II. EXPERIMENTAI. SETUP

A. General layout

The experinental apparatus was installed in the
P14 beam of the CERN 28-GeV/& proton synchro-
tron. A schematic layout of the experiment ean
be seen in Fig. 1. The beam itself was a high-in-
tensity (around 10'/cm sec. ) secondary nonsepa-
rated charged beam with a momentum adjustable
between 2 and 15 GeV/&. Momentum slits allowed
a reduction of intensity to acceptable limits for the
detectors. In the positive polarity the beam con-
sisted of roughly equal amounts of protons and
pions with about 2/0 of kaons, whereas in the nega-
tive polarity it contained essentially only pions
with 1% of antiprotons and kaons. The beam diver-
gence was related to the momentum as shown in
Table I.

Particle identification was performed in two

TABLE I. Beam divergence for both polarities and for
the momenta used in the experiment. The numbers give
full width at half-maximum in the horizontal and vertical
directions in milliradians.

Momentum
(Ge V/&) Polarity Hor izontal Ver tical

positive
negative
positive
negative
positive
negative

0.7
1.7
1.4
1.6
1.8
3.2

0.3
1.3
0.8
1.6
1.4
2.5

ways: For' 2-GeV/c particles the time of flight
between the two scintillation counters SC1 and
SC4 16 m apart was recorded. For the higher mo-

'V

menta two threshold Cerenkov counters placed in
front of SCI were employed. The gas pressure in
the Cerenkov counters was chosen so that a pion
would give a signal in both, a kaon a signal in one
and not in the other, and a proton would give no
signail. in either of the two detectors. Two addi-
tional scintillation counters SC2 and SC3 in anti-
coincidence with SC1 and SC4 were used to define
the usable fraction of the beam so as not to exceed
the maximum size of the crystal sample at the
focal point on the goniometer.

The dominant contribution to the angular uncer-
tainty in the old experiment came from multiple
Coulomb scattering of the particles in air gaps and
windows. Multiple scattering decreases as 1/p&,
whereas the critical angle for channeling decreases
as IWpU, where p and & are the relativistic mo-
mentum and the velocity of the particle, respective-
ly. The angular resolution may therefore be im-
proved by going to higher energies. In addition, a
special effort was made to design the experiment
so as to further reduce the multiple scattering.

The incoming as well as the outgoing particle tra-
jectories were measured by a set of five position-
sensitive driftchambers, DC1—DC5; the beam lines
VT1 and VT2 were evacuated to a pressure of less
than 10"' Torr which essentially eliminates the
contribution to multiple scattering from the air in
the tubes. The goniometer allowed an adjustment

SC2'

SC1

DC& DC2

VT1

sc3

DC 3 CRYSTAL YT2
I j

sc4

l~

I

OC4 DC5

FIG. 1. Schematic draw-
ing of experimental layout.
The beam is defined by
means .of scintillation
counters SC 1—4, and the
particle track by means of
drift chambers DC 1—5.
VT1 and VT2 are evacuated
tubes.
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of the.crystal axis to the average beam direction,
although a precise alignment was not necessary
due to our method of measurement. A suitable
liquid-nitrogen cooling system could maintain the
intrinsic detector at a nearly constant temperature
of around 90'K and the pressure was kept below
10 8 Torr.

2 GeV/c . 6 GeV/c 15 GeV/c

Si (110)
Ge (110)

0.32
0.48

0.19
0.28

0.12
Q.18

TABLE III. The critical angle P& in mrad. The tab-
ulated values are for P =1.

B. Detecting system

TABLE H. Standard deviation in measurement of inci-
dent and exit beam angles (mrad) as well as the total
standard deviation.

2 GeU/c 6 GeV/c 15 GeV/c

+ incident

exit

total

0.55
0.06
0.55

Q.19
0.04
0.19

0.08
0.03
0.09

The basic principle of the experiment was to
record, for each beam particle obeying the simple
geometrical constraints already described, both
the incoming and the outgoing angle to the crystal
and at the same time to register the energy depos-
ited in the crystal. For this purpose we have used
a set of high-accuracy drift chambers to record on
each event, the two-dimensional x-p coordinates
of the tracks on the selected planes (DCI-DC5 in
Fig. 1). The active surface was 100&&100 mm for
DC1-DC4, whereas DC5 was 500x500 mm. DC5
was used for recording large scattering angles.
The detailed behavior of drift chambers has been
described elsewhere. '

