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Abstract

The channeling effect has a dramatic influence on
scattering phenomena for GeV particles. Multiple scat~
tering for positive particles is strongly reduced for
incident directions close to the crystal axes and
planes, resulting in a very high transmitivity along
such directions, whereas negative particles experi-

increased ' :
ence/multiple scattering along these directions. Cor-
atoms in

related scattering from the /atomic rows results in
ring-shaped intensity distributions ("doughnuts") on
the exit side which exist even for incident angles far
beyond the critical angle for channeling. For such

angles, we find a strongly increased multiple scatter-

ing for both positive and negative particles.

The yield from close-encounter processes such as wide-
angle scattering and nuclear reactions is reduced to.
below 10% of normal yield for positive, channeléd par-
ticles, whereas the yield is increased fo: negative.
particles. The measured dechanneling is found to be
small even for a 4-mm thick Ge crystal. These
results seem to agree fairly well with theorétical cal-
culations based on a diffusion model. Computer calcula-
tions from a binary-collision model are in good agree-
ment with experimental results. Also blocking effecté
-are measured and agree fairly well with the dips ob--

tained for close-encounter processes.




1. Introduction

The influence of crystalline structure on the penetration
of high-energy particles is now being studied ih various labora-

tories (Brookhaven1), CERNZ_B), Dubnag), Fermilab10), LAMPF11)'

2) 9)

Kharkov1 r Serphukov™’, and others). .

A few years ago, there was a strong interest in extending
the energy range (MeV/ﬁucleon) of pafticles already used for
channeling to the hiéh~energy region. Here, strong relativistic
effects are expected, and interesting opportunities are created
by the new species of particles available for study, particularly
the simultaneous observation of positive and negative particles
of the same kind. As regards the ionization energy loss, the
high-energy region was especially attractive since the theories
of electronic energy loss of channeled particles gave distinctly
different results iﬁ this region. Also, the use of strongly in-
teragting particles of thé same kind, differing only with respect to charge,
as T = T was an interesting possibility. Here, large differences in the

yield of nuclear reactions caused by positive and negative particles were expected.

Another strong motivation for the present study was the
possibility of using channeling effects to measure ultra-short

13). Further, it would be inter-

lifetimes of elementary particles
esting to measure the change in bremsstrahlung -for channeled
positive and negative particles. Attempts were made with MeV elec-
trons and positrons, but technical problems made the experiments
difficult and unattractive. In the high-energy region, where
multiple scattering and dechanneling is low, many of these dif-

4) 5)

ficulties disappear1 A recent theory of Kumakhov1 nas further

promoted £he interest in measufing bremsstrahlung for channeled particles.



In the present paper, which 18 one in a series of reports
from the Aarhus-CERN-Strasbourg ccollaboration, we wish to give
a detailed analysis of the anomalous scattering phenomena qb—
served when the incoming particleé are close to axial or planar
directions in the target. In two previous papers, our results of
the influence of channeling on energy loss6) and nuclear reac-

7}

tions were reported.’

2. Some Relevant Channeling Concepts

2.1 Continuum string and critical angles

Directional effects for non-relativistic, positive particles
penetrating single crYstals have been described theoretically by
) .- In his theory, where the validity of a classical picture

is established,
of the motion /a main concept is the axial row of atoms or the

Lindhard1

~atomic string. When a particle enters a crystal at a small angle
relative to the string, the correlation between succeséive col-
lisions with atoms in the string causes the particle to be gently
steered away from the string. Consequeﬁtly, the yvield of pro-
cesses requiriny small impact pérameters is expected to be strohg-
ly reduced compared to wﬁat is the case in an amorphous sub-
stancef In a first approximation, the atomic string may be de-

scribed by a continuum potential,

ur) = J_, Bv(/2ieeh) (1)
where r is the distance from the string, V(R) is the ion-
atom potential, and d 1is 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 continuum potential corresponding to motion along the <100>
direction in copper is shown in fig. 2. For V(R) , a Thomgé-
Férmi—type potential with a screening length a = aolx ZQG was
used, where a, is the Bohr radius. The effective potential is
seen to be_ratﬁer flat in the region between.strings and to rise
steeply fo: distances éround a (n0.15 A), which are small com=

pared to the distance between strings (v2=-3 A).

A qualitative condition for the continuum approximation is
obtained by the requirement that the scattering in the vicinity
of closest approach is due to many atoms. This sets an upper
limit ¢; to the angle of-incidence, for which there is a strong
suppression of close collisions with string atoms. For in-
cidgnt angles smaller than 1y, ., ﬁhe distance of closgst app:oach

>
is ~a .

At reiativistic energies, it can be shown that the same
picturé applies provided the rest mass M; of the projectile is
‘replaced by its3relativisti§ mass (and hence the projectile ener-
gy E = ¥M,v? by %pv , where ‘p is the relativistic momentum
of the projecﬁileh The critical angle ¢; for axial channeling
1s16) o

b= et (2)

The atomic planes have a similar steering effect. The criti-

cal angle.for planar channeling wp is found to be

v, = /42‘{z2e2NdPCa/pv , (3)



wherg N is the atomic density of the target atoms, dp is the
distance between atomic planes, and C is a constant of the or-
der of 3. In table 1, values of Yy for the present experiment
are given.

The application of a classical orbital picture is discussed

in detail by Lindhard' o . For a pure Coulomb potential and small

21)

scattering angles, Bohr showed that a well-defined classical

orbit can be expected if
K = R/X = 22,%,eYhv >> 1 (4)

where R, is the collision diameter and 3 'is the de Broglie
wavelength of the projectile. The Bohr condition may then be

épplied to the transverse plane, which means that

R, -+ a {(for y ~ y,;) and A+ AL = 1'1/p-L = h/py, .
Hence, according to the Bohr condition,
a
= . = Ly _Oyv% (5)
K.L a/xl 2(]'1'1 5,3 led) > 1 ’ ‘

o

where YMl/mO is the ratio between the projectile mass and the
electron rest mass. Clearly, K, >> 1 for all particles heavier
than the electron. Further, K, is increasing with iﬁcreasing

particle energy because of the appearance of the mass <M, . For

more details, the reader is referred *to ref. 16.

2.2 Channeled and random beam

A particle having a transverse energy %pVein outside the
crystal (where 8in is the incident angle to the atomic strings}),

upen entrance will achieve a transverse energy of

E = kpve? + U(i*in) , ' (6)



where %in determines the point of entry in the transverse
plane. As mentioned above, this transverse energy will in a first
approximation be conserved. Particles with EL < %pvwf belong to
the channeled beam, for which close encounters with crystal atoms

(for zero incident angle,
are strongly suppressed. The reduction in yielid/of close-encoun-
ter processes (i.e., nuclear reactions, wide—angle scattering,
inner-shell x-~ray excitations, etc.) is found to be A~Nxdxmp?,
where. p? is the average square amplitude of thermal vibrations
and Nd is the number of strings per cm?. This minimum yield is
v1-2% of the random yield. Particles with EL > %pvwf belong to
the random beam, and for these particles close-encounter pro-

cesses are possible. The motion of such particles may, however,

still be influenced by the atomic rows, as was observed in trans-

mission experiments with 5.5-MeV electrons in siliconzo).
In the high-energy region, we have even found that particles
with transverse energies up to 100 x %pvwf experience

some steering effect of the atomic strings, resulting
in strong modifications of the multiple-scattering behaviour of

the beam, as compared to random.

- 2.3 Dechanneling

The transverse energy E of the channeled particle is not

1
strictly conserved but may change due to scattering events. How-
positive ' S _
ever, because particles are kept away from the atomic rows,

normal multiple scattering is strongly suppressed although some
scattering will occur caused by impurities and other crystal

defects and, in particular, by electrons. The distribution in



transverse energy will therefore change gradualiy with depth,
resulting in an increase of the average transverse energy. This
process has been described as a diffusion in transverse‘engrgy.
Gradually, channeled particles will be transferred to the ran-

dom beam by this so-called dechanneling process.

