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Abstract

Radiation Spectra for GeV electrons and positrons have been
measured in a broad range of incidence angles in Si and Ge
crystals. An enhancement up to a factor of 50 is found for axially
channeled particles. In nearly all cases, the low-energy part of
the photon spectra is strongly réduced either due to equalization
in the doughnut or due to the strong multiple scattering from the
atomic 7rows. For large incident angles to the axis, the reduction
is due to the so-called Landau-Pomeranchuk effect. For proper
channeled positrons, stable oscillations give rise to a peak in
the photon spectra. In the transition region from axial to planar
channeling, the photon spectra change from being structureless to
showing pronounced peaks from the first harmonics. The experimen-
tal results are compared to both classical and quantal calcula-

tions.
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1. Introdyction

In the sixties, when coherent bremsstrahlung (CB) was discovered, most
experimental work was performed with parallel electron beams in the low GeV
region. Whenever the incident directions were close to axial/planar direc-
tions, pronounced peaks were found in the low-energy part of the photon
spectra. These peaks were difficult to explain, however, from the theory of
CB, (for a review of CB, see ref.1). In reality, many of the spectra were a
mixing of CB and channeling radiation (CR) which was predicted ten years la-
+er. Since the mid-seventies, CR has been studied extemsively both theoreti-
callv and experimentally from the MeV to the hundred-GeV region (for a re-
view, see ref.2). These investigations have revived the interest for CB be-
cause CB and CR can be considered as two different but related aspects of
the same physical phenomenon and can be described in a unified fashion.

For the planar cases, the overall understanding of CR is good, although
some disagreement exists between measured and calculated photon energies
emitted by MeV channeled positrons (for a review, see refs.2 and 3). A de-
tailed discussion of planar iadiation from 2- to 5’5-GeV/c electropslposi:
trons was presented in an earlier paper‘ (hereafter referred to as I). Here
it was stressed that our original disagreement between measured and calcu-
lated energies of first harmonics for positrons has been removed through
detailed momentum measurements on the CERN beamline. Also some of the dis-
agreements in other GeV experiments have been co:recteds.

The understanding of photon spectra from éxially channeled electrons/po-
sitrons is not complete, however. Theoretically, both classical and quantum

. . 6,7
mechanical calculatlonsz' 7.8

have been performed, but the two-dimensional
nature of the axial case often makes the computations cumbersome. For MeV
particles the so-called many beam calculations, as well as other quantum

mechanical approaches give good agreement with experiments, especially for



electrons despite their negative chargez'a. In the GeV region, such proce-
. dures become very complicated because of the many quantum states of trans-
verse motion (-500), but here a classical approximation can be used as long
as the quantum recoil during radiation is negligible (low photon ener-
gies)z'T'e.

For large photon energies in the multiple-GeV region, however, the clas-
sical description of channeling radiation becomes invalid. The breakdown is
clearly not due to la:k of quantum states hut associated with the quantum
recoil during radiation. Now the photon energy amounts to an appreciakble
fraction of the primary energy and cannot be neglected as in a classical
treatment.

At thesg high energies, the emission angle 1/y is small compared to cri-
tical channeling angles wfz'1lf1. Therefore the emission to a good  approxi-
mation can be considered as being due to the motion in a constant field. 1In
this model, the radiation_can be calculated in the synchrotron approxima-
tionZb or using the quasiclassical operator method” .

Along with the radiation from purely axially channeled particles, there
is a very enhanced radiation in the region of the so-called doughnut scat-
tering, where particles are free to move in the transverse plane but scatter

1“'11. At GeV energies, this effect

off rows of atoms - stripngs - as a whole
is observed for incident angles up to 15-20 times the Lindhard critical
angle $1.

Experimental investigations of the radiation from axially channeled par-
ticles have been performed by different groups (for a review, see refs. 2,
7, and 8). Most axial photon spectra are broad and structureless especially
for the low-energy part. For the high-energy part, new and very interesting,
though unresolved, effects have very recently_been reported. Aganyants et

12

al find axial yields below random for hard photons emitted by 4-GeV elec-



trons beyond the coherent part of the spectrum. Even more spectacular, Bel-
kacem et a1.13 find pronounced peaks at -80% of the incidence energy in ax-
ial yields from 150-GeV electrons but smooth spectra for positrons, At such
high energies, the coherent part of the radiation spectrum extends all the
way to the incidence energy.

The present paper presents detailed experimental investigations of the

low-energy part of the radiation spectra near the axial direction. Specific

peaks are for the first time found for proper channeled particles. The tran-

sition region between axial- and planar-channeling radiation is investigat-
ed, together with the effect from doughnut scattering. Strong :educ_ions in
low-energy photon yieldé are found due to doughnut scattering in the dipole
limit. Above +he dipole region, a strong reduction is found due to the so-
called Landau-Pomeranchuk effect. Also, the transition from the region . of
coherent bremsstrahlung +o channeling radiation is discussed._Throughout,
the presentation of data is accompanied by theoretical considerations, and

comparisons are given to theoretical results.

II. Experiwental Setup

A detailed description of the experimental setup together with a dis-
cussion of crucial parameters, e.g., drift velocity in drift chambers, angu-
lar resolution, detector resolutions, and target quality, can be found in I.
Here, only a brief overview will be given.

The experiment was installed in the t1 beam of the CERN 28-GeV/c proton
synchrotron. This is a non-separated beanm, containing mainly electrons/posi-
trons, pions and protons, with a momentum adjustable between 2 and 10‘ GeV/c
in positive and negative polarity. The positron content varied f:om 50% at 2
GeV/c to 0.5% at 10 GeV/c, whereas the electron content was somewhat larger,

due +to the very small content of antiprotons. The momentum spread was ad-



justable with momentum slits and was typically 1%. The beam divergence was
+1 mrad, and the useful part of the beam had a size of 15 mm on the target.
The beam intensity was around 10° sec”

A schematic lay-out of the experiment is shown in fig.1. Scintillation
counters SC1 and SC3 in anticoincidence with SC2 were used to define the
useful part of the beam and supplied triggers for the data acquisition sys-
tem. Drift chambers, denoted DC on the drawing, were used to track each par-
ticle passing through the setup. Vacuum tubes were placed between the drift
chambers in order to eliminate multiple scattering and background radiation.
The position resolution of the drift chambers was 0.1 mm. A distance of 15 »
between the two first chambers results in an angﬁlar resolution of 20 urad
of the incident beam. Particle identification was made with threshold Ceren-
kov counters, placed after DC-3, and a lead-glass array assured the e /e
jdentification. The emitted radiation was detected with a 10"x12" Nal crys-
tal. The energy resolution of this photon detector was 4% at 50 MeV, degrad-
ing to 8% at 5 MeV and 100 MeV.