The angular resolution of the detecting system
is influenced by two causes: Firstly, there is an
uncertainty in the coordinates from the drift cham-
bers and the associated electronics of -0.1 mm
corresponding to a total angular uncertainty of- 0.03 mrad. Secondly, there is an uncertainty in
the particle directions when entering and leaving
the crystal because of multiple scattering in both
the mylar windows and the airgaps close to the
crystal. This second effect is more serious at the
lower energies, and in the actual setup is much
worse on the incident side than on the exit side.
The multiple scattering contribution was calculated
in the same way as in Ref. 3, i.e., based on the
Bohr-Williams theory. The calculated angular
resolution (standard deviation) of incident and exit
beams are tabulated in Table II as well as the
corresponding total angular resolution through the
system. These numbers are in good accord with
measurements performed on the system without
the crystal in place.

As mentioned above, the critical angles for
channeling are very small at these high energies.

For relativistic particles, the critical angle for
axial channeling g, is given in the Lindhard theory'
by

g, = (4Z,Z,e'/pod)'~',

where Z,e and S,e are the nuclear charges of the
incident particle and the target nuclei, respective-
ly, and & is the interatomic distance along the ax-
is. This theoretical critical angle has turned out
to be in~good agreement with experiments. In
Table III values of g, for the present experiment
are given. We have chosen a (110) axis, for
which d =4.00 A in Ge, and d =3.84 + in Si. Criti-
cal angles for planes are of the order of 0.3$, at
these energies. It is apparent that a good angular
resolution is necessary in order to accurately
measure the channeling effects.

The data acquisition and handling were in prin-
ciple done as described in Ref. 3. In short, for
each accepted event, the output from the drift
chambers, from the crystal detector, and from the
V'

Cerenkov counters, viz. , the time-of-flight mea-
surement, were stored on magnetic tape. The full
analysis of the data was done on the CDC 7600 at
CERN, while a small on-line computer checked
the correct behavior of the detecting system.

C. Preparation of crystal detectors

Few elements form crystals which are suited
for high-energy channeling experiments, since
the critical angles are so small that even a mod-
erate mosaic spread will smear the channeling
effects. In all experiments we have used silicon
and germanium crystals which can be produced
with very low mosaic spread. These materials
are also suitable for the fabrication of solid-state
ionization detectors as discussed below.

A slight bending of the crystals will also lead to
a smearing of the effects and in order to avoid this,
we had to construct special crystal holders where
the crystals were held fixed without any applied

' stress. Crystals mounted this way were tested at
room temperature by means of a double crystal x- ray
spectrometer. From the rocking curve a very ac-
curate measurement of the bending was obtained.
Also x-ray topography was employed. By these
means it was ensured that the crystals were bent
no more than 10 ' mrad.
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Electronically, two windows are set, one (Wl)
covering the low-energy-loss tail, the other (W2)
covering the rest of the spectrum. W2 is used for
normalization. When the relative number of par-
ticles in W1 is plotted against crystal tilt angle, a
peak is recorded each time a plane is aligned to
the beam. In this way planes and axis are found
very quickly without any use of a computer and
with a goniometer with a minimum step size of- 0.2 mrad.

In Fig. 3 is shown a three-dimensional intensity
plot for 6 GeV/c v incident on a 0.3-mm Ge cry-
stal with a (110) axis aligned to the beam. The
particles registered belong to the low-energy-loss
window W1. Even weak planes are detectable this
way.
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III. RESULTS AND DISCUSSION

A. Transmission experiment
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FIG. 4. 15-GeV/c p incident on a 4.2-mm Ge single
crystal. The picture is a reproduction of a computer
output and shows the relative intensity distribution as
function of incident angle to the crystal axis for particles
which have been scattered less than 0.1 mrad in the
crystal. Dark areas correspond to high intensity. Each
point shows the intensity in a box of 0.05&&0.05 mrad.
As in Fig. 3 the position of the axis and the planes are
clearly seen. Note the reduction in yield away from
axis and planes for incident angles less than around
1 mrad. There are 20000 events in the plot.