2.4 Doughnuts
The flatness of the potential between the strings {(cf. fig.

1) causes the distribution in transverse energy at zero depth
to be strongly peaked around- %pVGin . String

scattering will result only in rotations of the
transverse—-momentum vector 5¢ . This means that #n the trans-
verse plane, the original direction of El will be qhanged, and
after a certain number cof string collisions, Ei may be in-any
direction in the transverse plane. This equalization process was:

15), who derived an approximate analytical

discussed by Lindhard
formula, from which the crystal thickness necessary for such an
equalization could be obtained. Fof thin crystals, where dechan-
neling is negligible, EL will not change appreciably in all of
the crystal, and the particles will exit at angles to the crystal
axis close to ein . Hence, the net regult is that a parallel
beam transmitted through the crystal will appear as a ring-shaped
("doughnut") distribution in angle space with a radius equal to
6, . We have found ddughnut patterns for incident angles con-

in

side:abiy larger than vy, .

2.5 Negative particles

For negative particles in general, no theory is available,

but for heavy negative particles, for which a classical descrip-



tion is applicable, the description .outlined above can be used.
Thus, for collisions with atoms in the string, the negative par-—
ticles "see" a potential oppésite to that shown in fig. 1
with minima arodnd the axis, and the collisions can be calculated
as above. The result is that the negative éarticles are focused
around the nuciei, causiﬁg an increase in close—encounter‘pro—
cesses, multiple scattering, etc. The critical angle was expected
to be proportional to wl', which has also been dembnstrated ex—
perimentally with ~1-MeV electronsi7). Dechanneling will be a

much more serious problem for negative than for positive par-

ticles.

2.6 Monte-Carlo calculations

In order to further elucidate the motion of channeled

particles, we have tried to simulate the ﬁenetration
of relativistic.particles through single crystals by computer
calculations originally developed for electron- and pesitron-
channeling studies1a), which follow the particle through a series
of binary collisions with the crystal atoms. The two-body poten-
tial used is - Lindhard's stardard potential16), and the thermal vibrations
of the crystal atoms are taken into account using a random number
‘generator. The interaction with electrons in the crystal
islneglected, and |

| the 1attice atom is assumed to be static

durlng the collision. From the program are obtained distributions

in scattering angles and 1mpact parameters of a beam transmltted

through a certain crystal thickness.



3. Experimental Setup

3.1 General layout

The experimental apparatus was installed in the P14 beam of
the CERN 28-GeV/c Proton Synchrotron. A schematic layout of the

experiment can be seen in fig. 2.

The beam was a high-intensity (~10%/cm?/sec) secondary,
non?separated, charged’beam with a momentum adjustable between
2 and 15 GeV/c._Momentum slits allowed a reduction of intensity
to limits acceptable for the aetectors. In the positive polarity,
the beam consisted of roughly equal amounts of protons and pions
with about 2% of kaons, whereaé in the negative polarity, it
contained essentially only pions with 1% of antiprotons and kaons.
The beam divergence was related to the momentum, as shown in

table 2.

Particle identification was performed@ in two ways: For
2-GeV/c particles, the time~of-flight between SCc1 and SC4, the
two scintillation counters placed 16 m apart, was recorded. For
the higher momenta, two threshold Cerenkov counters placed in
front of 8C1 were employed. The gas pressure in the Cefenkov
counters was such chosen that a pion would give a signal in
both counters, a kaon a signal in one and not in the other, and

a proton no signal in any of them.

Two additional 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 of the goniometer.

The incoming and outgoing particle trajectories were meas-

TSR IRIN BRI 1 IR KRR i R R B e e e




ured by a set of five position-sensitive drift chambers, DCI
through DC5. The beam lines VT1 and VT2 were evacuated to a pres-
sure less than 107?% torr, which essentially eliminates the con-

tribution to multiple scattering from the air in the tube.

The goniometer allowed adjustment of the crystal axis to
the average beém direction although a precise alignment was not
necessary with this method. A suitable liquid-nitrogen cooling
system could ﬁaintain the intrinsic detector at a nearly constant

temperature of 90 K, and the pressure was kept below 107% torr.

3.2 Detection system

The basic principle of the experiment was to record both
the incoming and outgoing angle to the crystal for each particle
obeying-ﬂuasimple geometrical constraints already described, and
at the same time to register the energy deposited in the crystal.
Hence, we used a set of high-accuracy.drift chambers to record,
for each particle track, the coordinates (x,vy} on the selected
planes (DC1-DC5 in fig. 2). The active surface was 100x100 ram ?
for DC1-DC4 and 500x500 mm? for DC5. The latter was used for
recording large scattering angles. The detailed behaviour of

drift chambers has been described elsewhere19).

The angular resolution of the detecting system ié influenced
by two factors: (i)Thelnmertainty in the coordinates from the
drift chambers and the associated electronics of ~0.1 mm, cor-
responding to a total angular uncertainty of ~0.03 mrad. (ii)

The uncertainty in the direction of the particle on entering and
exiting thg crystal caused'by multiple scattering in the mylar

windows and the airgaps close to the crystal. The second effect



is more serious at the lower energies and, in the actual setup,
worse on the incident side than on the exit side. The multiple-
scattering contribution was calculated in the same way as in

21). The calcu-

ref. 4, i.e., based on the Bohr-Williams theory
lated angUlar‘resolution (standard deviation} of incident and
exit beams are tabulated in table 2. These values are in good

accord with measurements performed on the system without the

crystal.

w

In principle, the data acquisition was carried out as de-
scribed in ref. 4. In short, for each accepted event, the output
from the drift chambers, the crystal detector, and the Cerenkov
counters, viz.,;the TOF measurement, was stored on magnetic tape.

’ ‘
The CDC 7600 at CERN was used for the full data analysis, whereas
a small on-line coﬁputer ensured correct behaviour of the detect-

ing system.

3.3 Preparation of crystal detectors

Few elements form crystals suited for channeling experi- -
ments because ﬁhe critical angiés-are.that small that even a
moderate mosaic spread will smear the channeling effects. In all
experiments, we have_used'sili¢on and gérmanium crystals, which
can be produced with a yety low mpsaiC'spreaé. Thésé elements
are well suited for the production‘of solid~state ionization

detectors too, as discussed below.

A slight bending of.the crystal will also lead to a smear-
ing of the effects, and to aVoid this, special crystal ho;ders
were constructed where the érystals-were fixed without any

stress being applied. The crystals were tested at room tempera-



ture with a double-crystal x-ray spectrometer. From the rocking
curve, a very accurate measurement of the bending was obtained.
Also x-ray topography was employed. Thus it was ensured that the

crystals were bent no more than 1072 mrad.

During the experiment, a final test on the crystal bending
by means of the transmission effect was made. It should be noted
that without the above’precautions, it was not uncommon that the

mounted samples were bent by as much as 5 mrad.

In order to use the crystals as pulse-height detectors, they
were prepared in the following way: Germanium crystals were treat-
ed as reported in ref. 4. In short, high-purity N—type.material
was used with a net impurity concentration below 2.5%x101%/cm?.
Samples of variocus thicknesses ranging frdm 0.3 to 4.2 mm, with
the <110> axis perpendicular to the surface, were,preparea. Low-
energy boron implantation was applied with no further annealing
to pfoduce the front rectifying contact, and a 200fA aluminium
layer was deposited as a back contact. Without any heating of
the samble, this procedure ensured that the bulk of the material
maintaiﬁs its qualiﬁy; Cooling of the samples was necessary only

during measurements.

Silicon crystals were'made of N-type material with resisti-
v1ty in the range from 10 000 to 30 000 Qcm. Samples of thick-
nesses between 0.3 and 1 mm and with the '<100> or the <111> axis
perpehdicular to the surface were prepared. The front contact was
made by implanting 10'“/cm? 5-keV boron ions, followed by a 3-min
anneal at ZOOOC to remove the radiation damage. The same backcon-=

tact as that for the germanium crystal was used.



Thus, the cryétals, in which channeling conditions are estab-
lished during the experiment, also serve as solid-state ioniza-
tion detectors. When suitable bias voltage is applied to these
crystals, an output pulse will be aobtained from the associated
.electronics, which is precisely proportional to the energy depo-
sit in the crysfal by ionization processes. The sy#tem is energy-
calibrated by irradiating the crystals with radiocactive cobalt
and barium sources. In most cases, the detectors were fully de-
pleted during experiments, but the effective sensitive thickness

could be varied by changing the bias.