The background-radiation level corresponds to the incoherent bremsstrah-
lung from 190 pm amorphous silicon, mainly consisting of incoherent brems-
strahlung, produced as the particles passed through DC2 and the surrounding
mylar windows. This radiation background was subtracted from the spectra
presented in this paper.

Triggers for the data acquisition system were generated by all positrons
{or electrons), giving a signal larger than 4 MeV in the Nal detector. Fur-
thermore, a certain fraction of the total beam was recorded, so the spectra
could be normalized. The information for each event was registered in pat-
tern units, TDC's and ADC's in a CAMAC crate and stored on magtape for sub-
sequent analysis on mainframe computers in Aarhus and at CERN. & small on-

line computer supervised +the data acquisition and analyzed samples of the



data.

va neli d iati
III.1. Axjal Channelin
As pointed out in I, the Bohr condition (x5221zz/1378>>1) for a classi-
cal orbital description in a collision with a single atom is not fulfilled
for high velocities v, where g=v/c-1. 1In the transverse plane, however,
where most of the channeling motion can be described, the Bohr condition

turns into the Lindhard condition, i.e.,

a
oM 173 2q1/2 | o »
ko= 222/ G2, (1)

where M 1s the relativistic particle mass and m the electron rest mass, a,
the Bohr radius, and d the atomic spacing along the string. This condition
is certainly fulfilled for GeV particles. Therefore classical relativistic
mechanics will be used in the following. Also classical electrodynamics will
be used as long as the quantum recoil is negligible during the emission of
radiation. |

The .relétivistic equations of motion for the axial continuum model are

for electrons/positrons

dmng v

Fo = - VLU (2)
dmvyz _
& - O (3)

where 1, and z are the transverse and longitudinal coordinates, respective-

1y, of +the instantaneous position ;=(;L,z), 1=(1-i2/c2)'1/2is the Lo-

rentz factor, and U a continuum potential. The integrals of the motion are



the total particle energy
2
E=mnyc +U (4)

and the longitudinal momentum
p“ =mY Z . ' (5

As a consequence, also the quantity

E, = E - (p§c2+mfc4)1/2 . - {6)

1
pr

often termed the transverse energy, is conserved. It is easy to prove that,

+o an excellent approximation, the transverse energy assumes the form

E, = %m'fﬁ(*z'*?z) + U(x,y) . (7

and the transverse motion is described by the equation

my, Ty + v,U(z,) =0 . (8)

Here -fu=(‘1—vz/cz}'1/2 is the initial value of the Lorentz factor .

The crystal structure and potential contours for the <¢110> direction in
5i are shown in Fig.2. In the positive case, it is convenient to consider
two types of particle, those with transverse energy small enough for them to
remain in the unit cell, and those with larger transverse energy so that
they wander from cell to cell. The former is referred to as proper channeled
and the latter as channeled. The proper channeled particles are under the

influence of several strings at the same time, and there is a tendency for



their motion to be regular, whereas the channeled particles are often under
the influence of a single string at a time, and thelir motion tends to be
chaotic. Negative particles, on the other hand, with EL(Umax are bound to

move around one string.

III.2. Doughput scattering

The present péper is chiefly concerned with GeV electrons/positrons mov-
ing in directions close to axial directions. In such cases a special scat-
tering mechanism, the doughnut scattering plays an important role. Conserva-
~ion of transverse energy ir ccllisions with individual atomic strings re-
sults, after a number of such collisions, in a rotation of the transverse
momentum EL around the axial direction. In angle spade, a parallel beam is
therefore turned into a ring-shaped {(doughnut) distribution with a radius ¥
equal to the incident angle, after a certain number of collisions.

The crystal thickness AL'needed for this equalization in the transverse
plane was discussed already by Lindhard15 for incident angles wsw1, where ¢1

is the critical angle for axial channeling, i.e.,

o, = (42,2€°/a mczszy)ffz. | (9)

1

The parameter A, can be found from the equation

12 o a sinv 1T sin’ (32 (10)
L = '

where N is +the atomic density, and (1) is the scattering angle for an

impact parameter 1. For a 1/r-string potential, Lindhard gave the estimate

© Nd a¢1

where a is the Thomas-Fermi screening distance. So for ¢5w1, A, is propor-
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tional to 1*22'1.
For incident angles w)¢1 a rather crude estimate for A; was found in

ref.10a, i.e.

2
e G LR v, (12)
L Ndam1 b, a
1
where ¢ is the thermal vibrational amplitude which comes in because impact
parameters 1 smaller than ¢ are excluded. From (12) it is seen that in this

2 Y . .
, 50 the dependence on incid-

angular regiom, A, is proportional to 12¢322-
ent anglé ¢ and energy increases drastically when ¢ gets larger than ¢1. The
same dependence is obtained from eq.{10) for particles with transverse ener-
gy (E,=1/2 myczszwzl well above the potential barrier, because here ¢(l) is
small and inversely proportiocnal to E,.

By numerical integration in eq. (10), A, can be found foxr other poten-

tials‘ub.