We can further elucidate the channeling picture
as well as supplement the information of Fig. 3 by
means of a transmission experiment. Here one
asks for the direction of incidence of those par-
ticles which traverse the crystal without essential
deflection. Figure 4 shows the intensity distribu-
tion in angle space of 15-GeV/c protons transmitted
through a 4.2-mm (110) Ge crystal. The maximum
accepted angle between incident and exit directions
was 0.1 mrad. It is sqen that incident protons
aligned with the (110) axis or the lower-order
planes give rise to a strongly increased transmis-
sion intensity, whereas a reduction in transmis-

FIG. 5. 15-GeV/c m incident on a 4.2-mm Ge single
crystal. Same plot and condition as in Fig. 4 but for
negative particles. Here planar effects are absent but
there is a peak in the axial direction surrounded by a
low-intensity region. Note that the axial peak is lower
than the randon "plateau" far from the axis. There are
10000 events in the plot.

sion yield is observed away from axis and planes
for incident angles up to around 1 mrad. The min-
imum in transmission intensity is obtained at an
angle of around 0.3 mrad to the axis.

Figures 3 and 4 make it easy to select special
particle groups, as, for example, all particles
aligned to a certain plane, or. those particles which
make a specified angle to the axis, etc. , and to
ask what happens to such a par ticle group as re-
gards scattering angles, energy loss, etc. The
transmission pattern was also used as a last test
of the possible bending of the crystal. By means
of the computer, the pattern from various parts of
the crystal is obtained. If the angular position of
the axis differs from one part of the crystal to the
next, the crystal is bent, and the angle of bending
is immediately found to an accuracy of around 0.02
mrad.

For negative particles the transmission picture
looks a little different. Figure 5 shows the inten-
sity distribution of 15-GeV/c m transmitted
through the same crystal as above. There is still
a peak along the (110) axis, but the intensity is
lower (-30~$) than the random intensity. Again the
peak is surrounded by a low-intensity region, which
in the present case extends out to around 2 mrad
as compared to 1 mrad for protons. The intensity
minimum is found at nearly the same angle as for
protons. No clear planar effects are seen.

The reason for the low-intensity region is one
of the main topics of a subsequent. paper. In short,
particles (positive or negative) entering the crystal
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FIG. 13. Energy-loss spectra for 15-GeV/c protons
incident on a 0.90-mm Si single crystal. Similar to
Fig. 10 except that the channeled spectrum corres-
ponds to particles incident along a f100) plane. Here
the relatively poor angular resolution combined with a
rather large dechanneling results in a very broad
"channeled" spectrum.

independent of incident- and exit-angle criteria.
Also the peak position is nearly proportional to
crystal thickness and rather insensitive to angle
criteria as long as they are mell below the critical
angles. On the other hand, the width of the distri-
bution and the tail are very sensitive to changes in
incident and exit angles.

Accordingly, in Table V, we summarize the ex-
perimental results for well-channeled particles by
displaying the most probable energy loss &E~, and
the low-energy loss corresponding to half-maxi-
mum. We call this quantity &~,g, .

For silicon, for which some results are shown
in Figs. 10-13, the critica. l angles are smaller

than for germanium by a factor -3. For this rea-
son angular resolution problems become more
serious, especially for the less dense planes (i.e. ,
(100)) where. the distribution is very broad because
of a large component of random particles and be-
cause of dechanneling. For that particular case
only &~,g, is fairly well defined.

We do not, for our measurements, claim the
very high accuracy which can be obtained for MeV
protons. In Tables IV and V the uncertainties
quoted contain contributions from counting statis-
tics, energy calibration, variation in depletion
thickness, etc. The thi;ckness of the depletion layer
was taken to be equal to the crystal thickness,
which was uniform within +1% We e. xpect the
overall uncertainty in the numbers in Tables IV
and V to be less than +59o.

2. Discussion of random energy loss

The stopping power for relativistic particles is
wel1. known theoretically being given by the Bethe-
Bloch formula with various corrections. At high
energies the most important correction is the so-
called density effect, which gives a considerable
reduction in stopping power at extreme relativistic
energies. This effect is only present in condensed
materials where the target electrons can act col-
lectively. The density effect has to do with polari-
zation of the electron gas of the substance. We
refer the reader to Jackson, 4 which discusses the
density effect. Although measurements of the
stopping power at very high energies are very
important both for experimental and theoretical
reasons, only few exist. A measurement in which
the particle energy is determined accurately be-
fore and after traversing a foil is not easy to per-

TABLE IV. Measured most probable energy loss &E& and average energy loss (&E) in Ge
and Si, for random incidence. All numbers are eV/p. Some numbers are missing due to bad
statistics.

