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For the first time, the impact-parameter dependence for K-shell ionization was mea-
sured for relativistic projectiles, although in an indirect way. Experimentally, channeling
of GeV projectiles was used to gradually exclude close-encounter processes. In the
present experiment, the Lorentz y factor varied between ~2 and ~ 100; in this region,
the contribution from distant collisions becomes increasingly important and amounts to
about 50% of the total yield for y~100. The experimental data are compared to theoret-
ical calculations of impact-parameter distributions, and the agreement is fair for both po-

sitive and negative particles.

I. INTRODUCTION

An extensive amount of work, both theoretical
and experimental, has been concentrated on under-
standing inner-shell excitation in the nonrelativistic
region.! Theoretically, three models have been
used to predict cross sections, namely, the plane-
wave Born approximation (PWBA),? the semiclas-
sical approximation (SCA),® and the binary-en-
counter approximation (BEA).*> It has been
shown that straight-line SCA calculations give
similar results to those from the PWBA method
although they may differ considerably in detail due
to different approximations used in the two
models. Detailed measurements on differential
cross sections have shown that the BEA is unreli-
able for predicting impact-parameter distributions®
although total cross sections agree with SCA pred-
ictions. To obtain agreement between calculated
and measured results, correction terms have been
introduced into all calculations to take into ac-
count binding effects, Coulomb repulsion, and rela-
tivistic effects.

In the relativistic region, most work on inner-
shell excitation has been concerned with electron
impact. Here reasonable agreement was found be-
tween measured and calculated cross sections for
energies up to around 1 GeV (for a review, see Ref.
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7). However, one puzzling effect was that no den-
sity effect was seen although this effect was found
in energy-loss measurements. Finally, it is difficult
to find a theory that predicts correctly the experi-
mental results over a wide range of targets.?

For relativistic heavy particles, little work has
been done, especially on the experimental side.
Only three sets of data on total cross sections have
been reported, one by Jarvis et al.’ (160-MeV/c
protons) and two by Anholt et al.'®!! (4.88-GeV/c
protons and 3-GeV carbon ions). These experi-
ments were made in order to look for the “rela-
tivistic rise” in the cross section stemming from
the increased contribution from distant collisions
(the current-current interaction). Anholt et al.!!
made a partially relativistic PWBA calculation,
where the current-current interaction was included,
following Fano.!? They obtained reasonable agree-
ment with experimental total cross sections for
Z <40, but for heavier elements, there was still
disagreement. Davidovic et al.'* extended the
Mgller first-order, time-dependent perturbation
theory to relativistic projectile velocities and in-
cluded relativistic wave functions for the atomic
and ejected electrons. Their calculated cross sec-
tions agreed satisfactorily over the whole range of
targets studied by Anholt et al.!' Recently,
Anholt!* has included a spin-flip term in his calcu-
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lations and corrected an error in the previous re-
sults. These refined and corrected calculations
were also in good agreement with the experimental
data over all of the target range.

As in the low-energy region, detailed under-
standing of the ionization process requires differen-
tial cross section studies. Davidovic et al.!® calcu-
lated cross sections for GeV protons, but until
now, no experimental investigations have been
made. Such experiments cannot be performed us-
ing low-energy experimental techniques because
momentum transfers involved in x-ray excitations
correspond to extremely small scattering angles for
GeV protons. Such small angles are not detectable,
and the scattering process is not well defined. On
the other hand, the most direct and sensitive way
to measure the increasing influence from distant
collisions (the relativistic rise) is via measurements
of the impact-parameter dependence of inner-shell
excitation. In the GeV region, a classical descrip-
tion of the scattering event is not possible!’; hence
there is no well-defined connection between scatter-
ing angles and impact parameters. In channeling,
however, which involves a correlated series of colli-
sions, Lindhard'® demonstrated that a classical
description of the scattering process can be applied
even though individual scatterings may not be
amenable to a classical treatment. Hence a partic-
ular incident angle to a crystal axis means a well-
defined scattering angle and impact parameter even
in the relativistic region. This technique has been
used in the present work to measure, for the first
time, the impact-parameter dependence of K-shell
excitation in germanium.