The results of such calculations for two different potentials
(D({r)ec1/x, ln(1+cza2/(r?+pz)) are shown in fig.3a for 11.9 GeV protons in-
cident on a (110> Ge crystal. The A, values are given as function of the in-
cident angle ¢ in units of ¢1. Clearly,.k* increases very fast with ¢ and is
rather sensitive to the potential model. In ref.10, the estimates of (11)
and (12) were compared to experimental results and binary-collision calcula-
tions. TFor $<$1, the agreement is good but only fair for ¢>¢1. As is well
known, the 1/r potential gives for fixed impact parameter the same scatter-
ing angle for positive and negative particles and thereby the same A, value.
The large difference in doughnut scattering for positive and negative par-
ticles with incident angle ¢>¢1 can be seen in fig.3b. Here the exit distri-
butions in azimuthal angles are approximated by Gaussians, from which an ex-
perimental width can be obtained. This approximation is found good for ¢>¢1.

Evidently, the doughnut scattering is much more effective for negative par-
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ticles as compared to positive. For-ﬁ(bi, A, values for negative particles
are somewhat higher than those for positive particles.

In fig.4 are shown experimental results for 10 GeV/c protons transmitted
through a 600pm <110> Ge crystal. The plots show the exit-angle distribu-
tions for three different incident angle regions, namely: a(2—2.5}¢1, b(3-
3.5)@1, and c(3.5—4)¢1. Typical A, values for ¢<¢1 are 5-10 pm (£fig.3),
whereas a 600 pm crystal barely gives complete equalization for incident
angles (2-2.S)¢1 (fig.4a). The correlated scatﬁering from the crystal axes
is still very strong for incident angles of 4#1, and the effect has been ob-
served out to (10—15)#1. This has the very impozfaﬁt implication that the
| continuum model can be used in the Gev. region for incident angles ‘much
lérger than $1. | | |

in fig.5 are shown the results of combuter simulations of the doughnut
formation for 15-GeV/c protons and x  penetrating a Ge crystal along the
<110> direction. The equalization and the radial spread are here demonstrat-
ed for an incident angle of ¢1. The crystal thicknesses in um are given
above the scatter plots. For b=$ , the radial scattering for negatlve
particles results preferentlally in a scattering towards smaller ¥ values
and £illing up the dip around the axis, and eventually giving rise to a
distribution with maximum along the axis. For protons, the doughnut is well
conserved to very iarge thicknesses. | o

To complete +the discussion of dbughnut scattering, let us stress once
more that this phenomenon is specific to continuum strings. As a conse-
quence, when doughnuts are observed at 1nc1dence angles far beyond ¢ , this
lmplles that the continuum description in such cases is valid in a wider re-
gion than that specific to channeling. To give an estimate, conslder a par-
ticle incident on an atomic strin§ at ah angle § laiger than ¢1, “i.e., the

trajectory is essentially a straight line. The basis for the continuum de-
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scription 1is correlation in successive collisions with string atoms. Conse-
quently, a necessary condition for correlation in at least two encounters
with atoms of the same string is that the change in the impact parameter is
less +than approximately a or ¢ in the passage from the first to the second
atom. Applications of the continuum description at angle ¢ beyond w1
therefore requires wsgld, which condition by means of egq. (9) reads

a_d
2 2 0 m
g8°y > 42122:: y (=)= =—(3)

Here £ aﬁﬂ v &z the usuel kinematical faztcrs, and hnfn ¢enotes ﬁhe ratico
of the projectile-to-electror rest mass. For Zf=1 and tvpical values of 22,
d and ¢ (51 or Ge}, the order vf magnitude is given lto the far right in
(13). At relativistic energies, +v>1, the inequality is always fulfilled
beyond $1. |

Obviously, a fuither condition for the actual observation of doughnuts
is thét the doughnut scattering is faster than random multiple scattering.
Clearly, such channeling effects become increasingly important in the high-
enefgy region because multiple scattering and dechanneling decredse as

'1/2. Kudrin and Vo-

(pv)-1, whereas channeling angles decrease only as (pv)
robiev’ec calculated the maximum incident angle wm' for which doughnut scat-
tering equals normal multiple scattering. For GeV particles, it turns out

that wm*a/d, incidentally in agreement with the simple criteria above.

I1I.3. Radiation from channeled particles

If the energy of the photons emitted by the projectile during the pas-
sage of the crystal is small compared to the primary energy, classical elec-
trodynamics may be applied in the calculation of photon spectra. The spec-

tral-angular distribution around a unit vector n of the radiation from a
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channeled particle can be calculated from18

a1 € -~ (ﬁx[(ﬁ-*g)x*é]e im(t—ﬁ-;(t)/c)dt 2

dwd@ '4“2c —~o0 (1‘6'5)2

(14)

where §(t)=§(t)/c and f(t} is the position of the particle in the crystal.

in the case of chahneied particles, Avakian et al.'" were able to obtain a
closed-form expression for Eq.t14) by approximating the potential by
U(IL)=GI:; for r#)gsahd a constant'fd:-rLég. By using the dipole approxima-
tién,.fhey weré.able to infegréte Eg.(14) gver the transverse‘energy_éis::i»
bution to obtain a sbectral-angular density which can be compared with-e;pe—
riment. Because of the éhaotic nature of the channeling motion, a rather
broad specfrum ié to be expected, and their result confirms this expecta-
tion. .

Poi proper ﬁh&nnelihg, the equations of motion are given. by (8). The
pérticle tiajéctories can be described in the four-dimensional phase space,
but since transverse eﬁergy is conserved in the continuum model, the indivi-
dual trajectories are confined to three-dimensional manifolds of constant

energy. There are two simple periodic solutions of Eg. (8), given by

my, ¥ + %g-(o,y) =0, x=0 | (15a)
and
my X + gg(x,()) =0, y =0 . o (15b)

Since the motion is periodic, the radiation from these trajectories can be
treated as in the planar case discussed in I. In particular, for fixed E,,

the maximum photon energy w is in the forward direction, and
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4nn1§
w (E,) = 50 (16)

P(E) (1 + —K(E)
mc

where P and ﬁ; are the period and average transverse kinetic energy corre-
sponding to EgS. (15}.