2 GeV/c
(Q~)

6 GeV/c
(&E)

15 GeV/c
«~)

Ge 0.74 mm

sr+

r
k+

k

580 +20

590+20

590~20
565 + 15
570 +30
540 +15
560 + 20
525 + 15

680 +20
670 + 15
670+ 30
645 + 15

635 + 15

580 +20
570 +15
550 +20
570 +20
555 +20
550 +25

685 +15
680 +15
660 +15
680 ~15
660+15
660 +20

Si 0.9 mm

295+ 5
288+ 5

k+

k
315+ 5
292 +10

340+ 5
340+ 5

360+ 5
343 +10

295+ 5
292+ 5
282+ 5
283+ 5
280+ 5
279+ 5

345+ 5
346+ 5
336+ 5
338+ 5
335+ 5
334+ 5

295+ 5
292+ 5
292+ 8
294 + 5
290+ 5
285+ 5

353+ 5

352+ 5

343 + 5
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TABLE V. Measured most probable energy loss &E& and low-energy loss &E&y2 for well-
channeled particles. All numbers are in eV/p. Some numbers are missing due to bad sta-
tistics.

2 GeV/c
QEp

6 Gev/c 15 GeV/&

Ge 0.74 mm

(110) P

p

{»0}
p

{100}
p

270+ 10 285 +15
220 + 10 240 + 15
295+15 330+15

7r 270 +10 315+15
230 + 10 280 +15

285 +10
245 +10
625 + 20
280+ 7
240 + 7
320+10
280 +10
360+ 8
320+ 8

325 +15
280 +15
740 ~25
315+15
260 +15 '

360 +15
305+15
395 +15
345 +15

300 + 10
270 +10
635 +20
285+ 7
265+ 7
325 +10
305+ 7
370 + 10
345~ 7

325 +15
305 +15
790 +20
325 +15
296 +15
365 +15
340 ~ 15
405 +20
395 +15

Si 0.9 mm

(110& p

m+{ill}
p

{110}
p

{loo}
p

165+ 5 190+ 5
172 + 5 190 + 5
310+ 15 355 +20

175~ 5
157+ 5
315+10
170+ 5
157+ 5
193+ 5
178+ 5
213+ 10
203+ 5

193+ 5
182+ 5
385 +15
191+ 7
172+ 7
216 +10
200~ 8
240 +15
220 +10

180+ 5
169~ 5
310+10
171+ 7
166+ 5
197+ 7
189+ 5
220 ~10
210 ~10

193+ 5
198+ 5
400 +15
197+10
186+ 7
218 +10
211 ~10

form. Another method is to measure the energy
deposited in the foil by the particle. Nuclear emul-
sions have been widely used. The foil can also be
a solid-state detector, which has the advantage of
being inexpensive, small, and relatively easy to
operate. It therefore lends itself easily to stop-
ping-power measurements. At present, silicon,
germanium, and some semiconducting alloys can
be used for detector fabrication. To our know-
ledge, solid-state detectors have not been used to
measure systematically the stopping powers of ex-
tremely relativistic particles before.

It is essential to realize that the energy loss of
the particle in passing through the detector does
not correspond exactly to the energy deposited in
the sample, as measured by the total number of
electron-hole pairs created. This. is due to the
fact that a particle may suffer hard collisions with
electrons in the detector giving rise to energetic
electrons (& rays) which may escape from the de-
tector without depositing all their energy therein.
This will especially influence the tail of the energy-
loss distribution. The measured spectrum of en-
ergy deposited in the crystal is therefore a "re-
stricted" energy-loss spectrum in the sense that
collisions in which energetic electrons are ejected,
do not contribute fully.

Another interesting effect which will, in prin-
ciple, influence the tail of the measured spectrum
is nuclear reactions. At the present energies
nuclear reactions may result in the production of

several particles which (if charged) lose energy
in passing through the detector. The energy de-
posited by such particles will show up in the de-
tector as a high-energy pulse and therefore belong
to the tail of the distribution. This effect is small
and has furthermore been suppressed in the pres-
ent experiments by the coincidence requirements.
This demands that at least one particle hits the
last scintillator SC4, corresponding to a maximum
exit angle of 5 mrad, cf. Fig. 1.

At this stage we want to point out an interesting
application of the effect: The number of particles
giving rise to high-energy deposits in the detector
will be correlated to the number of nuclear re-
actions taking place. It should therefore be pos-
sible to study nuclear-reaction cross sections by
means of the very high-energy pulses in the solid-
state detector. Results of such experiments —where
the last scintillator SC4 was removed —will be
published separately.