3.4 Crystal alignment

As mentioned above, the incident beam is not parallel, and
it suffices to align the crystal axis within the cone of incoming
angles. In a previous experiment, the transmission patterns (seé
below) were utilized to establish the direction of the crystal
planes. For each sétting of the goniometer, a magnetic tape was
filled and analyzed, and corrections in the crystal setting were
" made. The process was repeated until perfect alignment was ob-
tained. This was a rather time-consuming process, especially
since the crystél axis could be off the incident-beam cone by as

much as a couple of degrees.

In the present case, the alignment was performed in a dif-
ferent and much faster way. We utilized the fact that positive
particles expérience lower-than-random energy loss whén chan-
neled along planes or axes. The pulse—height'spectra from the
crystél for all particles were‘fed into a multichannel analyzer.

Such a spectrum is shown in fig. 3 and shows a situation where




the alignment is already perfect. The low-energy-loss group cor-
responds to the channeled particles. In a first setting of the
crystal, only a small part of the beam particles happens to be
aligned to some crystal planes, and the low-energy part of the

spectrum is only a weak tail.

Electronically, two windows are set, one (W1) covering the
low-energy-lbss tail, £he other (WZ) covering the rest of the
spectrum and used fox normalization. When the relative number
n of particles in W1 is plotted against the crystal tilt angle,
a peak is recorded each time a plane or an axis is aligned to
the beam. In this way, planes and axis are found very quickiy
without any use of a computer and with a goniometer with a

minimum step size of ~0.2 mrad.

Figure 4 shows an example of the alignment procedure for
the 0.9-mm <110> silicon crystal, using 15«GeV/c 7 as a bean.
In the present case, the counts n in W1 are plotted for 10"
events in W2. For the alignment were used two X Scans and one
y scan, followed by a final check to see if the setting of the
axis does indeed give a maximum in n . The actual alignment
lasted only two hours. Afterwards, some 2-300 000 events are
stored on magnetic tape and analyzed tolgive a stereogram, éhow-
ing the positions of axis and planes in the beam. For data re-

duction and normalization, see ref. 3.

4. Results and Discussions

4.1 Transmission experiments

For GeV particles transmitted through crystalline targets,

the influence of channeling on the angular distribution behind



the target can be very dramatic. In fig. 5 is shown scans through
the intensity distributions of‘2- and 15-GeV/c ?rotons transmitted
through 0.3- and 4.2-mm thick germanium targets with the <110>
axis inside the beam cone. The transmitted intensity along this
axis is rather high compared to the intensity at angles larger
than the criticél angle for channeliné ¢;: - It is seen that the
peak*to—background ratio varies going f:om fig 5a to 5c¢ because
the random multiple scattering in the three céses increases as
follows: fig. 5a: 0.15 mrad; fig. 5b: 0.5 mrad; fig. 5c¢: 4.6
mrad, whereas the qngular width of the transmission peak in all
cases is about the same as the acceptance angle f%r chaﬁneling,
viz., 1 . A rather small reduction in peak intensity even for
the thick'crystals is found, showing that dechanneling is small.
Thus a'crystal aligﬁed within a beam cone produces a beam with

an angulér spread Of‘approx. .@1 r the critical channeling angle,

and with a small reduction in intensity along the axial and

planar directions.

In thé early stages of our high*egergy channeling experi-
ments, it became‘evident that Epe most sensitive way to detect
the channeling effect would be via transmission experiments in
crystals thick encugh fhat‘the_r,m.s. random multiple-scattering
angle SC >> ; ?hehcryﬁtal'should ﬂot be that thick, however,
that dechanneling Sgbsgénfially destroys the channeling effect,
which is in gqod agﬁéeﬁent with fig. S,'where fig. 5a shows that

BG oYy (small efgect)‘while in figs. 5b and c¢ SG >> Yy (very

pronounced effect).

The background can be even further reduced by introducing



a shall—angle—scattering criterion into the analysis. In figs.

6 and 7 is shown the intensity distribution in the incident-angle
space of 15-GeV/c protons and m  transmitted through é 4:2—mm
<110> germanium crystal with a total scattering angle less than
=ky,; . In both cases, a peak around the <110> axis is found, but
£he proton peak-is much more pronounced and narrower than the

T peak. The peaks are surrounded by an intensity dip, which
for m is very broad. The random values are emerging at the
edges of the plot. For negative particles, no planar effects have

been obtained so far,

To get a more detailed picture of the intensity variations
around the axial direction, circulér integratién with its center
in the <110> axis was made. In fig. 8 1is shown such circular in-
tegrations of 2-, 6-, and 15-GeV/c protons transmitted through
0.3-, 0.7-, and 4.2-mm germanium and 0.9-mm silicon crystals.
The 0.9-mm silicon cfystal will give the same random multiple
scattering as did 0.4-mm germanium. For a certain incident direc-
tion (relative to the <110> akis), the plots show the fraction
of particles (in percent) transmitted through the crystal with a
scattering angle smaller than the cut ahgle o .'Figures 8a-d
show the effect of increasing the crystal thickﬁess. It is seen
that for germanium, the peak is independent of the actual thick-
ness variation (practically no dechanneling), wheréas the back-
ground is cdntinuously being reduced. For random directions, the
reductionjcan be evaluated as follows: With each incideﬁt direc-
tion is associated an approx1mately Gau551an distribution of an-

gular width 8. . Hence a small-angle-scattering crlterlon o



on the analysis will reduce the transmitted intensity by %az/aé.
The intensity reduction for particles incident nearly paralled to
the axis (Y ~ 0) is very small for moderate crystal thicknessés
(little dechanneling). The reason for the 60% reduction in figs.
8a-¢ 1s rather pdor angular resolution.in the detecting system
{see table 2). With infinitely'good'angular resolution, the fe—
dﬁction in transmission should be negligible for an incident
angle smaller than the channeling angle. The effect of varying
the angle o can be seen from figs. 8b, e and fi In our experi-
ment, the angular resolution for 15-GeV/c protons is- m%wl ;
hence angles '« smaller than that are not well justified. The
overall reduction of the random background is in agreement with
the az/aé ratic. The peak intensity reaches 75% in fig. 8e,
where o 1is twice the angular resolution. As the random mul-
tiple scattering 98} is proportional to t/p® , where t is

the crystal thickness and p the relativistic momentum, the

most pronounced transmission effect should be seen for 2 GeV/c
and the 4.2-mm thick crystal, but ih that case, thelinfluence of
the detector reéolution is greater than in the 15-GeV/c case,

where the peak-to-background ratio is ~15 (cf. table 2).

Howevér,'the angular width at half maximum of the peék is
not really the quantity to be compared with ¢1 bécause dechan-
neling is much more serious for the large~transverse-energy par-
ticles, and the width will mostly be determined by o , detector
resolution, and multiple scattering of the channeled beam. It
would be more appropriate to compare ¢1, with the width at the

base. From fig. 5 is seen that the proportionality between the




base and ¢, is rather good, but we shall refrain from a de-
tailed analysis of this aspect of the data because the wide-angle-
scattering results are much more accessible to a comparison with

theoretical calculations.

Iﬁ fig. 9 is shown the same type of circular integration for
15-GeV/c 7©  incident on a 0.3-mm (a} and a 4.2-mm (b) <110>
germanium crystal. In both cases, the cut angle is %u¥; . It is’
seen that due to increased multiple scattering, the central peak
for negative particles is slightly lower than the random value,
with a pronounced minimum at about 2y . Alsd, the width of the
dip is much broader (v8y,). Such effects were already detected

0)

for MeV electrons and positrons2 The reason for the dip sur-
rounding the central peaks for both positive and negative par—

ticles will be disbussed in sec. 4.3.