1f these periodic solutions are stable and if the spread in Mwm is not
too large, then an experiment with good angular resolution should see their
effects. Calculations17 show that for x=0, the periodic solution is stable
in +he proper channeling region, i.e., for EL(EL1=4.6 eV, the low saddle-
point energy cf the <110> channel (see fig.2). Periodic motion is &1s5C RCIE
or less stable in the ¥ direction for EL<EL2=22.G eV - the second-saddle
point energy. For y=0, periodic solutions have & regime of st hilivy for
EKE, put are unstable for E JE, - These various features could also be ex-
pected from a study of fig.2. In fig.6 is shown hwm (eq.(16)) as a function
of +the transverse amplitude for stable motions of 5-GeV/c positrons oscil-
lating in the ¥y direction. From this, a photon peak around 17 MeV is expect-
ed for a suitable cut in the incident-angle space.

The total emitted power is given by the Lienard formula15

2 .
__de_2¢€e 5882 _ Fx®)

Here it should be mentioned that although eg. {17) does not include coherent
addition, it gives the correct value of the total radiated power and can be
used as a check. In the continuum model, eq. (17) may be rewritten as

2
€

2 2z -+ 2
I1=3753 TBIVLU(IL)I . (18)
mC

Tor a beam of axially channeled electrons/positrons, the intensity averaged
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over time can be found by integrating (18) over the transverse plane weight-
ed for difference in particle entry points.

In a sufficiently thick target, the projectiles will reach the equili-
brium disﬁribution, .where it is equally likely to find the particle in any
of the accessible points of the transverse plane where U(r }<E,. The average

intensity is then obtained as the average over this area

2
di _ -1 2= 2e 2 Y
<ET>(EL) = A(E,) IA(EL)d I,— 1nleB(rLJl ' {19)

2 4

nc
where A(E,) denotes the accessible area in the transverse plane. For elec-
trons, the integration contzins the axis, whereas a small area around the
string is excluded for positrons. When the projectiles enter a crystal at an

angle ¢ to the string, the transverse energy inside the target attains the

value

By = B, (3, .0) = gy mct ¥+ UEL) (20)

where flﬂ denotes the entrance point. To obtain the observable intensity, we

therefore take the average of eq. {19} over ;lﬂ,

2 dI

4l -1 -+
= IAnd IJ"ﬂ<d_l)(EJ"(r'L‘0'¢)) ' (21)

where 1-\n=(Nd)-1 is the area occupied by each string.

When the transverse energy exceeds the potential height, fhe projectile
may enter any point of the transverse plane, which means that the intensity
becomes independent of the angle. Then the intensity is given by (19) with

A(E_L)=An and electrons give the same result as positronms.
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The intensity of radiation emitted by positrons and electrons incident
at an angle ¢ to the <¢110> axis 1in 5i is shown in fig.7, using the random-
string model. In this model, the continuum potential is rotationally symme-
tric and cut off at a distance I, given by A0=nr02. The curves clearly show
the difference in pehaviour of channeled positive and negative particles,
i.e., positrons are steered away from the atomic strings, whereas electrons
are focussed around the strings. It should be noticed that +the FwOM for
electrons is less than half the FWHM for positrons as in wide-angle scatter-
ing experiments for MeV electrons/positrons.

~he energy radiated per unit frequency and solid angle was given by eq.
(14) or the equivalent15

ju(t-n-r(t)/c)
atl . (22)

a1 e R ﬁx(ﬁxé(t))}e

dud® ~ 42| e R BLE)

This shows that the total emitted radiation is obtained as the square of a
+ime integral along the particle path, i.e., the radiation from different
parts of the trajectory has to be added coherently. In the planar case de-
scribed in I, this was simple because of the periodic motion of planar-chan-
neled particles. In the present axial case, the integration is much more
complicated. Fortunately, it turns cut that often it suffices to integrate
only along segments of the path and then add incoherently these contribu-
tions. For decreasing photon energy. the required length of the individual
segments increases, and for very small frequencies, it is necessary even to
add coherently the contribution from neighbouring strings1a. For high photon
energies, however, it turns out that the radiation from the collision with
one single string can pe found by adding incoherently the contribution £rom
small parts of the trrack around the string. The radiation is emitted within

an angle of -1/x, and the scattering angle in a single string collision is
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of +the order of ml. If w1)1/1,‘a distant detector will only receive an ap-
preciable signal from a. path length over which the acceleration is nearly
constant. Furthermore, the acceleration may be considered orthogonal.to the
direction of motion. The spectrum observed in a given direction will be es-
sentially the same as the synchrotron radiation from a circular motion with
radius given by the local curvature of the trajectory2b. For cases where the
quantum recoil is negligible the synchrotron approximation represents a
simple method for calculating radiation spectra based on the well known
~lassical formula for synchrotron radiation weighteé by the particle distri-
bution. Taking inrto account the recoil complicates the situation and the
more general'description by Baier et al..s should be considered. Kimball and
Ccue in a qualitative way introduced the recoil effect into the synchrotron

' . . 2b
approximation

IV. Discussion of results and comparison with theory

Radiation produced by electrons and positrons incident on a crystal with
a direction close to a crystalline axis displays a very complicated depend-
ence on the incident angle. Colour pictures in fig.8a,b and c show the in-
tensity of 10 to 40 MeV photons emitted by 4.8 GeV/c e’ /e~ passing through
5i and Ge crystals close to the <110 axis as function of the incident angle
(ex,ey). The white cirxcles have a radius of ¢1 (210 prad for Si and 310 prad
for Ge) and are centered on the axes. Intensity goes from black/blue {low)
over green and yellow to red (high). The scales are linear, but the levels
on the three pictures cannot be compared as the colour scales have been
chosen to give maximum contrast. The pixel size on the pictures is 20x20
pradz, corresponding to the angular resolution of the setup. Tor comparison

is shown in fig.8d the intensity distribution in incident angle space for 10
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GeV/c protons transmitted through a 0.57 mm thick <110> Ge crystal acting as
an intrinsic detector. The energy-1loss spectrum for the whole beam (+1 mrad)
is shown in the upper cornexr together with the slice (red region) used,
i.e., channeled particles. The contrast in colours from pixel to pixel shows
that the angular resolution from the drift chambers is better than the pixel
size (20x20 pradz).