The ionization probability as a function of im-
pact parameter has been calculated theoretically by
Komarov.!” The cross section was obtained using
the BEA for impact parameters less than the K-
shell radius ax and the virual photon approxima-
tion for larger impact parameters. More recently,
Amundsen and Aashamar'® extended SCA calcula-
tions to the relativistic region. For small impact
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parameters b (b <ag), the Komarov results are
considerably greater than the SCA calculations,
whereas for b > ag, the Komarov results lie around
40% below the SCA results. However, the total
cross sections from the two models agree to within
10%.

II. EXPERIMENTAL SETUP
A. General layout

The experimental apparatus was installed in the
P17 beam of the CERN 28-GeV/c proton synchro-
ton. A schematic layout of the experiment is
shown in Fig. 1. The beam was a high-intensity,
secondary, nonseparated, charged beam with
momentum adjustable between 2 and 12 GeV/c
and had a divergence of +1 mrad. Momentum
slits allowed reduction of intensity to limits accept-
able for the detectors. For the positive projectiles,
the beam consisted of roughly equal amounts of
protons and pions with about 2% of kaons at 5
GeV/c, whereas for negative projectiles, it con-
tained only pions with 1% antiprotons and kaons.

For each projectile producing and x ray, the ex-
perimental equipment recorded the incoming and
outgoing angles to the crystals, the x-ray energy,
the energy deposited in the crystal, and the time
correlation between SC1 and the x-ray detector.

Particle identification was performed in one of
two ways: At 2 GeV/c, protons and pions were
differentiated by their time of flight (TOF) be-
tween SC1 and SCS, the two scintillation counters
(SC) placed 16 m apart; for higher momenta, a
threshold Cérenkov counter placed behind SC5 was
used. The gas pressure in the Cérenkov counter
was chosen such that a pion or a kaon gave a sig-
nal in the counter and a proton no signal.

Two additional scintillation counters, SC3 and
SC4, operated in anticoincidence with SC1, SC2,
and SCS, defined the usable fraction of the beam
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FIG. 1. Schematic drawing of the experimental setup. The beam enters from the left. DC designates drift chamber,

SC scintillators, and VT vacuum tubes.
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on the crystal sample in the goniometer, placed at
the beam focal point.

The incoming and outgoing particle trajectories
were measured by a set of five position-sensitive
drift chambers, DC1 through DC5. The beam
lines VT1 and VT2 were evacuated to a pressure
less than 102 torr, which eliminated contributions
to multiple scattering from the air in the tube.

The goniometer allowed adjustment of the cry-
stal axis about the average beam direction although
a precise alignment with the beam was not neces-
sary. A liquid-nitrogen cooling system maintained
the crystal at a nearly constant temperature of
~90 K, and the pressure in the chamber was
better than 1072 torr.

B. Drift chambers

For each selected particle track, a series of
high-accuracy drift chambers recorded the particle
position (x,y) on the selected planes (DC1—DC35
in Fig. 1). The active area was 150150 mm? for
DC1—DC4 and 500X 500 mm? for DC5. Drift
chamber DCS5 was also used to record large scat-
tering angles. The operation of drift chambers has
been described elsewhere.'’

The angular resolution of the system is influ-
enced by two factors, (i) the uncertainty in the
drift-chamber coordinates (including the associated
electronics) of ~0.1 mm, corresponding to an an-
gular uncertainty of ~0.02 mrad; (ii) uncertainty
in direction due to multiple scattering in the mylar
windows and the air gaps close to the crystal.
Since DC3 is placed behind the crystal, it produces
a small uncertainty in incident-angle measurement,
but this is negligible because the distance between
crystal and DC3 is only 15 cm, and the multiple
scattering in the beam line is 0.05 mrad or less; the
uncertainty in position of the projectile on the tar-
get is dominated by the uncertainty in the position
on DC3. In the present x-ray experiment, only the
incident angular resolution is important. It is
about 20 urad and practically independent on pro-
jectile momentum.