Pano' gives the following simple formula for the
average restricted stopping power:

~t
dE 2we' NZ, 2 mv'y'
Eke rest m v I

0 p2
2mc y

-in- T
2 me'y')
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Ill to a for very high velocities, and &Z(b) is the local
electron density at position b, averaged along a
straight-line trajectory parallel to the axis or
plane.

From Lindhard's formula one finds for not too
high velocities with a+2 a stopping which is small-
er than half the random value. For very high vel-
ocities —as in the present case —u should equal &

and the formula reads

+e~o ~
&E dE~~ Z, +Z(b)
dX dg j random 2g (6)

200—

100—

0 I I I I I lill
10

P
MoC

i ilail
100 1000

FIG. 16. Random energy loss in silicon. Completely
analogous to Fig. 15.

where 0. is a parameter between 2 and 1, tending

for random particles. We show theoretical curves
for the average energy loss, unrestricted, with
and without density-effect correction —to give an
impression of the size of the density effect. We
also show the restricted energy loss compared to
measurements, and finally the theoretical peak of
the distribution compared-to measurements. We
plot the quantities versus a parameter P/M, c =Py
which is convenient both theoretically and experi-
mentally.

e

3. Eriergy loss for aligned positive particles

Several authox s' ""have attempted to describe
the energy loss of channeled particles theoretical-
ly. The early theories were based on the argument
that, asymptotically, there is equipartition be-
tween contributions to stopping from close and
distant collisions. The stopping of aligned parti-
cles in this picture has two sources: a standard
contribution from the valence electrons, and a
contribution from core electrons where close col-
lisions are more or less suppressed. An import-
ant task in the theories is to evaluate the core
electron contribution as accurately as possible.
None of the theories are readily applicable to ex-
treme relativistic particles. Lindhard originally
proposed a semiquantitative formula for the stop-
ping as function of particle position b in the trans-
verse space (transverse with respect to the axis
or planar direction in question)

—(b) = —
I l(i —~)+~dZ dE~ |' g(b)

dX dg j random i '

g&

where (I)

ota) =g e' 'p(G)la(a, o (8)

In this region the Lindhard expression therefore
predicts a stopping somewhat higher than 50~/o of
random. Although this formula was not expected
to be strictly valid, it gives qualitatively the same
results as the experiments: The denser channels
(whether axial or planar) have the larger stopping.
Experiments' showed that n could not be assigned
the asymptotic value 2 for protons of energies as
high as -10 MeV. Theoretical work was then con-
centrated upon the problem of explaining the chan-'

neled stopping power for protons at a few MeV.
In the most recent paper by Dettman" the aver-

age energy loss in a single atomic collision as a
function of impact parameter is calculated. After-
wards, contributions from the atoms in the lattice
are added together. For the valence electrons a
free-electron-gas model is applied, whereas core
electrons are treated using Hartree-Fock wave
functions. In the limit of high velocities, however,
Dettmann predicts a channeled stopping power
identical to the one given by Eq. (6)

Recently, Esbensen and Golovchenko' have treat-
ed the stopping power for channeled particles.
These authors also find the average energy loss to
an atom, as function of impact parameter, using
standard first-order perturbation theory. They
need not distinguish between core and valence elec-
trons and they utilize the reciprocal lattice in order
to add contributions from atoms in the crystal.

In the following we shall primarily compare our
results with the theory of Esbensen and Qolovchen-
ko and thereby elucidate the theoretical controver-
sy about the energy loss of channeled particles in
the limit of high velocities. For high velocities
(yv &Z,e'/5), Esbensen and Golovchenko derive the
following formula for the path-dependent stopping-
power due to electronic excitations (nonrelativis-
tic)
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and
Z2

I

eV/p

1000=-

I I I I I I I I

is the Fourier transform of the electronic charge
density in the target atoms. b is the position of
the penetrating particle in transverse space (trans-
verse with respect to the axial or planar direction
in question), and the sum over 6 a 0 includes all
nonzero, reciprocal-lattice vectors in the trans-
verse space. We note that the contribution from
C(b) vanishes if we average over all positions b
in transverse space, while Z(b} will be replaced
by Z„ i.e., Bethe's formula is contained in Eq.
(7).