Figure 8c shows the intensity of radiation emitted by 4.8 GeVjc elec-
+rons passing through a 100 um 5i crystal. & strong enhancement is seen for
well aligned electrons as the only feature of the picture. This 1s as expec-
+ed, as the electrons are +~vapped in a deep, steep potential well and fo-
.cused around the axis. The intensity distribution is expected to be depend-
ent on the energy window for the emitted photons, which 1is discussed below.

The distribution in radiation intensity (10-40 MeV photons) produced by
4.8 GeV/c positrons is much more complicated as can be seen in figs.Ba and
b, where fig.Ba corresponds to a 100 pm thick <110> Si crystal and £ig.8b to
205 um ﬁhick ¢110> Ge crystal. Well channeled (axial and planar) particles
emit a relatively small amount of radiation in the present energy window.
This is expected because most such particles have little transverse energy
and move only in the flat portions of the axial or planar potentials. So the
acceleration is small, and thereby little radiation is emitted. As the inci-
dent angle increases, the positrons begin to move into the steep part of the
potential, and the radiation intensity increases. For the axial case, the
dramatic enhancement from around 1/2|1|1 to w2¢1 is caused by the strong
doughnut scattering. The strong enhancement regions (red) are "cut" through
by the planes, but it is also clear that the planar effects gradually disap-
pear close to the axial region. This is a well known channeling effect found

in other channeling experiments like low-energy loss transmission (£ig.8d).

This transition region (axial-planar) was already discussed 1in the classical



channeling paper by Lindhard15 as the “string of strings" region. It will be
discussed further below.

The crystalline planes seem more pronounced in fig.8a ‘than in fig.8b,
which is mainly caused by - the fact that the axially channeled particles
cover a smaller part of the incident beam in angular space, as the critical
angle for Ge is 50% larger than the critical angle for si. On the other
hand, the details within the critical angle *1 are best seen in fig.8b. A
strong dependence on the azimuthal angle is clearly seen. Dips are seen for
@directions correspaonding =c the {111}-planes and alsc, to some extent, Ior
the {110} planes. The largest radiation intemsity is found in the direction
of the {100} planes.

The following sections give a detailed description of the experimental
data and discuss the results in the light of the theoretical description
summarized in sect. ITI. The present experimental setup restricted the in-
vestigation to photons with an energy less than «10% of the particle energy,

so that classical calculations neglecting the photon recoil can be applied.

IV.1 Anqular scans

FTigure 9 shows the angular dependence of the emission of photons in the
energy range 10-40 MeV for 4.8 GeV electrons and positrons passing through a
100 pm Si crystal near the (110> axis. The energy window is the same as that
used for the colour pictures, fig.8. Part (a) displays the emission
probability, part (b) the radiated power. The two representations look
similar, as the variation of the enhancement over random is rather smooth in
the iﬁterval 10-40 MeV. Well channeled positrons move through the crystal
undergoing soft collisions with the strings and emitting a small amount of
radiation. The amount of low-energy photons reaches a maximum for incident

angles of the order of the critical angle ¢1. For electrons, the méximum is
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obtained at small incident angles, where they move deep down in the steep
axial potential. Calculations of the average radiated energy, as shown in
fig.7, are qualitatively in agreement with the experimental data for small
incident angles. The constant level predicted for large angles is not seen
in fig. 9, which shows a decrease outside ¢1. This is not a contradiction
but refiects the fact that the experimental data are restricted to the low-
energy end. The total energy radiated on average (eq.(17)) is predicted to
reach the constant level of 25 MeV in the present case, whereas it is less
>

than 1 MeV for the results in fig.9. We no=e <ha+ a+ large angles, ¢-3g_,

the electron and positron data neariy merge.

From eq.{22), a simple estimate can be cbtzined for how the low-energy
part of the .photon spectrum varies when the incident angle to the axis is
increased._For a given frequency, the radiated energy is negligible if the
phase factor goes through one or more cycles over the time where the front
factor is large. This time ot may be estimated from the expansion
2v28(t)

- 1+1fez ()

-+ =
nxe

-
-+ -+ Ponoe
1~n« g

= coso(t). (23)

™ |t

In the dipeole limit 10§w<<1, where b is the scattering angle in the colli-
sion with “the string, the variation of the denominator in (23) may be neg-
lected to lowest order because most of the radiation is emitted within an
angle 10'1 from the average direction of motion. The front factor of eq.(22)
is therefore significant when the acceleration is large. This corresponds to
a time interval 6t*a/¢c“a0/¢c. Bere { is the particle angle to the axis. The
chanye in phase during this time &t is of the order of wdt{i-g)~
wau(zwnzchfi. The spectrum 1is nearly constant for frequencies where this

estimate is small and falls off when the phase changes by more than one.

Therefore, in the dipole limit, the extension of the spectrum can be charac-

————
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terized by the frequency

. 213*6 | |
w, = —a';'— . (24)

This simple estimate agrées with more accurate rgsults obtained from a
Coulomb-like string potentiali‘. For angles well above_wl, the intensity of
soft photons should fall off as w-1 since the ihtegral over frequgncies is
independent of the angle, cf. fig!?. This feature is evident ffom fig.S, for

which case thassumes a value beyond the endpoint oI the integration for

>, .

o e

Angular scans similar to £ig.$ are shown in £ig5.10 for 10 GeV/c elec-

trons and positrons (emission probability) and 20 GeV/c positrons (power),

here including photons with an energy less than 1.45 GeV. The data are taken
from an earlier expefiment WA64.VA description of the experimental setup can
be found in ref.1%. Data for planar channeliné from this experiment have
previously‘been published in I. The angu}ar resolution in ﬁA64 was not as
good as in the setup described above, being 58 prad at 10 Ge§ and.38 prad at
20 GeV, compared to critical angles fox channeling along the <110; axis in
Si of 150 prad at 10 GeV and 100 prad at 20 GeV. The resolutidn haé smeared
the angular scans soméwhat. The diffgrence in yields for 10 GeV/c electrons
and positrons at large incident angles could be influenced by exﬁerimental

problems.