In fig. 6 it was seen that for positive particles, the crys-
tal planes have a similar steerinq effect as the axis has. Figure
10 shows that the {111} crystal plane can distort the transmitted
intensity distribution of 15-GeV/c protons traversing the 4 .2-mm
germanium crystal. The scan across the beam is rather broad (1.5
mrad) but cuts thrbugh the side of the beam. The planar effect is
clearly seen; there is even an increase in intensity on the
planar side of the cut due to eguaiization of the variations in
intensity distributioh. in fig. 11 are shown cuts through the in-
tensity distributions-around the {111} and {112} planes for 15-
GeV/c protonsﬂtravérsing the 4.2-mm germanium crystai. The cut
. angle was 0.05 mrad,‘i.é., slightly smaller than.the overail an-

gular resolution of 0.06 mrad, but still very pronounced peaks



are cbtained Qith angular widths at the base comparable to the
planar critical angle. wp which, for the {111} plane is 0.06
mrad. These extremely narrow but still very pronounced peaks
make it possible to determine the axis position with the utmost
accuracy, i.e., to within ~0.01 mrad, thereby checking instabi-

lities in alignment during the runs.

4,2 Multiple scattering

As mentioned above, the multiple scattering is expected to
be strongly influencéd by channeling, being mainly due to nuclear .
collisions which are strongly decreased for positiwve, channeled
particles but increased for negative ones. In fig. 12 are plotted
multiple-scattering distributions for 15-GeV/c protons and 7w
traversing the 4.2-mm germahium crystal. The plots denoted
'random’ co;respona to a situation where the incident beam is

far from the axis and planes; these results should therefore be

equal to results obtained from an amorphous target. The random

multiple scattering has been treated by several authors. A

rather simple theory has been giﬁen by Bohr and Wiliiam321), who
divide the distribution into a Gaussian part, resulting from
small-angle multiple scattering, and a tail, mainly due to single- -
scattering events.'Thg dashed curves in fig. 12 are Gaussian»dis—

tributions
.  —9% /9% ~ _

P(9)d(8%/9%) = ce ©/76d(8%/9]) (7)

fitted to the data with 9

G
due to multiple scattering in the target is deter-

= 0.5 m;ad. The expected theoretical

value of‘ SG

mined from’the equatien

8% = 8u(Z1Z:e%/pv)? NR1oG (pad,/h) | (8)




to be SG = 0.53 mrad. Here 2, and Z, are the atomic numbers
of projectile énd target, respectively, p and Vv are the mo-
mentum and velocity, N is the density of the target atoms, a
is the Thomas~Fermi screening length, and R 1is the crystal
thickness. This formula feflects the idea that the mean-square
scattering angle Bé of the Gaussian part is determined by scat=
tering through angles smaller than 9. . In the present case, the

G

overall angular resolution of incident— and exit-angle determina-

tion of the tracks is small (0.06 mrad) compared to 9. . The
agreement between theory and experiment is seen to be good. By
21)

utilizing the Moliere theory (solid curves), good agreement in
the plural-scattering region is found too. For the well-aligned
protons (fig. 12a), multiple‘scattering is seen to be consider-
ably reduced. Here the 3 value is only %0.15 mrad, correspond-

ing to a reduction compared to random by a factor of 3.5, whereas

weil—aligned 7 shows a small increase (20%) in 9

G compgred

to random because some negative particles are bound to move close

to the high-density nuclear region.

From the figure iﬁ is also‘seen that for both positive and
negative particles, an angular region exists where the
scatterlng is drastically increased. The distribution is no more
Gaussian and the width is increased by 50-100%. Thls is caused
by the doughnuts (see below), corresponding to a very broad re-

gion of 1nc1dent angles.

In fig. 13 is plotted the variation in multiple scattering
for 15-GeV/c protons and =  traversing the 0.3-mm and the 4.2-

mm germanium crystal. As a measure of the distributions, the



angular width Bl/e is taken at the position where the inten-
sity has decreased to e~! of the maximum even for those dis-

tributions that are not Gaussian. The value & is plotted as

1/e
a function of the angle between incident-beam directions and the

<110> axis in units of the critical angle y; = 0.18 mrad.

For positive particles, the multiple scattering is strongly
reduced for incident angles up to Vv, but increased by 10-20%
for negative particles. The region where both positive and nega-
tive particles experience strongly increased scattering is seen
to stretch out very far, fven for incident angles of A0y, v 2
mrad, none of the particles exhibit normal nultiple scattering.
Since measurement of multiple-saaﬁtering distributions plays a
dominan£ role in many high-energy experiments (é.g., calibration
experiments), great care must be taken to ensure that the targets
are not crystalline or polycrystalline with axial directions in

the vicinity of the incident-beam cone.

4.3 Doughﬁuts

To get more insight in the fate 6f the angular distributions
of narrow beams incident on a crystal, three-dimensional écatter
plots of the intensity distributions in exit-angle space were
made. Figure 14 shows such scatter pldts for 15-GeV/c protons
and T transmitted through a 0.3-mm thick <110> germanium crys-
tal. The transmitted intensity is plotted as a function of the
angle between the <110> axis and the exit direction. The incident-
beam direction is indicated in the plots. The incident beam had

an azimuthal spread of 30° and a radial spread of 0.1 mrad. Both

distributions show that the correlated scattering from the atomic




strings results in a doughnut distribution centered around the
<110> axis, with pronounced minima along the axial direction. A
strong scatﬁering'in the azimuthal direction can also be observed,
whereas the radial distribution experiences only little multiple

scattering,

For a more detailed investigation of the phenomena, two
scans through the distfibutions were made. In fié. 15 are shown
such scans for 15-GeV/c protons (left-hand side) and 'W-I (right—
hand side) traversing the 0.7-mm <110> germanium crystal (scan-
ning directions shown at the top of the figure). In each figure,
the incident beam is indicated as a sguare box with error bars
indicating the angular resclution of the detecting system.
The first four plots (1-4) correspond to incident angles up to
y1 . Here the protons yield a minimum and the 7w a maximum
along the axis, showing that the diffusion in transverse energy
for well-aligned particles is much stronger for negative than
for positive particles. The intensity is nearly independent of
azimuthal angle, showing a complete equalization in transverse
momentum El . Plots 5-7 correspond to incident angles between
Yy and 2y; . Here, both protons and w__ show a minimum along
the axis, and for 1 ,ﬁhere is still egialization in transverse
momentum but not for protons. Plots 8—12 correspond tc incident
angles 2y, to 3.3y, . Egualization in transverse enerxgy has
not been'established for this crystal thickness (0.3 mﬁ). The
general result ié that the tendency towards equilibrium is strong-
er for negétive than‘for positive particles, indicating that the
negatiﬁe potential gives somewhat'stronger scaﬁtering than the

positive potential.



Similar doughnut patterns were already observed for MeV

2) 20)

2 . '
protons , pPositrons, and electrons transmitted through thin

crystals with incident angles to the axis up to Ay, , and the

23)

theory was developed by Golovchenko The most

striking feature of the above doughnuts is that they appear for
incident angles larger than ; . This interesting characteristic
is investigated further in fig. 16, where the ratio between the
doughnut‘intensity at 180O (in azimuth) from the beam and that at
the beam position is plotted. The curves are shown as a function
of angle between incident direction and crystal axis. The results

c

are shown for‘6— and 15-Gev/c protbns and T  traversing 0.3-mm,
0.7-mm, and 4.2-mm crystals. In general, it is seen that high
transverse energies require mény string collisions to randomize
the transverse momentum. Again, the curves show that the negative

potential is somewhat more effective in doughnut formaticn than

the positive .potential.

Apparently the critical angle ¥, is not ‘the
limiting apgle for doughnut fermation. On thé bther,hand, P
was calculatéd as the most restrictive condition for the applica-
tion of the continuum description, i.e., only close-encounter
processes, for which the impact paraméter b is equai to zefo,
were considered. In fact, | éorrelated scat-
tering from many atoms in the axis is still present for incident
angles larger than ¢; , especially in the high-energy région
where channeling angles’ are sméll. Taking into account the effective
thermal amplitude I’ lperpehdicular to the atamic strings, it is easily seen

' for
that a quantitative condition./thé’econtinuum approximation is simply

"y




o > dy , where ¢ 1is the incident angle to the axis and d is
the interatomic spacing in the string24).This condition on w
corresponds to incident angles of £50 mrad in germanium. Hence,
for the analysis of the doughnuts, the continuum description

is valid for the present experiment.