Note also that the term C(b) is velocity inde-
pendent, which means that Eq. (7) becomes identi-
cal to Eq. (6) in the limit where C(b) can be ne-
glected. As we shall see below, this limit is never
reached and the correction C(b) is substantial even
for 15-GeV/c pions. But first let us include some
important relativistic corrections.

From the study of random stopping it is well
known that the contribution from transverse ex-
citations (resulting from the vector potential part
of the electron-particle interaction) satisfies a
strict equipartition with equal contributions from
very low- and very high-energy transfers. ' We
can include the contribution from very high-energy
transverse excitations in Eq. (7) as a path-depen-
dent correction, while the contribution from very
low-energy transfers results in a random path-
independent correction. This is achieved in Eq.
(7) by' replacing ln{2tIIt)'/I ) by fln[2~{yt))'/f j
—)6'). We finally include the density effect, which
is important in condensed matter, as a random
path-independent correction, since it reduces the
contribution from the low-energy transverse ex-
citations. Thus we obtain in the relativistic re-
gime

q„s)= ~„', &I[z,+i)I)]

I'2 m(y I) )'
I

(10)

We have used the form factors (i.e., the Fourier
components of the electronic charge density) given
by Doyle and Turner" to calculate Z(b) and C(b}
for the various axial and planar directions. These
form factors have been determined for free atoms.
using relativistic Hartree-Fock atomic wave func-
tions. Form factors for the solid state would of
course be more appropriate, - and we therefore

800—
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200-

(100)
(100)==~=----- &110)

&110)

01
I III

P
MoC

100

FIG. 17. Theoretical curves for the average energy
loss in germanium showing influence of the correction
C(b). The correction is strong for the (IIO) axis, and
less important for a weak plane like the {110] plane.
Full-drawn curves include the correction, whereas
dashed curves do not.

present our calculations with some reservation.
In Fig. 17 we compare the calculated mean en-

ergy loss of best channeled particles in a {110)
axial and a (100}planar direction in Ge, with (full-
drawn curves) and without (dashed curves) the cor-
rection C(b) in Eq. (10). The random stopping
power is also shown. The correction C(b) is seen
to be essential and we shall therefore always in-
clude it in the following.

In connection with the experimental results, we
noted that the low-energy side of the recorded
aligned spectra are very steep and insensitive to
the choice of incident- and exit-angle criteria,
whereas the tails of the spectra are sensitive to
angle criteria. The tail of an aligned spectrum is
therefore due to particles with quite different tra-
jectories inside the crystal. The energy loss of
best channeled particles can only be extracted
from the low-energy side of the spectrum and as a
representat&ve value we use the energy loss at
half-maximum ~E,g2.

For the very high energies (and thin crystals)
with which we are concerned, dechanneling is
nearly negligible, cf. Ref. 3, Fig. 14, where the
influence of dechanneling on wide-angle scattering
yield is calculated for 1.15-GeV/c protons, based
on a diffusion equation. " For the present energies
the dechanneling will be even less important. We
therefore expect the increase in transverse energy
of very well-channeled particles to be negligibly
small in traversing the crystal. A direct compari-
son between our measuremepts and the theoretical
calculations for the best channeled particles should
therefore be justified.

Let us recall that the Landau distribution in the
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random case is constructed to give the right mean
value [cf.Eq. (3)], whereas the shape of the distri-
bution is determined by close collisions. In the
same manner we can construct an energy-loss dis-
tribution for the best channeled particles from the
local electron density Z(b}N (which is averaged
along the particle trajectory) and with the mean
value given by Eq. (10}. In particular, the energy
loss (per path length) at half-maximum on the low-
energy side of a local Landau distribution (this
corresponds to choosing & =- 1.6) is

eV/p
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400-

200-

01

I I I I I I I I

tel
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I I I I I I [ I
I

I I I i I l I f I

100

RANDOM
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P
Mo

with

x N{—1.18+ P + in[a(b)]),

FIG. 19. Comparison between theory and experiment
for lead'ing edge (~E&/2) for three planes in the 0.74-mm
Ge crystal. Random is also shown.

j I I I I I I II] I I I I I I II]
eVti g

5oo-
RANDOM

~(b }= (2 v Z,'e'/mv') [Z(b )Nt/T, „],
cf. Eqs. (3) and (4),

In Figs. 18-20 we compare this result for the
best channeled particles (full-drawn curves) for
the (110) axial and the {111),{110),and {100)pla-
nar directions in a 740- p, Ge and a 900-p, Si crys-
tal with the experimental results ~E, /, t~, defined
previously. The results in a random direction are
also shown.