IV.2. Classical versus Born approximation

As discussed in connection with doughmut scattering, the continuum model
applies in a wide angular region beyond the channeling angle at GeV ener-
gies. Consequently, a description in terms of classical electrodynamics is

valid for the motion of a charged GeV projectile impinging on an aligned
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single crystal at an angle considerably larger than ¢1 and, as long as the
quantum recoil may be neglected, for its emission of radiation. This feature
is revealed by a comparison of the experimental data of fig. 10b with the
theoretical curve superimposed on the plot. As long as the photon energy is
smaller than Mw1, the change in phase during a string collision may be neg-
lected. This corresponds to taking the zero-freguency limit in eq. (22),
whereby the intensity depends only on the change in § caused by the colli-
sion. In the present case, Mw1 attains the value 1.2 GeV ¢/¢1. which is bey-
ond the endpoint energy of 1.45 GeV as s00n as ¢ is somewhat larger thar ¢1.

Consequently, in obtaining the curve in fig. 10b, we have applied eq. (22)

for w=0 and, in turn, averaged over all string collisions in a random-string

model. Recoil corrections are smaller than 10% and have been neglected.
Clearly, the simple classical curve reproduces nicely the experimental &ata
for m2$1 and all the way out to the maximum angle of *20¢1.

The amount of bremsstrahlung emitted by an electron or a positron pene-
trating an amorphous substance or a single crystal in directions not too
close to low-index crystallographic axes or planes may also be evaluated in
the guantum-mechanical perturbation limit, cf. refs. 20 and 1. For channeled
particles, on the other hand, the Born approximation is invalid because of
the strong scattering on continuum strings which appears as a.result of cor-
relations in consecutive atomic encounters; the motion is governed by the
continuum lattice. A minimum requirement for application of the perturbation
treatment therefore is ¢>¢1- Outside the channeling region, the motion is
essentially free, the sﬁall deflections Ad<<y encountered when the projec-
tile passes close to a continuum string being or order
%o

2

Ay = (25)

IR
€

mc

where U0 denotes the depth (or height) of the potential at the string. In
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order to use the Born approximation, it is necessary that the full path is
contained inside the radiation cone (independence of sign of projectile

charge}. This requires A¢<1/y, which is equivalent to the condition

Uﬂ
nb)Buz-—?. (26)

mc

In total, application of the Born approximation demands incidence angles in
excess of the larger of ¢1 and Bn.

The characteristic angle eu is independent of incidence enargy, whereas
the critical channeling angle scales as 1'1/2, Hence, at high energies, the
condition ({26) is the most restrictive. The impact energy, at which w1 be-
comes equal to en, corresponds to a vy value of roughly

2mc’ .
Yeh T T (27)
0

since, approximately, we have ¢1=f(2Uu/mc2182). For the <110> axis in sil-
icon and germanium, the threshold enerqy Ethsxthmcz equals 3.4 GeV and 1.8
GeV, respectively,_ at a temperature of 100K. At the impact eneryies of the
accompanying experiments, Bu therefore exceeds ¢1. It assumes values of 0.3
mrad for the <110) axis in silicon at 100K and 0.6 mrad for the same axis
and temperature in germanium.

In fig. 10b, we have plotted the results of a Born calculation for three
different polar angles to the silicon <110> axis. To simulate the averaging
over the azimuthal angle, which has been performed for the experimental da-
ta, coherent bremsstrahlung spectra have been computed for two different but
random azimuthal angles of 0.15 and 0.25 relative to the {110} plane, and

the displayed results constitute the mean value (variations are less than

10%). Clearly, the bremsstrahlung intensity qbtained in the Born approxima-
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tion agrees nicely with the experimental data at large angles. Also, we see
that the perturbation treatment tends to overestimate the yield when the
characteristic angle 90 is approached, cf. the point plotted at the lowest
angle.

In its final form, fig. 10b displays a unigque situation: At incidence
angles beyond BG (dipole limit), a lowest-order Born approximation and a
purely classical calculation yields the same radiation! Both are in good

agreement with experiments.

Iv.3. iz+ign spectra - doughn catteri n erenc

The general structure of the radiation spectra for 4.8 GeV/c electrons
and positrons incident along the <110> axis in Si and Ge is shown in fig.11.
The spectra cover the region (0-1.5)&1 in steps of ¢1/3 and ¢1/4. Top and
middle row is for electrons/positrons incident on a 100 pm Si crystal, and
the bottom row is for positrons incident on a 205 pm Ge crystal. In general,
the spectra show a strong enhancement, up to a factor 50, with respect to
incoherent bremsstrahlung over a broad range of photon energies. Electrons
emit the largest amount of radiation when they are well channeled, whereas
the maximum for positrons appears for incident angles close to ¢1, as dis-
cussed above in connection with fig.8. Dechanneling and multiphoton produc-
tion is much stronger for the Ge crystal than for the Si crystal, which in
part is responsible for lower enhancement in Ge. Multi-photon production re-
sults in an increase of the total intensity at large photon energies, which,
at least partly, explains that the photon-spectra for Ge show an increase
for incident angles close to ¢1, where the 5i spectra show a constant level.
It is clearly seen that well channeled positrons predominantly produces low-
energy photons (in this case, E¥=15 MeV), and the range of photon energies

as well as the intensity lncreases as the incident angle to the axis in-
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creases. A general feature of all the spectra is the pronounced dip in yield
for small photon energies. This dip in the photon spectra was discussed in
detail in ref.18, where it was shown to be due to doughnut scattering. Co-
herence is maintained over a length lcoh where the variation in the phase

-1

factor is less than unity. Using 1-33(2102) and that the radiation 1is

emitted within an angular cone of ¢1/10 we have in the dipole limit

(106$<<1)

* (28)

When the radiation is calculated, iis path in the crystal is naturally split
up into sections of length lm, and the contributions from different sections
add incoherently. For small photon frequencies eq. (23) is dependent only on
initial and final direction of the transverse velocity §L. A paraliel beam
of GeV particles incident on a crystal with an angle ¢ to the axis develops
after a crystal thickness A, into a doughnut with radius ¢. Here, where a
uniform distribution in angle space has developed, the intensity of channel-
ing radiation saturates: For crystals thicker than A , 2 suppression in the
photon intensity sets in due to coherent superposition, because for 1w>A$,
only tﬁe fraction Alllw of the crystal is effective in the radiation pro-
cess. A more precise calculation of the reduction can be found in ref.18. A
dip in photon yield is expected for w=0 and since AL/lmoclB, the intensity
will increase linearly with w until A$flw, which corresponds to a characte-
ristic energy