The problem of calculating the crystal thickness AL needed

to randomize the incoming transverse momentum ﬁi has been ap-
proached in two ways: (i) by analytical calculations, and (ii) by
computer simulation of the binary collisions between projectile
and the atoms in the string. Both methods are based on the simple
classical picture of channeling given by Lindhard16). By using

a simple approximation for the static string potential {Ulr) « 1/},

Lindhard finds

o= 2 '
1 r2Ndayq

where  is the incident angle to the axis. The expression for

(9)

AL is rather sensitive to the potential approximation used, but

the above formula is in reasonably good agreement with experiment

for U < ¢, . For the case of 15-GeV/c protons incident on <11C>

germanium, with vy = ¢, , one finds from Eg. (9) AL ~ 10u. For

¢ > ¥, , a simple expression for kl can be obtained by disre-
garding close collisions (b < p) and use a 1/r approximation
for U(r) , which corresponds approximately to using a thermally
avefaged 1/r potential. This introduces a change in the Lind-
hard formula,

AL ® _—Ey——*[(W/w1)2 o/al

m2Nday? ooV (10)



Here, p/a 1is of the order of %-1. In general, the agreement
between our experiments and the analytical expressions is good
for incident angles ¢ £ y; but only fair for angles 1y > -y, ,
where the above formula gives Al somewhat 15@. As is well
known, the 1/r potential gives, for fixed impact parameters,
the same scattering angle for positive and negative particles.

More realistic potentiéls should be used to explain the differ-

ent values of Al observed experimentally.

_ string,
Using Lindhard's standard potential for a statiC/ cne finds,
for ¢ £ ¢, , .AL values of the séme order of magnitude as given
by Eq. (9), although for negative particles, ki is somewhat
larger than for positive particles, in agreement with computer
calculations, to be discussed in section 4.4. Sincé our thinnest
crystal was 0.3 mm thick, we have no experimental evidence for
such an effect. For ¥ > y; , the experimental Al values are

lower for negative than for positive particles, in agreement with

computer calculations.

The doughnuts have a considerable influence on the trans-
mission and multiple~scattering distributions, as shown above. In
figs. 6-9 were shown the transmittedlintensity for particles scat-
tered less than a c¢ertain cut angle o . In general, the distribu-
tions consisted of a peak around the crystal axis, surrounded by
a broad dip{ This dip is caused by the doughnuts as particles
forming the doughnuts will leave the crystal at a large total
scattering angle. They will thus be excluded by means of the
small-angle scattering criterion as long as the cut angle o is

small compared to the doughnut radius but still comparable to




the multiple—scattéring angle. In figs. 8e, b, and £, o 1is
varied from .1 to ¢:/4 for 15-GeV/c protons transmitted through
the 0.7-mm germanium crystal. In fig. 8e, the dip is most pro-
nounced because o = y; reduces the doughnut more than the ran-
dom region. The influence of the reduction of a , as is shown in
figs. 8b and f, will réduce the random intensity rather than the
doughnut region; hence'the dip will disappear, as is also seen in

fig. 8.

The variations in multiple scattering (cf. figs. 12 and 13)
for both positive and negative particles are all caused by the
doughnuts. However, this type of scattering is differenﬁ from
normal multiple scattering because here the angle between projec-
tile and axis is conserved, whereas normal multiple scattering
will change this angle, i.e., the radial distribution of the
doughnut 1s smeared out.

For incident angles ¢ < ¢, , the radial distribution of
the particles in the doughnut is governed‘by (i) the sﬁrface
transmission at the front and back surfaces of the crystal, and
(ii) diffusion in transverse energy in the crystal. The surface
transmission at the front surface determines the initial transverse
energies in the crystal, where EL is distributed between
%pv&in and %pvy? , with a peaklaround the former value since

Ulr) is flat over most of the region. The maximum exit angle.

for a particl he: . 1 i = JE
p icle to the c?ystal is given by Oexit /EL/E , and



as the surface-transmission angle is peaked around this valuc

for each EL , the radial distribution for angles larger than

Sin is determined by the distribution in EL in the crystal,
which, in turn, was governed by surface transmission at the front
of the crystal. The radial distribution for angles smallier than
Sin is determined by the surface transmission at the back sur-

face since here the potential U(r) at the exit point has to be

subtracted, i.e., Sexit = Jﬁi:rﬁTES)E . This means that some
particles come out with small angles to the axis because at the
point of exit, they happen to be rather elose to the axié,
thereby having a rather high potential energy. In fig. 15 (left-
hand side) is clearly seen that the intensity distributions 90°

beam
and 180° (in azimuth) away from the/are stecpest on the axis side.

This reflects the fact that the diffusion in transverse enerqgy
for positive particles with low transverse energy is low, whereas
particles with high transverse energy have a strong diffusion, as
for random particles. Weli*channeled negative particles, on the
other hand, experience increased diffusion in transverse energy,
which explains the tendency to a peak formation along the axial
direction. However, in the present experiment, the angular reso-
lution of the detecting system is not good encugh for a detailed
investigation of this prcblem.

The intensity in the doughnut is found to vary considerably
with azimuthal angle. In fig. 17 is shown the intensity variation
as a function of azimuthal angle for 15-GeV/c protons transmitted
through the 0.7-mm germanium crystal. The incident angle was
between ;3 and 2y with a spread in azimuth of 300. As shown

in the figure, pronounced minima occur for directions eguivalent




te low-index planes. The effect simply arises because the trans-—
verse plane does not consist of randomly placed strings but
rather of‘an ordered lattice of strings. When in the transverse
plane a particle is scattered off the string into a low-index
planar direction, the subsequent collision will be with atoﬁe

in the nearby string; the impact parameter wil; be small so that
the particle will be scattered away from this direction. This
effect is called "blocking" in the transverse plane and is
equivalent to. normal blocking in the three-dimensional crystal
(see below). The widths and depths of these blodking dips should
be larger, the stronger'the planes, which is in gqualitative agree-
ment with our results. Once again, the angular resolution of the
detecting system is comparable to_the planar channelihg angle

‘ wp , which smears out the effect.

4.4 Binary-collision calculations

In order to derive more quantitative results from the clas-
51cal theory, computer simulations of the doughnut formation for
15-GeV/c protons and T were performed In figs. 18 and 19-is
shown a comparieon between calculated (18a and 19a) and measured
doughnuts. In the calculations, a parallel beam is incident on a
germanium crystal with an angle of incidence to the <110>'a#is
of 2y for protons and 3y; for m . in the experiment, the
incident angle has a radial spread of 0. 05 mrad and a spread in
azimuth of 30°. Due to computer-time llmitatlons, the calcula-
tions were performed for crystals SOmewhat thinner than that
used experlmentally. The radial spread of the doughnuts is larger

for the experimental than for the calculated distributions due



to (i) the angular spread of the incident beam, (ii) the ex-
perimental angular resolution (v0.3y;) , and (iii)} to dechan-

neling in the thicker crystal.

The problem of equalizaﬁibn in the doughnut and the radial
spread for protons and Tm can also be investigated from these
computer calculations. In fig. 20 are shown the results for in-
cident angles ¢ equai to Y1 (a), 2¢; (b)), and 3¢y (e},
and for increasing crystal thickness (the thickness in u ‘is
indicated in the upper part of the figure). In fig. 20a, the
equalization is obtained after ~10 u for protons and a somewhat
larger thickness for ﬂ; - This is in good agreement with Lind-
hard's estimate for Al' which, for the present case, is 10 y.
From the radial distribution is seen that the negative particles
are preferentially scattered towards smailer Yy values, thereby
filling up the intensity dip around the axis and eventually giv-
ing rise to a distribution with its maximum in the axis direc-
~tion. The radial scattering for tﬁe protons is seen to be much
smaller, and‘the doughnut distribution is conserved in the en-
tire crystal. These results are in good agreement with the experi-
mental results shown in fig. 15. Figures 20b and ¢ show that now
the Al values are somewhat smaller for negative than for posi¥

tive particles, in contrast to incident angles ¢ £ y; . Several

authors have used computer calculations based on binary colli-

: - R . 20
sions to study the influence of doughnuts on transmission yields ).

Since the computer calculations seem to reproduce the rather
complex angular distributions behind the crystals for different
incident angles, we feel that we may have some confidence in

the predicted impact-parameter distributions obtained from the




programme. In fig.21 are shown impact-parameter distributions for positive

particles (normalized to random) for three different angles,

Yig =0 (@) Yy, = %01 (B), and Y, = Y (c) .