C. Drift-velocity measurements

To obtain the extremely good angular resolution
needed for this experiment, it was necessary to in-
vestigate the drift velocity in the drift chambers.
In most experiments using drift chambers, the drift
velocity v is assumed constant over the entire drift

region and to have a value v=>52.1 um/nsec."’

Since the critical angles for high-energy planar an-
gles are very small (~ 50 prad), channeling pat-
terns are extremely sensitive to angular resolution.
We found that poor transmission-channeling pat-
terns were observed, assuming a constant drift
velocity; therefore, an accurate measurement of the
drift velocity was made.”’ Two drift chambers
were placed in the beam, and the first was fixed
and defined a narrow particle beam; the second
was placed 175 mm behind the first and could be
moved sidewards with a position accuracy of 10
pm. The drift time in the second chamber mea-
sured using a TDC having a resolution of 1 nsec.
In this way, the total and average drift velocity
across the chamber was measured. In Fig. 2 is
shown the mean velocity as a function of distance
between the particle trajectory and the anode wire.
The velocity is seen to have small local variations
with an overall decrease in velocity for increasing
distance from the wire. In all of our off-line
analysis, the small local variations were neglected,
but the deviation from constant velocity was taken
into account, assuming a linear dependence for v as
a function of x [(v =56.22 pum/nsec
—0.09 [um/nsec(mm)]. This relation was ob-
tained with a drift field somewhat higher than nor-
mal.®® As a result, extremely detailed channeling
patterns were found, one of which is shown in Fig.
3. Here is plotted, in incident-angle space, the in-
tensity distribution of 10-GeV/c protons transmit-
ted through a 1-mm thick germanium crystal, hav-
ing scattering angles smaller than 0.1 mrad. It is
seen that even high-order crystal planes stand out
clearly, the angular widths of which are ~50 prad.
The data acquisition was carried out as described
in Ref. 21. In short, for each accepted event, the
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FIG. 2. Variation of mean drift velocity with dis-
tance from the anode wire in a drift chamber.
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FIG. 3. Stereogram of (110)-oriented Ge crystal.
The number of projectiles in the two-dimensional angle
space of the incident beam, which has been scattered
less than 0.1 mrad, is plotted, normalized to the beam
intensity. The highest intensity is represented by the
darkest area. The axis and planes are very pronounced
as multiple scattering is strongly reduced for these pro-
jectiles.

output from the drift chambers, the crystal detec-
tor, the x-ray detectors, the time correlation be-
tween x ray and SC1, and the Cérenkov counters,
viz., the TOF measurements, were stored on mag-
netic tape. The CDC 7600 computer at CERN
was used for the full data analysis, while a small
on-line computer ensured correct behavior of the
detecting system.

D. Preparation of crystal detectors

Few elements form crystals suited for channeling
experiments because the critical angles are so small
that even a moderate mosaic spread will smear
channeling effects. In the present experiment, we
have used germanium crystals, which can be pro-
duced with very low mosaic spread and are well
suited for fabrication of solid-state ionization
detectors.

A slight bending of the crystal also leads to a
smearing of channeling effect, and special crystal
holders were constructed so that the crystals were
held without stress being applied. The crystals
were checked at room temperature with a double-
crystal x-ray spectrometer. From the rocking
curve, and accurate measurement of the bendng
was obtained. X-ray topography was also em-
ployed. In this way, it was ensured that the cry-
stals were bent no more than 102 mrad. During

the experiment, a final test on the crystal bending
by means of the transmission effect (cf. Fig. 3) was
made. It should be noted that without these pred-
ictions, it is not uncommon for samples to be bent
as much as 5 mrad.

In order that the germanium crystals could be
used as pulse-height detectors, they were prepared
in the following way: High-purity n-type material
was used with a net impurity concentration below
2.5%10'/cm3. Samples of various thicknesses
(from 0.3 to 4.2 mm), with the (110) axis perpen-
dicular to the surface, were used. The front con-
tact was made by low-energy implantation of
boron ions, and a 200-A aluminum layer was depo-
sited as a back contact. With no heating of the
sample, this procedure ensured that the bulk of the
material maintained its quality. Cooling of the
sample was necessary only during experiments.*!