%e do not claim that these theoretical and ex-
perimental quantities should correspond exactly
to one another, but keeping in mind that the ex-
perimental value &E,/, essentially covers all
values on the low-energy-loss side of the aligned
spectrum within 10/o, the agreement between theory

I

and experiment is satisfactory. The error bars in
Figs. 18-20 do not include this uncertainty. It
should be emphasized that the correction C(b) is
essential to obtain agreement between theory and
experiment, cf. Fig. 17. The curves in Figs. 18-
20 tend towards a constant for increasing particle
momentum as a consequence of both the density
effect and the fact that only quantities like &E,/,
are suitable to characterize the energy loss of the
best channeled particles. Therefore the simple
limiting result of Eq. (6) based on equipartition
rules only is, partly for experimental reasons, not
very relevant.

It is interesting to note the difference of -10/o in
best channeled energy loss for 15-GeV/c protons
and pions along the (110) axis in Ge. Had this dif-
ference been larger, i.e. , comparable to the width
of the spectra, one might consider using the effect
for particle identification. In a previous paper' a
very narrow spectrum was observed for 1.35-GeV/
c protons along {111)planes in Ge.
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200
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300- 4
200-

0 oo

&110&

RANDOM

&110&

I

eY/p

300-

200-

I I I ~ I I

RANDOM

{100}
{llo}--

(111}

100- 100—

0
10

I I I I I IIII I I I"I I III
100 P

Moc

FIG. 18. Comparison between theory and experiinent
for leading edge (hE&/2) in random direction. and in the
(110) axial direction for both 0.74-mm Ge and 0.9-mm
Si crystals.
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FIG. 20. Comparison between theory and experiment
for leading edge (4E&/2) for three planes in the 0.90-
mm Si crystal. Random is also shown.
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FEG. 21. Theoretical AE&y2 as function of distance
to the (ill) planes in Si. The left-hand side of the
figure corresponds to particles in the middle of the
wide planar channel, whereas the right-hand side
corresponds $o particles in the middle of the narrow
channel. Such particles should therefore experience
an energy loss slightly above random.

Note from a comparison of Fig. 17 with Figs.
18—20 that the average energy loss (plotted in Fig.
17) does not differ much from &E,&, in the case of
the strong (110) axis, i.e., the "local" Landau
distribution is very narrow, as was to be expected.
On the other hand, for the rather weak plane (100)
there is a considerable difference between the
average energy loss and &E,&, corresponding to
the fact that the Landau distribution in this case
is much broader than in the former.

In Figs. 7 and 11 there was a peak in the spec-
trum for particles aligned to the (lll) planes cor-
responding to an energy deposit slightly above the
random peak. Actually the (111)planes have a
double structure: There is a set of widely spaced
atomic planes (2.35-A separation) bordered by a
narrow set (0.78-A separation).

In Fig. 21 the theoretical value of &E,&a/f as
function of position perpendicular to the (111)
planes in Si is shown. Theoretically, it is to be
.expected that particles channeled between the
close-lying (ill[ planes show a larger than ran-
dom energy loss.

Ideally the ratio of the number of particles in
the two planar channels should be 3:1, but for
several reasons we do not expect to see this in the
experimental spectra. First, the energy-loss
spectra will be different, especially in the tails;
second, dechanneling will be most serious for the
narrow planes; and third, angular-resolution
problems will smear the effects. At the present
stage we can only conclude that our measurements
indicate a content of particles channeled between
the close (111)planes. This has also been found,

with good statistics, for He ions at MeV energies
by Holland and Appleton. "
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FIG. 22. Energy-loss spectra for 15-GeV/c 7t

traversing a 2.0-mm Ge crystal. Particles incident
with a small angle to the (110) axis (a) give a spectrum
which is shifted to higher energy logs. The effect is
most marked in the tail.

4. Energy loss for aligned negative particles

For negative particles it has been expected that
one would see an increased energy loss for chan-
neled particles compared to random since the
channeled negative particles are attracted by the
negative string potential and may be trapped in
the potential. The particles then move in a re-
gion of high electron density and consequently that
part of the energy loss which is associated with
close collisions with electrons may be expected
increased over the random value.

Qn the other hand, because of the strong de-
channeling for particles close to the strings, nega-
tive particles can hardly remain close to strings
for a longer path. Therefore, to be able to see an
increased energy loss for negative particles, one
should look at very thin crystals, and use small
incidence angles to the axis. An anomalous en-
ergy-loss spectrum for electrons in a thin Ge
crystal has been observed by Tomimasu et al."