It is clearly seen that positive particles are kept away from the
string. For increasing incident angles, the'distributions.gradual—
ly approach random. For ¢ = %y, (b), the effect is still rather
pronounced, and for § — Y,

' the probability that protons

will hit the nuclei is still expected to be somewhat reduced.

Corresponding results for 15-GeV/c m are displayed in fig. 22.
Well-aligned negative particles are very likely to hit nuclei in
the string, whereas normal scattering is expected for incident

angles larger than the critical angle y: .

4.5 Dechanneling

For MeV particles,-dechannelinq-has been subject to rather
intensive theoretical and experimeﬁtal investigations. Most of
the work has concentrated on the pfoblem of finding the distrib-
ution g(EL,z) in transverse energy as a function of depth in
the crystal. For clean and perfect crystals, g(El,O) is sharp-
ly peaked around %pv&in because the influence of‘snrface
transmission is rather small (see above). As the beam proceeds
into the target, the development of g(EL,z) will at fifst be
dominated by electronic multiple scattering. With increasing
transverse énergy, the nuclear multiple scattering plays a grow-—
ing and, eventually, a dominant’role. This increase in EL is by
nature a random-walk_process énd can be approximately described
by a diffusion equation,

3g (.EJ_IZ) . _ k ) g(E_le)
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where A(EL) is the accessible area in the transverse plane for

'a projectile with transverse energy E and D(EL) is the dif-

25)

L
fusion function. This model was used by Bonderup et al.

in
their calculations of transverse-enerqgy distribution as a func-
tion of crystal depth. We have

| '  modified the model slightly to in-
clude relativistic effééts'in the multiple~scattering~dependent

diffusion function. This is mainly accomplished by replacing

the rest mass appearing in the non-relativistic formulas by the

relativistic mass mo///‘l_:{}z/c2 . So far,

most experimental investigations
cf dechanneling have been based on measurements of the minimum
vield for wide-angle scattering. Few measurements of g(EL,z)}mve
been performed in the MeV region where perfect, thin crystals and
detailed angular. scans behind the C;YStals are required26). How-
ever, for the presént‘experimental arrangement, such investiga-
tions are very simple and attractive. In figs. 23 and 24 is
shown the transmission yield of 15~GeV/c protons and 1 tra-
versing 0.3—: 0!7-, and 4.2-mm germanium crystals. The results
are plotted as a function of ? , where 1 is the angle bet-
ween the exit direction and the <110> axis; hence the obtained
distributioqg ganlbe cbmpared directly to g(El,z) . Plots a-f
correspénd to.a stepwise ihppeasg of %w; in the incident angle.

Unfortunately, the ovérall‘angular resolution of the detection




system is only between %¢1 and %wl l(see table 2) so that
for incident angles between %wl and Y (figs. 23d and 244),
a considerable number of random particles are present. For. pro-
tons in general, it is seen that for incident angles up to

m%wl , the transmitted yield is nearly independent of crystal
thickness, showing little dechanneling even for the 4.2-mm
crystal. These result§ have been compared to calculations based
upocn the.diffusion model. The results of such calculations are
also shown in figs. 23b and f. The overall agreemen£ is fair
even for incident angles above {; , where the model is not ex-
pected to be favourable.-The experimental peak heights are lower
than the calculated ones, which is mainly caused by angular re-

solution.

It is also seen that dechanneling depends very much on the
incident angle. Large dechanneling takes place for incident
angles close to y; , and now there is a marked difference bet-
ween the different crystal thicknesses. For incident angles
1ar§er than ¥, , a channeled part of the transmitted beam is
still present, mostly due to the rather poor angular resolution.
It should be noted that genérally, the influence.of increasing
crystal thickness is an increase in the average transverse

but a decrease in the most probable E , which is

.energy E 1

L
in agreement with general statistics.

Figure 24 shows the same experiment but for 15-GeV/c .
In general, the dechanneling is much stronger, as expected, and a large
difference is seen for the three different crystals. In prac-

tically all cases, the maximum of the distribution lies around



the axis, reflecting the fact that well-channeled negative par-
ticles diffuse very quickly in transverse-energy space. For the

4.2-mm crystal, only 7% of the

transmitted beam belongs to the channeled part (Y Y1)

exit © _
independent of incident direction. In fig. 25, the channeled
part is plotted as a function of inéident angle and crystal
thickness for protons and 1© . For protons, the three crystals
yield nearly identical curves which, in turn, shows that the
dechanneling is small. The ~25% reduction in channeled fraction
for well-aligned particles stems from the detector resolution,
which caused a minimum angular step size of %wl'. A more de-

tailed calculation of this type is made in connection with the

wide-angle scattering experiments (see below).

Recently it has been discussed extensively whether channel-
ing could be utilized as a tool for "beam cooling", i.e., an
overall reduction in the transverse energy of the beam, keeping
its spatial confinement. From the present experiments, it is
seen that for negative particles, only a very small portion of

the beam obtains a reduced transverse'energy ;L .

4.6 Wide-angle scattering

In the very detailed investigations of the influence of
channeling on close-encounter processes for MeV particles,
Rutherford scattering has been widely used. Mostly because the
FWHM of the channeling dips, A¢ can be compared to the theo-
retical ¢; values in a straightforward way. Both thedrétical}y

27)

and experimentally it is found that

Ay = ki{p)¢:r ,




where ¥ is a function of the thermal vibrational amplitude.
For shallow depths in most crystals, k is between 1.5 and 2.

To a first approximation, the minimum yield for this dip

‘min
is equal to Ndmp? (Nd 1is the number of strings per unit area) .
For greater depths in the crystal, this minimum yield increases

due to the onsét of dechanneling, as discussed above.

In figs. 26 and 27 is shown the normalized wide-angle scat-
tering yield for 15-GeV/c protons and 7  incident on the 4-mm
germanium crystal. The criterion for accepting a wide-angle scat-
tering event is that the scattering angle should be larger thaﬁ
the cut angle « , where o should be chosen large enough to
ensure a close-encounter process. However, because of lack of
intensity for large values of o , a cqmpromise, yielding good
statistical accuracy, was necessary; The random multiple scat-
tering in the present case is 0.5 mrad so that a cut angle of
‘%2 mrad wquld be reasonably outside the multiple-scattering
distribution and alsc much larger than_ Wy §0.18 mrad). How-
ever, the strong influence of doughnuts at high energies means
that it is necessary to use larger a values because doughnut
scattering results in large scattering éngles, but the impact-
parameter distributions for such collisions are still different
from those in amorphous targefs, as shown above. Thus a value
of o = 3 mrad was used for the axial case. For planes, where
no doughnut formation exists, much smaller o values can be
used,'which gives much better statistics. For axial-channeled
protons, a prénounced dip (8% of normal yield) is obtained for

incident angles close to the <110> axis. The FWHM is seen to be



1.5¢: , in good agreement with the above estimate. It should be
pointed out that since we have no depth resolution, the result
represents the scattering yield averaged over the entire thick-
ness of the sample. In the same figure is plotted (solid curve)
the calculated dip in yield (averaged over the crystal), using
the Lindhard theory. In the calculations, dechanneling is

taken into account, using the diffusion model of Bonderup et al?s).
Here it should be noted that dechanneling alone would give a
minimum yield of 3%. The solid curve represents the result of
folding in a Gaussian curve representing the angular resolution
cf the incident beam and the effect of a rather L;rge angular
step size. This procedure raises the minimum yield to 9%, so
evidently our limited angular.resolution plays an important role

in the determination of the experimental angular yields. The

theoretical FWHM is ~30% larger than the experimental width.

In fig. 27 are shown the normalized wide~anglewscattering
results as a function of incident angle to the <110> axis for 2-
and 6-GeV/c protons and nt transmitted through the 4.2-mm ger-
manium crystél. Very pronounced dips are obtained for 6 GeV/c

with FWHM values around 1.5y; . The moderate dip at 2 GeV/c is

caused by poor detector resolution.