The detector electronics was energy calibrated
using a '**Ba source. The crystals were aligned
with the (110) axis in the middle of the beam
cone, using the low-energy —loss method.?? The
alignment was checked by off-line computer
analysis, the result of which is shown in Fig. 3.

E. X-ray detector

X-ray detection was performed by two 3-mm
thick Si(Li) detectors, each with an active area of
~1 cm? placed about 3 cm in front of the target at
an angle of 45° to the beam direction. The detec-
tors were mounted in a separate, closed vacuum
system and kept at 77 K. The entrance window
was 0.1-mm thick Be. Since the P17 beam halo
has the same intensity as the main beam, the Si(Li)
detectors were hit by primary projectiles, which
deposited around 2 MeV during passage. As the
electronic amplifiers were set for counting 10-keV
x rays, these halo particles caused saturation in the
amplifiers. A preamplifier with pulsed optical
feedback?® ensured fast recovery from such pulses.
The energy resolution of each detector was about
400 eV at 10 keV. The time correlation between
the x-ray detector and SC1 was used to differen-
tiate between real and random events. A window
(70 ns) around the x-ray peak in the time spectrum
drastically reduced the background, as can be seen
in Fig. 4.

F. Effective target thickness, background,
and reproducibility

The effective target thickness for the 9.8 —keV
Ka x rays in germanium is determined by self-
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FIG. 4. Spectrum from one of the x-ray detectors for
2.0-GeV/c protons and 7+ on 1.5-mm Ge. Solid line:
spectrum with time selection; dashed line: spectrum
without time selection (see text).

absorption in germanium, which is ~50 um. In
the present experiment, the “live” targets were im-
planted and annealed so that surface effects only
influenced the first 1000 A or less, which was
negligible. The random contribution from the
channeling surface peak was also negligible since it
amounted to less than %,um.

Most background photons around 10 keV are
produced by 8 electrons. These electrons are eject-
ed from the target by primary projectiles and can,
in turn, excite K-shell electrons in the germanium
target; also these 8 electrons produce bremsstrah-
lung radiation in the target and surroundings. We
have estimated the yield of Ka x rays by electron
excitation to be at most 5—10 % of the yield for
an amorphous target. Further, for positive, axially
channeled projectiles, the 5-electron yield is re-
duced to about 15% of normal yield.?* Thus the
x-ray background from the & electrons is small,
especially for channeling directions. The back-
ground for bremsstrahlung has also been estimated
for an amorphous target and should amount to
only about 0.5% and shows a strong directional
dependence, which can be seen in Fig. 5. Here is
plotted the x-ray background for photon energies
between 4 and 8 keV as a function of projectile an-
gle to the (110) axis. The strong influence of
channeling is clearly seen.

The x-ray experiment ran for approximately two
months although it was interrupted for other mea-
surements. Data from the first and last parts were
taken from different targets. Figures 6(a) and 7(a)
show results from a 4-mm and a 1.5-mm germani-
um crystal, and the reproducibility is seen to be
good.

20 - l

Yield (103)

1 1 I 1 1 It I

vy,
FIG. 5. Scan of incident angles relative to the axis of

the normalized-background yield. The background
corresponds to x-ray energies between 4 and 8 keV.

III. RESULTS AND DISCUSSION
A. Positive particles. Axial case

Figures 6 and 7 show the x-ray yield for scans
through the (110) axis for 2-, 5-, and 12-GeV/c
protons and 7. For comparison, the wide-angle
scattering dip for 15-GeV/c protons channeled
along a (110) axis is shown in Fig. 8. The chan-
neling dips are plotted as a function of angle be-
tween the incident-beam direction and the (110)
direction. All curves are normalized to random
value (x-ray yield obtained far from crystal axes
and planes). The wide-angle scattering dip (Fig. 8)
is used for comparison since it shows the influence
of channeling on very close-encounter processes. It
can be seen that the yield is reduced to a few per-
cent of random when positive particles are incident
along axial directions. For the x-ray-yield curves,
the background is subtracted using a straight-line
approximation underneath the x-ray peak. The
minimum in x-ray yield varies from approximately
7% (2-GeV/c protons) to approximately 50% (12-
GeV/c 7t) of random, reflecting the increasing in-
fluence of distant collisions on K-shell excitation.
The values of the y factor are shown in the plots.