In Fig. 22 we show energy-loss spectra for 15-
GeV/c w incident on a 2-mm Ge crystal. Three
spectra are shown corresponding to different angles
of incidence to the (110) axis. The spectrum for
incidence angles larger than 1.2 mrad is a random
spectrum. There is a small shift towards higher-
energy loss for particles incident at angles between
two and three times the critical angle and a dis-
tinct shift of the whole spectrum for particles
aligned with the axis.

In Fig. 23 we have shown the spectrum for well
aligned m in the 0.74-mm Ge crystal. Incident
and exit angles are less than —', P, and —,'g„respec-
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FIG. 23. Energy-loss spectra for 15-GeV/c m'" tra-
versing the 0.74-mm Ge crystal. For the a1igned par-
ticles the angle to the (110) axis is less than 2/i on
the incident side and less than $g &

on the exit side of the
crysta1. I
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FIG. 24. Energy-loss spectra for 15-GeV/c x tra-
versing the 0.90-mm Si crystal. Analogous to Fig. 23.

tively. For comparison the random spectrum is
also shown. There is very marked increase in
stopping as compared to random: the peak is
shifted by -10% and the tail is much higher and
longer. The average value is larger than random
by more than 20%. It is also apparent that dechan-
neling is strong since very few particles contribute
to the spectrum (of the order of a few per mille of
the events recorded).

Figure 24 shows the same for 15-GeV/c s inci-
dent on 0.9-mm (110)Si. Again there are more
random particles in the spectrum than for Ge but
the effect is still undoubtedly there. We have not
seen any effects of planes for negative particles.
The energy-loss spectrum of particles incident
along planar directions is identical to a random. —

energy-loss spectrum.
Some of our preliminary results for negative

particles have been published in a recent letter. "
Increased energy loss for m has also recently been

found by Gemmell et al."for energies around 200
MeV. Thus while this clear evidence of increased
energy loss for negative particles, which in turn
implies a focusing near atomic strings may be
noted, we shall not try to present a detailed theo-
retical discussion of the results. The reason is
that there is not —as for positive particles —any
characteristic trajectory with which to associate
any aspect of energy-loss distribution. Any de-
tailed energy-loss calculation would involve an
average over many different types of trajectories.
The statistics (i.e., fluctuations) in the distribu-
tion will then depend on both the distribution of tra-
jectories and the distribution of electron excita-
tions along each trajectory. The effect of the lat-
ter on the width of the final distribution is not ex-
pected to be small because the hard collision re-
sponsible for the increased energy loss are also
the ones occurring with the greatest fluctuations
in number due to their relative infrequency. Nor
are the contributing trajectories likely to be of a
simple nature due to the intense dechanneling in-
fluence associated with close approach to the
strings.

Preliminary computer simulations of z chan-
neling in germanium show that, for small angles
of incidence to the axis, small impact parameters
are strongly favored compared to the case of ran-
dom incidence. For angles of incidence somewhat
larger than P, this effect disappears. It is ap-
parent that channeled negative pions have a ten-
dency to move close to the axis thereby suffering
a larger than random energy loss, in accordance
with the experimental observations.

IV. CONCLUDING REMARKS

Although the critical angles for channeling a,re
very small at these high energies, the intrinsic
Ge and Si solid-state detectors are so perfect that
it has proved rather easy by the present technique,
and without the use of the computer, to align the
crystal to the beam and establish the channeling
conditions. The crucial point was the use of the
crystal as an energy-loss detector. These detec-
tors are well suited for the measurement of ener-
gy-loss spectra and our results for the random
energy loss are in good accordance with the Bethe-
Bloch-Landau description.

For positive particles the influence of channeling
on the energy loss is very pronounced. We have
seen a strong reduction in stopping for channeled
particles, and the energy-loss distributions are
narrower than random-energy-loss distributions
by a factor of -2. A distinct difference in stopping
along various crystallographic planes and axes is
observed in contradiction to Dettmann's predic-
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tions for high-energy particles. Our experimental
results are in good agreement with calculations of
Esbensen and Golovchenko.

Finally, for negative particles, channeling re-
sults in an increased stopping. The observed en-
ergy-loss distributions are wider than the corre-
sponding random energy-loss distributions and
show 20/g-25% increase in average energy loss.
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