For = - (fig. 28), anrincrease in yield‘is found for in-
cident angles'clOSe to the <110> axis. This peak is ‘much nar-
rower than the proton dip, wh;ch is in good agreement with MeV
electron-channeling results, where it is‘found that the FWHM
A iS'éQu§1 to 0.65y, (ref. 17). Due to poor statistics in

the present case, we shall refrain from any detailed analygﬁs



of the peak in yield. The moderate rise in yield is due to the
strong dechanneling for neqative particles (see above). From
electron-channeling experiments and binary-collision calcula-
tions, one would expect peak values a factor of 3-5 above normal
vield for thin crystals, but in this type of scattering experi-
ments, thin crystals would require a fast hardware selection to
reduce the running time; however, this will be arranged in a

forthcoming experiment.

As discussed above, the crystal planes also have a steering
effect. In fig. 29 is shown the normalized wide-angle-scattering
(¢ = 0.6 mrad) intensity around the {111} plane for 15-GeV/c pro-
tons incident on the 4.2-mm germanium crystal. A dip down to 60%
of normal yield is obtained, but now the restricted angular re-=
solution has a severe influence on’ the minimum because the over-—
all resolution is equal to the planar—chaﬁneling angle wp '

which, for the present case, is 0.6 mrad. Hence the FWHM is

mostly determined by resoclution.

The influence of channeling on nuclear reactions induced by
strongly interacting projectiles is expected to be the same as
that for wide—angle_scattering since both processes require im-
pact parémeters much smaller than the minimum distance (Vp)
from the string of channeled particles. In fig. 30 is shown the
variation in intensity around the <110> axis of 15~GeV/c pro-
tons and 1©  having suffered an extraordinarily large enerdgy
loss. The normal average energy loss would'be 2.3 MeV for the
crystal studied (4.2-mm -germanium), and here we have. used 5.4

MeV as the rather arbitrary energy loss, above which it is called



"large energy loss". In ref. 7 it is shown that such a large
energy losé is directly connected to nuclear-reaction processes,
where more particles are produced for which the total energy
loss 1s integrated by the target detector. For protons, a very
pronounced dip down to 10% of normal yield is obtained, which
is QUite similér to the wide-angle-scattering dip shown in

fig. 26.

For = we find an increase in yield for incident angles
around the <110> axis, but the width of the peak is much broad-
er than that obtained for wide-angle scattering (fig. 28). To
some extent, this difference is caused by the increased elec-
trohic—energy loss for channeled © . The influence of this ef-
fect was evaluated by réquiring that the energy loss be large
and that the pérticle hits DC5. By this test, only part of the
increased yield could be accounted for. Due to poor statistics,
we shall refrain ffom any further analysis of the precise form

and magnitude of the enhancement of these peaks.

Since the prospect of increasing reaction rates is very
intrigueing and since we cannot solve the preblem in any decisive
way from the data available in the present experiment, we have
made more detailed investigations of the problem, using the |
binéry—collision calculations. Figure 31 sﬁoWs the expected im-
pact-parameter distribution for 15-GeV/c ®  mesons after their
passage through 20 and 300 u of the <110> germanium crystal. It
is obvioué that the projectiles have a much increased flux near
the string, and for a well-aligned ©  and a thin crystal, we
should then expect a strongly enhanced probability for small

impact-parameter processes.




4.7 Blocking

When positive particles are emitted from radioactive nuclei
on normal lattice sites in single crystals, the emission yield
shows very pronounced and sharp minima whenever the emission di-
rection 1s parallel to a low-index planar or axial direction.
This is a resulﬁ of the string potential that deflects the emit-
ted ions away from the axis. This shédowiné effect of the axis
is usually called the blocking effect. For neéative particles,

. : . s 27
pronounced maxima are found under the same emission conditions ).

The emission caée can be simulated by using an energetic
beam incident on a crystal and then detecting”those particles
emergiﬁg from the crystals that have been scattered through a
large angle. The large—-angle single scattering ensures that the
particles have been close to the nuclei, and thereby a radio-
active-emission experiment is simulated. Also multiple-scattering
distributions will show pronounced dips. (peaks) whenever a crys-
tal axis or plane is oriented inside the multiple~scattering

distribution.

. By a reversibility argument, Lindhard16) has shown that the
angular yield in the blocking experiment should be identical to
the wide-angle scattering yvield previously discussed if energy
loss may be neglected for the trajectories connécting the exter-
nal beam ({(either entering or exiting) with the position of the
scatterer in the crystal. This result is based upon the fact
that the prcobability of hitting a lattice atom for a particle‘
incident on a crystal in a specific direction 1is equal to the:

probability for the particle to escape from the crystal in that



direction when emitted from the lattice atom. The probabilities

are here taken relative to the case of an amorphous target.

Figure 32 shows a scatter plot of the transmitted intensity
for 15-GeV/c protons transmitted through the 4.2-mm germanium
crystal. In the present experiment, the <110> axis was tilted
away from the central beam. It is clearly seen that the pre-
sence of the axis resuits in a dip along this difection because
the direction is blocked. Perpendicular scans (scan directions
“.indicated in the figqure) through the dip are also shown in fig.
33. These data are shown unnormalized because the results may be
influenced by doughnut formation, so it is not well justified
to compare the minimum yield and width with the wide-angle

scattering results.

A more direct way of investigating the blocking effect is
‘to'study the variation in emission yield around the <7110> axis
of those particles produced in the induced nuclear reactions.
These events are identified by registering "large energy=-loss"
events defined as above. Figure 34 shows the intensity distribu-
tion around the <110> axis for "large energy-loss" events. The
data are obtained from ring-integration centered on the <110>
axis in order to get better statistics. The dip in yieldiis
down tc ~v20% of normal yield and the FWHM is %1.5w; . iq good
agreement with the results obtained for close-encounter ﬁro—
cesses. The minimum yield is somewhat uncertain due to the

large angular steps that were necessary to obtain reasonable

statistics.




5. Conclusion

From the data and analyses presented, several conclusions
may be drawn. Thus channeling conditions may be maintained for
both positive and negative particles through thick (v4 mm),

nearly perfect crystals.

In the high-energy region, channeling effects become in-
creasingly important since multiple scattering and dechanneling
decrease as (pv) ! , whereas channeling angles only decrease
as (pv)—;2 . Further, it is found that channeling effects per-

sist for angles large compared to the critical angle

Most scattering phenomena are changed drastically whenever
crystal axes and planes are close to the incident-beam cone.
Especially the doughnut formation has been found to be much more

pronounced in the GeV region than at lower energies.

With regard to the theoretical description, it is found
that the models developed for positive, classical particles can
easily be transformed to the GeV region and describe most ex-

perimental results vexry well.

Our confidence in the thecoretical descripticn opens up a
new experimental area, where the variety of particles in high-
energy beams are used for special solid-state-, atomic-, and
nuclear—~physics inveseigations. Particularly the possibility of
varying the impact-parameter distributions is very intrigueing.
As the relativistic vy values vary‘over two orders of magni-
tude in mostrsecdndary beams, the investigation of the onset of

relativistic effects is very simple, and the channeling effect
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can be used for discerning between contributions from close

(b £ p) and distant collisions, which is very important in x-ray

and bremsstrahlung experiments,
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Figure captions

Fig.1

Fig.2

wid

Fig.

Fig.4 .

Fig.5

"Fig.6

Three dimensicnal plot of the continuum potentral for the
2100 >Cu axis. The potential-cut at the top corresponds
to ) = 1/2 p,vwf . The plane half-way between top and
bottom shows the accessible area for particles with an

incident angle of w}with respect to the axis.

Nl -

Schematic drawing of experimental layout. The beam is
defined by means of scintillation counters SC1 -4 and
the particié tracks by neans of drift chambers DCY - 5.

v 1 andg VT 2 ére vacuum tubes.

vultichannel anailyzer spectrun frmom the target. The low-
energy part comes from channeled particles, whereas the
high-energy part is caused by "random" particles. The

windows W; end W, are set for alignment of the crystal.

Alignment scans for the 0.9 mm< 110> Si crystal using
15 GeV/c w as beam. The two X scans and one Yy scan show

the counts in W, for 10" events in W,.