Detailed discussions of channeling may be found
in Ref. 16 and in, e.g., Refs. 21, 22, 25, and 26. A
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FIG. 6. Measured and calculated channeling dips for K-shell excitation by protons on Ge. The calculated dips are
based on the Komarov (Ref. 17) calculations (solid line) and those of Amundsen and Aashamar (Ref. 18) (dashed line).
All points shown as open circles have been obtained on the same crystal. The closed circles in (a) were measured on
another Ge target. The experimental uncertainties on these points are comparable to the data set shown as open circles.
Data for three momenta are shown: (a) 2 GeV/c; (b) 5 GeV/c; (c) 11.9 GeV/c.

discussion of the influence of channeling on inner-
shell x-ray yields for nonrelativistic particles may
be found in, e.g., Ref. 27. In the following, we
give a brief account of the theoretical model em-
ployed in the present analysis.

Directional effects for nonrelativistic, positive
particles penetrating single crystals have been
described theoretically by Lindhard.'® In his
theory, the main concept.of an axial row of atoms

200 T T T

or atomic strings is introduced. When a particle
enters a crystal at a small angle relative to the
string, the correlation between successive collisions
with the atoms in the string causes the particle to
be gently steered away from the string. Conse-
quently, the yield of processes requiring small im-
pact parameters is expected to be strongly reduced
compared to the case for an amorphous medium.
In a first approximation, the atomic string may be

175 b y=144 |

Yield

(b) (c)
y=358 | 7=86.0

FIG. 7. Same as Fig. 6, but for 7.
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FIG. 8. Comparison between measured and calculat-
ed channeling dips for wide-angle scattering of 15-
GeV/c protons on Ge. The yield is normalized to ran-
dom. The theoretical curve, which is based on the
modified standard potential, takes into account dechan-
neling and angular resolution.

described by a continuum potential,
vin=[" Ly ey,

where r is the distance from the string, V(R) is the
ion-atom potential, and d is the distance between
atoms in the string. The quantity U (r) plays the
role of potential energy for the transverse motion
of the particle, i.e., the motion projected onto a
plane perpendicular to the string direction. The
basic quantity determining the conditions, under
which channeling effects occur for small impact-
parameter processes, is given by ¢,

4Z 1 Z 2€ 2 2

= pvd

where Z,| and Z, are the atomic numbers of the
incident particle and the target atoms, respectively,
p and v are the relativistic momentum and velocity
of the projectile, and d is the distance between tar-
get atoms along the string. For low-energy parti-
cles, the continuum picture breaks down for in-
cident angles to the crystal axis larger than ,, but
in the GeV region, the continuum picture holds for
incident angles much larger than ¢, (Ref. 25),
which means that for high-energy channeling, most
calculations can be performed in this simple con-
tinuum model. For 12-GeV/c pions, ¥;=0.2

mrad.

The application of a classical orbital picture has
been discussed in detail by Lindhard.'® For a pure
Coulomb potential and small scattering angles,
Bohr'® showed that a well-defined classical orbit
can be expected if

k=Ro/A=2Z,Z,e*/hv >>1,

where R, is the collision diameter and A is the de
Broglie wavelength of the projectile. The Bohr
condition may be applied to the transverse plane,
which means that

Ry—a
(for Yy ~1,), and
A—A =h/p,=h/py, .
Hence, according to the Bohr condition,

172

a9
- >1)

K a/ 1 d

M
Y- 125/321
mo

where YM, /m is the ratio between the projectile
mass and the electron rest mass. Clearly, «; >> 1
for all particles heavier than the electron. Further,
K, increases with particle energy because of the ap-
pearance of the mass yM,.