ﬁsz

hw, = A;? ) ' (29)

For the case of 5 GeV/c electrons/positrons incident on <110> Si and Ge
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crystals (fig.11), ww, equals 1.96 and 2.95, respectively, so the condition
for the dipole approximation is not fulfilled. Figs.11a,f,k belong to the
transition region vyy+1. This region was investigated by Pedersen et al.‘a,
using Monte Carlo calculations for the cases 1¢1=2 and y$=2/3 and 4/3, The
calculation shows a somewhat less pronounced suppression for small frequen-
cies but some reduction remains even for wdw,.

In fig.11, the channeled electrons show a much more proncunced reduction
than the positrons. The main reason is that for axially channeled electrons,
the velocity i1s periodiz. For smell frequencies, eg.{23) is only dependern=
on initial and fipal velocity §L. This means that one oscillation and many
pscillations give th¢ same coherent radiation, and a strong reduction at low
photon energies is expected as for the planar case.

Axilally channeled positrons do not have periodic motion, so <+the reduc-
tion for low photon energies in the positron cases is due to equalization in
‘the doughnuts. From eq.(11), A,-values for b=y, can be estimated for Si and
Ge, giving 3 and 2 um. The Monte Carlo calculation (fig.5) gives somewhat
larger A, values. The corresponding width of the dip Bu, 1is from eq.(29)
around 6 MeV and 10 MeV for Si and Ge, respectively. For 1 MeV photons and
4.8 GeV electrons, lw is around 20 um, compared to A, values of 2-3 um, so
that a pronounced dip should be found. The widths are expected to be some-
what broader than € MeV (5i) and 10 MeV (Ge) because in the present cases
y¢=1. The reduction A;/lw is indeed proportional to w, as seen in figs.
t1h,1i,j,m,n, and o but not in the low transverse-energy positron data
(£,9,k,1}). This can be understood by remembering that positrons with small
E, values can have periodic motion inside a channel, and pure doughnut ef-
fercts are obtained only for ¢2w1/2, which can alsc be seen from the coulored
pictures in fig.8. The special motion for proper channeled positrons is dis-

cussed below.
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There is a clear difference in the electron dips as compared to the pos-
itron ones for increasing incident angle ¢. Already for ¢)¢1/2, the electron
dips start to disappear, whereas those for positrons stay beyond ¢1. This is
in agreement with the results shown in fig.5., where negative channeled par-
ticles have a very pronounced radial scattering which will smear the coher-
ence, and clearly A, for positrons in this angular region is smaller than

for electrons, g¢giving a more pronounced reduction.

T A MUliinta gmpiderine and cpohersnce

For electrons/positroms +raversing thin cTystalis with high energies,
1¢‘>1, another reductzion mechanism for low photon energies comes into play -
the so-called Landau-Pomeranchuk effect21. This was also discussed by Peder-
sen et al. in ref.8. The effect corresponds to a suppression of the coherent
radiation due to multiple_ scattering. In ref.16, it is shown that the
radiation intensity dI/dw emitted in a collision, where the velocity changes
by A§, is proportional to 12|A§|?. This IelafionShip, however, only holds
for IA§|2<2/1. Above this limit, the coherence is destroyed, and the angular
distribution of the radiation will be like two search-light beams, one cen-
tered around the initial direction and the other around the final direction
of the projectile. In that case, the emitted intensity dI/dw is proportional
to lny for small frequencies.

For doughnut scattering, the maximum scattering angle is 2¢, and the
criterion IAElz<2/x Qill always be fulfilled in the dipo}e limit, implying
that dI/dwae[bﬁlz. For yy>1, the criterion IA§I2<2/1 gives a characteristic

length 1 , which is the penetration depth corresponding to a total scat-

1/
tering angle of 2/vy. In the following, incident angles ¥ less than *5¢1 are
considered. This means that doughnut scattering is the relevant scattering

process. In such cases, the three-dimensional scattering angle amounts to
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8=2¢sing/2=Yp, where ¢ is the azimuthal scattering angle in the transverse

plane. The limit

6 = yYyp = 2/y {30)

leads to a characteristic length of

{31

If IT/T is shorter than lm, a reduction in intersity for small photon
. . - . . 21 _. - . . .
energles 15 expected. ILaskin et al. ciscussed this situation, ané &
simple expression for the coherence length l__DL is obtained (Pedersen et
- da

al.e) in terms of 11/7 and lw from the dipole limit i.e.,
1 =(11,,) . (32)

giving the reduction factor RLP due to the Landau-Pomeranchuk effect

R = 2

_ 1
tp” L1y teon™ qy473,) (33)

Here it should be noted that RLP 1s proportional to w1/2 whereas the reduc-
tion due to equalization in the douyghnut is proportional to w. Therefore it
should be  possible to distinguish the two types of suppression from the
slope of the dips. The width of the last type of dip can also be estimated

just by setting RLP=1 in eq.(33), giving

v
hifo /2 Swcyt O, (34)

cf. eq. (12).
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In fig.12 are shown photon spectra for 5-, 10- and 20-GeV/c positrons
transmitted through a 100 ym ¢(110> Si crystal with an incident-angle region
of 0-&1 around the <{110> axis. The 1¢1 values are given in the figures,
showing cases above the dipole limit. For the 20-GeV/c positrons, 11/T can
be found from eq.(31), giving a value less than 1 ym for a 10-MeV photon
energy, so the strong reduction for 10- and 20-GeV/c positrons is due to
scattering from doughnuts. It is also clear that the dipsl broaden for in-
creasing energy, which is in agreement with the w‘lz'dependence.

From egs. (23) and (34) it is seer that +the reduction RLP is proporsio- .