Scans through incident (full drawn)'and exit (dashed
curve) beam for 15 GeV/c protons transmitted through a
0.3 mm <110> Ge (a) and 4.2 mm <110> Ge (b) crystals to-
gether with 2 GeV/c protons transmitted through the

4.2 mm <110> crystal (c).

15-GeV/c protons incident on a 4!2nmIGe'single crystal. The
picture is a reproduction of a computer output and shows
the relétive intensity diStribution as function of incid-
ent 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. Thé 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 20 000.events

in the plot.

Fig.7 15-GeV/c 7 incident on a 4.2-mm Ge single crystal. Same
plot and condition as in Fig.6. Here planar effects are
absent but there is a peak in the axial directien sur-
rounded by a low-intensity region. Note that the axial
peak is lower than ‘the random "plateau" far from the

axis. There are 10 0C0 events in the plot.

Fig.8 Variation in the transmission vield as a function of
incident angle (relative to < 110> axis) for 15-GeV/c
protons transmitted through 0.3 m Ge (a), 0.7 mm Ge (b),
4.2 mm Ge (c), ana 0.9 mm Si {(d). Together with 6 GeV/c
protons (g) and 2 GeV/c protons (h) transmitted through
tne 4.2 mm Ge crystal. In all the above cases the cut
angle o« equals w]/2. Figures e and f show the transmis-
sion yield for 15 GeV/c protons through the 0.7 mm Ge
crystal but with cut angle g egual to y, and ¥, /4 , re-

spectively.

Fig.9 The same type of plots as fig.8 but for 15 GeV/c 1w
transmitted through 0.3 mm (a) and 4.2 mm (b) <110> Ge

crystals. The cut angle o equals b /2.

Fig.10 Scan through the raw incident (full.drawn) and exit
(dashed) beam for 15 GeV/c protons transmitted through
the 4.2 mm Ge crystal with the {111} plane inside the

beam cone.
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Fig.11 Distributions of relative transmission yield as a function
of incident angle to the {111} plane (a) and the {112}
plane (b) for 15 GeV/c protons inéident on the 4.2 mm
Ge crystal. In both cases, the cut angle © was equal

to 0.05 mrad.

Fig.12 1Integrated intensity distribution as a function of scat-
tering angle for 15 GeV/c protons (a) and © (b) trans-
mitted throuéh the 4.2 mm <110> Ge crystal. In both
cases are shown results from three incident-angle reg-

ions, namely for protons: 0 - 0.25 i

(A), 3 - 3.5 ¥, (o),
and random (o); for m 0 - 0.25 ¢ (4), 4 - 5 ¥, (e}, and
random (o). For comparison is shown the Bohr-wWilliams

(dashed) and Moliere (full drawn) theoretical curves.

Fig.13 Angular width of multiple scattering distributions as a
function of incident angle to the <110> axis for 15 GeV/c
protons and n  transmitted through 0.3 mm and 4.2 mm Ge

crystals.

Fig.14 Three-dimensional scatter plots in exit-angle space of
15 GeV/c protons and ™  transmitted through a 0.9 mm
<110> 8i crystal. The incident beam directions are in-
dicated (2 - 2.5) %, from the axis). The center of the

plots are in the <110> axis.

Fig.15 Perpendicular scans (scan direction shown at the top)
through doughnuts resulting from a narrow beam of
15 GeV/c protons (a} and m (b) transmitted through a
0.7 mm Ge <110 » crystal. The scans are plotted as a

function of exit angle relative to the < 110> axis.



Fig.16

Fig.17

Pig.18

Fig.19

Fig.20

The figures 1 - 12 correspond to different incident
directions (incident beams indicated as souare boxes
with error bars corresponding to detector resolution)

varying from ~0 (1) to 3.3V, (12).

Intensity in doughnut 180° azimuthally away from beam
direction relative to intensity at the beam position
for protons and negative pions at various energies

and through various crystal thicknesses.

Plot of intensity in doughnut as function of azimuthal
angle for 15 GeV/c protons transmitted through a 0.7 mm
Ge crystal. The blocking effect of low-index planes is

clearly seen.

Calculated (left) ané measured (right) doughnut for

15 GeV/c protons transmitted through a 0.7 mm Ge crystal.
In the calculation the beam is Very narrow (marked by a

black dot}), whereas the experimental beam is rather broad
(marked by a black streak) - and in fact broader than

indicated because of angular resolution.
The same as fig.19, but for ; .

Results of computer simulations for 15 GeV/c protons
and 7 traversing increasing thicknesses of Ge. The

incident ancle to the axis is w1, 2%, , and 3w1 , re-

spectively, in figs. 20a,b,c. Clearly, for small



Fig.21

Fig.22

Fig.23

Fig.24

— 5 ] -

angular incidence the protcns attain equalization
on the shorter distance, whereas for larger angles
of incidence, 7 seem to attain equalization on the

shorter distance.

Impact parameter distribution for various incident
angles, from computer simulation. The distributions are
nermalized to random and show that particles have in
general small probabilities for close encounters.

Same af fig. 21 but for negative particles. There is
only a clear enhancement for well-channeled particles,
which exhibit a strong increase in the probability of

close encounters.

Distribution in "transverse energy" (which is propor—
tional tolf) of 15 GeV/c protons transmitted throﬁgh

0.3 mm, 0.7 mm, and 4.2 mm Ge crystals. Plots a) to f)
give results for particles with increasing angle of in-
cidence to the <110> axis. The full-drawn curves are

for the 0.3 mm, the dashed curves for the 0.7 mm, and
the dot-and-dash curves for the 4.2 mm crystal. In

plots b) and f) are shown examples of a comparison

with theory (smooth curves}). The agreement is satis-
factory for the small incidence angle, but only fair for

the larger angles of incidence.

Same as fig.23, but for 7 , with the exception that

there is no theory to compare with.



Fig.25 Fraction of particles still channeled after having
traversed 0.3 mm, 0.7 mm, and 4.2 mm Ge crystal, for
15 GeV/c protons (a) and 7 (b). For positive well=-
channeled particles, the dechanneling is seen to -be
very small, whereas dechanneling for negative par-

ticles is very strong.

Fig.26 Normalized (to random incidence) yield of wide-angle-
scattering as function of incident angle to the <110
axis for 15 GeV/c protons in the 4.2 mm Ge crystal.
Experimental pocints and a theoretical curve. The latter
takes into account dechanneling and angular resolution

.0f the system.

Fig.27 Experimental normalized wide-angle scatteringlyields as
function of incident angle to the <110> axis in Ge for

6 and 2 GeV/c protons and .

Fig.28 Experimental normalized wide-angle-scattering yield as
function of incident angle to the «<710> axis in Ge for
15 GeV/c n . The curve is drawn by eve through
the points. Within a narrow region (p < %wl), there is

a strong increase in yield, as expected.

Fig.29 Experimental normalized wide-angle-scattering yield as

function of incident angle to the {110} plane in Ge for

15 GeV/c protons.

Fig.30 Experimental probability for 'large enercy loss’' as
function of incident angle to the <110> axis in Ge for

15 GeV/c protons and 7 .

Fig.31 Computer simulation. Predicted impact-parameter distribu-

- 9
tion of 15 GeV/c 7 after having penetrated 20, (A), and



Fig.32

Fig.33

Fig.34

(£ o) ! .

384 (B) in a perfect Ge crystal, for an incident angle
a oy '

of 8845-y, to the <110> axis.

Scatter plot of the transmitted intensity for 15 GeV/c
protons incident on the 4.2 mm Ge crystal. The <110>

axis was tilted away from the central part of the beam

and the position of the axis is at the intersection of the

the two scan directions indicated.

Scans through the distribution shown in fig.32. Scan 1
is through beam and axis, and scan 2 is perpendicular to
scan 1. In both scans the position of the axis is clearly:

indicated by the minimum in transmission intensity.

Experimental "blocking effect". The yield of 'large energy
loss' processes as function of particle exit angle to the
<110> axis inGe. The crystal was 4.2 mm thick, and the

particles were 15 GeV/c protons.



Table I

The critical angle ¥, in mrad. The tabulated

values are for =R =
2 GeV/c 6 GeV/c | 15 GeV/c
S1i<110> 0.32 0.19 c.12
Ge <110> 0.48 0.28 0.18
—— p,
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