Upon entering the crystal, the particle acquires a
transverse energy E, given by

E =5podl+Ulry), (1)

where ¥, is the angle to the crystal axis and r;, is
the distance to the axis at the point of entry. In
first approximation, this transverse energy is con-
served. Because of the stochastic nature of r;,,
there will be a distribution g(E,,¥;,) in transverse
energies for a beam incident at an angle ;.

In the present paper, we use a modified Lind-
hard standard potential,

212262

C%a?
Ulr)= 4

1+

In
r24p?

, (2)

where a is the Thomas-Fermi screening distance
a~ay/Z3", ag is the Bohr radius, C? is a constant
of the order of three, and p? is the mean-square
thermal-vibrational amplitude of string atoms, per-
pendicular to the string. This potential approxi-
mates the thermally averaged atomic string poten-
tial rather well.?®

Clearly, a channeled particle with transverse en-
ergy E, cannot approach the axis closer than a dis-
tance 7, given by E, =U (r,;,). For such a par-
ticle, the impact parameter is b > rp;,. With in-
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creasing transverse energy, r, decreases and, for
a transverse energy corresponding to an incident
angle ¥;,~1,, the particle is allowed anywhere in
the transverse plane. Therefore, for increasing.in-
cident angles, still smaller impact parameters con-
tribute to the x-ray yield, and when #;, > ¢, the
same yield as for a random medium is expected.
The yield X(¢;,) may be calculated from

X(i)= [ (E,, $in)minl E\E, 3)

where g (E|,¥;,) is the distribution in transverse
energy E, for a given v, and m,(E,) is the proba-
bility (normalized to random) for a K-shell excita-

tion for a particle of transverse energy E,. m,(E,)

is for the static string given by

AO U(b>rmin)
A(E)) Otot ’

T, in(E 1 )= (4)
where 4 is the total area in the transverse plane
belonging to one atomic string and 4 (E ) is the
area available to a particle of transverse energy E|.
This “area factor” is only slightly above unity.

o and o(b >r,;,) are the total cross section, and
the cross section for impact parameters b greater
than r;,(E,).

Strictly speaking, the transverse energy is not ex-
actly conserved. Because of scattering on elec-
trons, and, for particles with transverse energy
close to %pvz/;f, on thermally vibrating atoms, the
distribution in E, will gradually change with
depth. In the present case, however, only ~50 um
of the crystal is responsible for K x rays, and we
can assume conservation of transverse energy and
use the distribution function g (E,;,) calculated
just inside the crystal surface.??

The ionization probability P(b) has been ob-
tained from the calculations of Komarov'’ and of
Amundsen and Aashamar.'® In the Komarov cal-
culations, the cross section is found by using a
BEA formalism for b smaller than the radius of
the K shell. For b >a is used the virtual photon
model developed by Willliams and Weizicker for
nuclear and atomic processes. Amundsen and
Aashamar'® have used SCA calculations but extra-
polated to relativistic projectiles. The transition
amplitude is calculated using first-order, time-
dependent perturbation theory, where all multipole
contributions are included. Also relativistic K-shell
wave functions are included.

In Fig. 9, the two calculations for P(b) are com-
pared for 2-GeV/c protons on germanium. The
disagreement for large impact parameters is prob-
ably due to the fact that Komarov uses hydrogenic
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FIG. 9. Impact-parameter distribution of K-shell ion-
ization probability for 2-GeV/c protons on Ge. Solid
line: P(b) from Komarov (Ref. 17). The discontinuity
at ak is due to the nonrealistic sharp cutoff of the dis-
tant contribution. The discontinuity is of minor impor-
tance in channeling calculations. Dashed line: P(b)
from Amundsen and Aashamar (Ref. 18).

wave functions without any corrections for outer
screening, which even in nonrelativistic collisions
underestimates the ionization probability for large
impact parameters.'® For the small impact-pa-
rameter part of the Komarov curve, we have used
his curve based on the BEA. When the cross sec-
tions P(b) are introduced in Eq. (4) and the chan-
neling dips calculated numerically according to Eq.
(3), the theoretical curves in Figs. 6 and 7 are ob-
tained.

The minimum yield for particles of low trans-
verse energy increases with increasing y. It is ob-
vious that this increase is due to the increasing
contribution from large impact parameters. By a
horizontal line in the plots is indicated the yield
obtained for impact parameters larger than 0.5 A,
which seems to give an accurate estimate of the
theoretical minimum yield.

In the calculations, the incident beam was as-
sumed to be parallel. As mentioned earlier, we
have an angular uncertainty in the incident beam
of ~20 prad, but this width is much less than ¢,
and will not affect the width or the minimum yield
of the calculated curves. It is known from drift-
chamber measurements that the position distribu-
tion is not a true Gaussian but has tails, which can
contain up to a few percent of the particles. These
tails affect the calculated yield curves by raising
the minimum the same few percent. This effect
was not taken into account in the curves in Figs. 6
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and 7.

Amundsen and Aashamar'® do not give results
for the highest y values, i.e., corresponding to Figs.
7(b)—7(c). Before discussing the agreement be-
tween measured and calculated results, we compare
experiment and theory for the channeling case of
wide-angle scattering, which is shown in Fig. 8.
For such a process, the yield under channeling con-
ditions can be calculated as shown above if the 7,
function for wide-angle scattering is introduced
into Eq. (3). The calculated curve in Fig. 8 was
obtained using

To e—rz/pZd_r2
ﬂin(El)= fr. P2 1fE1<E1(P)

min

1, otherwise,

where E | (p) is the transverse energy corresponding
to the root-mean-square vibrational amplitude per-
pendicular to the string, and r;, is found from
Eq. (2). In Fig. 8 it is seen that channeling de-
scribes reasonably well close-encounter processes.
In our experiments on 8-electron emission,?* we
find excellent agreement between experiment and
the present simple theoretical description, showing
that the model can satisfactorily describe processes
(i.e., collisions with electrons), which occur far
from the atomic nuclei. In general, there is fair
agreement between experimental and theoretical
curves, with Amundsen and Aashamar’s predic-
tions reproducing better the experimental results
than those of Komarov.

The experimental dips are distinctly narrower
than the theoretical dips and, especially in the case
of pions, the minimum yield is higher than pre-
dicted by theory. As mentioned above, the angular
resolution may contribute a few percent, and the
amorphous surface layer on the crystal will add a
contribution estimated to be ~1%. When calcu-
lating the x-ray yield, we should, in principle, take
into account the thermal vibrations of target
atoms. As noted by Andersen and Davies,?’ this
will increase the mimimum yield by ~N d mp?,
where N is the number of atoms per unit volume.
Since this term is < 1%, we have neglected it in
the present context.

As the channeling part of the theoretical calcula-
tions seems to be accurate, we believe that the rea-
son for the discrepancy between theory and experi-
ment lies in the inaccuracies in the P(b) curves,
where the contribution from distant collisions
seems too weak.

B. Planar case

In Fig. 10 is shown the x-ray yield for scans
through the (111) and (110) planes. Again, very
pronounced dips (~50%) in yield are observed
whenever the incident protons and 7+ are aligned
with planar directions in the target. Also in the
planar case, there is a filling in of the channeling
dip between 2-GeV/c protons and 12-GeV/c 7.
This filling in is caused by the increasing contribu-
tion to excitation from distant collisions, but the
effect is not as pronounced as in the axial case. In
the planar case, experimental minumum yields are
somewhatlhigh because the incident angular resolu-
tion is ~ 5 9,, where ¥, is the planar channeling
angle.

C. Negative particles. Axial case

One could try to use the Lindhard classical con-
tinuum model to describe channeling phenomena
for negative, heavy particles for distances to the
string larger than p. The difference from the posi-
tive case is that a negative beam incident along the
axial direction sees an attractive potential U(r)
around the crystal axis, resulting in focusing of the
beam around the string. For projectiles with angu-
lar momentum L to the axis, the effective potential
W(r) is

LZ
2Myr

which has a minimum for particular values of L.

W(r)=

+U(r),
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FIG. 10. Scan in incident space across crystalline
planes. Normalized yield of x-ray emission from K-shell
excitation. Distance to axis greater than 1.5¢;. (a)
11.9-GeV/c protons on (111)Ge (b) 11.9-GeV/c protons
on (110)Ge.
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Hence a stable spiraling motion becomes possible
for certain incident directions. As a net result,
negative, channeled particles give increased yields
for small incident angles to the string.

Another difference from the positive case, how-
ever, is that since those negative particles, which
are bound to a particular string, move in a region
of space where the density of target atoms is high,
the multiple scattering is much stronger than in a
random direction, which leads to a rapid dechan-
neling.?? Unless the crystal is so thin that dechan-
neling may be neglected, only few particles will
contribute to the increase in yield.

From the present case, we find the width of the
Gaussian part of the multiple-scattering distribu-
tion for 12-GeV/c negative pions incident on 50-
um amorphous germanium to be ~0.07 mrad.
For channeled particles, the width is considerably
larger and therefore comparable to the critical an-
gle ¥, (0.20 mrad). This means that a classical
continuum calculation (in which the transverse en-
ergy is assumed constant) will give a yield, which
is much too high. For positive channeled particles,
on the other hand, the multiple scattering is much
less than in the random case; dechanneling may be
neglected, and a classical continuum calculation is
expected to give accurate results.

An alternative method of calculating this yield is
to simulate the path of the projectile by means of a
series of binary collisions with the crystal atoms.
We have made such calculations using Monte-
Carlo techniques with a Thomas-Fermi two-body
potential and the thermal vibrations of the crystal
atoms taken into account. The computer program
gives the impact-parameter distribution as a func-
tion of distance from the atoms, and this distribu-
tion was folded with the impact-parameter depen-
dence of the K-shell ionization predicted by
Komarov.!” Unfortunately, Amundsen and
Ashamar'® do not give predictions for the large ¥
values. For positive particles, the dip calculated in
this way agrees with the standard-model calcula-
tions shown in Fig. 7.

Figure 11 shows the experimental x-ray yield
(normalized to random) as a function of incident
angle to the (110) germanium axis for 12 GeV/c
. Also shown in the figure is the calculated
yield curve, using the binary-collision model. Ex-
perimentally, a peak in the yield of around 70%
over normal yield is found, with a half width at
half maximum of ~0.61,. The calculated peak is
somewhat higher than the experimental results.
This might at least partially be explained by the

4 T T T T T L
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FIG. 11. Same as Fig. 6 but for 7. Solid line:
Yield calculated by folding impact-parameter distribu-
tion from binary-collision calculation with P(b) from
Komarov (Ref. 17). Dashed line: Continuum calcula-
tion, where excess yield is multiplied by 0.25.

fact that the Komarov calculations!” are systemati-
cally higher than the SCA calculations for small
impact parameters at lower y values.

Finally, we show the result of a classical contin-
uum calculation. The calculated excess yield is
multiplied by 0.25 in order to approximately ac-
count for the effects of dechanneling. A more de-
tailed investigation of the influence of multiple
scattering on the excess yield can be found in Ref.
29.

IV. CONCULSION

This work represents the first applicaton of
high-energy channeling to vary the impact parame-
ter between projectile and target atom and to study
in detail the impact-parameter dependence of K-
shell excitation for relativistic projectiles. Based
on the theoretical description outlined for MeV
particles but transformed to the GeV region, it has
been possible to obtain reasonable agreement be-
tween calculated and measured x-ray yields for
channeled protons and positive pions, with a varia-
tion in ¥ from 2 to 86 and for negative pions, with
y=86. For the largest y values, the contribution
from distant collisions becomes increasingly impor-
tant and accounts for up to ~50% of the contri-
bution to K-shell excitation.
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