LP)1/2

nal to (w/u; ; and the width is proportional to'wzw". Experimentally
this was investigated for 10 and 20 GeV/c electrons and positrons +ransmit-
ted through a 100 um thick Si crystal. The results are shown in fig.13 (10-
GeV/c electroms), fig.14 (10-GeV/c positrons) and fig.15 (20-GeV/c posi-
trons), where photon spectra are given for increasing incident angle § to
the (110> axis with a step size of 1/2 w1. Like in fig.11, channeled elec-
trons (figs. 13a and b) give pronounced dips for low photon energies (notice
the energy scale) due to the bound motion. For w>w1, 10-GeV/c electrons and
positrons show the same moderate dip.

The y dependence is clear by comparing figs.14 and 15. The dips for 20
GeV/c are the most pxonounéed with a width of around 200 MeV, whereas those
for 10-GeV/c positrons are between 50 MeV and 100 MeV, in qualitative agree-
ment with expectation.

The i dependence, however, is not so clear, but it should be borne in
mind that all spectra in figs. 13, 14 and 15 are perfoimed-by circular inte-
gration around the <110> axis, so planar radiation is included. The strong
enhancements from planar channeling radiation for 10-20 GeV/c electrons/pos-

itrons appear around 100 MeV photon energies and will tend to smear the

dips.
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For an incident angle § much larger than *1' the doughnut scattering
disappears, and the Landau-Pomeranchuk effect for amorphous foils should be
seen. In fig.16 are shown photon spectra for 20 GeV/c positrons incident on
the 100um thick <110> Si crystal. The spectra are again obtained by circular
integration around the <110)> axis but here in steps of 2¢1 with a maximum
radius of 12¢1, where doughnut effects for Si are weak. Clearly, there is a
pronounced dip which for the first figs. (a,b) increases in width with in-
creasing angle &. From there on, the width is practically constant (200
MeV). Therefore the strong suppression cf low-energy photons in figs. 4, e,

and £ is partly due to a Landau-Pomeranchuk effect for amorphous targets.

IV.5. Radiation from proper channeled particles

From the coulored pictures in fig.8 it is clear that there is a strong
variation in the radiation spectra for incident angles ¥ smaller than ¢1,
especially when the azimuthal angle is varied. These phenomena have been
studied by the production of spectra where the incident angles are restrict-
ed to certain azimuthal angular ranges. The investigations were performed by
4.8-GeV/c positrons +transmitted through the 100pm thick <110> Si crystal.
Here the channeling angle ¢1 equals 208 prad, and the angular resolution was
20 yrad, so detailed scans are justified. In fig.17 are shown spectra with
restriction in azimuthal angle. The top row covers the range 0 to 1/3 ¢1 to
the axis, and the bottom row covers the range 2/3 ¢1 to ¢1. In the right
column are shown spectra where the azimuthal range has been restricted to a
115u wedge around the {110} direction, whereas the left column shows a 1150
angular region around the {100} direction. These two directions were chosen
because the surface of section calculations predicts stable periodic trajec-
tories alony these planes. Furthermore, fig.6 showed a peak around 17 MeV

from the first harmonic for motion along the {100} direction. A noticeable
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difference is seen in the two spectra in the top row: Along the {100} direc-
tion is jin fact seen a peak around 17 MeV which is absent in fig.b. These
spectra show for the first time that it is possible in the GeV region to
steer positrons into special proper channeled motion, and channeling radia-
tion might be one of the few situations, where such pProper channeling can be
identified.

The azimuthal variation is most pronounced, however, for jincident angles
close to ¢1, as seen irn the bottom row of fig.17. The enhancement along the
{100} direction is very large, close to a factor 45, whereas it is around a
factor 30 along the {110} direction. In the {100} direction, the positrons
will be able to Jump across the saddle point between the two closely spaced
strings (see fig.2) and build-up coherent radiation. The path for these par-
ticles might start to look like the path for planar channeled positrons. In
fact, the small bump in 17d) near 20 Mev could Se the first sign of the

first harmonic in planar channeling radiation along the plane.

The coulored pictures in fig.8 or fig.11 in I show that the strong
steering effect from crystal planes gradually disappears in an incident-
angle reyion close +to w1. This means that the Pronounced peaks from first
and second harmonics seen in planar channeling radiation (see I) should gra-
dually turn into the Structureless axial spectra. In fig.18 are shown photon
spectra from 4.8 GevV/c positrons, where the incident angle to the <110) axis
in the 100 pm thick si crystal is between ¢1 and 2$1. In the following
columns, this angle is increased in steps of ¢1. In the upper row the incid-
ent angle to the {110} plane is between 0 and wp/3. The middle and bottom
rows cover incident angles of: 2&p/3-3¢p/3 and 4¢p/3—5$p/3, respectively.

The peak corresponding to the first harmonic in planar radiation develops
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for incident angles around 2&1 to the <110 axis, which is in agreement with
the classical channeling picture where axial motion has turned into planar
motion for incident angles ¢>2$‘. This is alsc in agreement with
investigations of &-ray yields from 11.9-GeV/c protons and »' penetrating Si
and Ge crystals close to the <110> ax1522

In general, the radiation level is high in the first column and
decreéses for increasing angle to the axis. For the planar channeled
positrons {top and middle row), the intensity in the first harmonic is high-
er in +he present spectra than what is obtained far from <he axis (fig.20 in
I). The extra intensity in the present case is most likely due to incident
particles that are dechanneled through the surface transmission. This
amounts to around 15% of the incident positrons and they emit high intensity
radiation due to doughnut scattering like those in the bottom row. This
situation is different from a case far away from the axis, because then de-
channeled particles do not give the enhancement in radiation around the
first harmonic.

In the present situation, the radiation is a mixture of coherent brems-
strahlung and channeling radiation. In such cases, the combination of radia-
tion should give rise to a spectrum where channeling peaks are surrounded by
side band523. Observation of such side bands requires, however, a beam with
a very well defined angle and could not be seen in the present experiment

because of multiple scattering.

v. ncjusi
For axially channeled GeV electrons and positrons, the low-energy part
of the photon spectra is enhanced by around a factor of 50 above the inco-

herent bremsstrahlung. The total emitted power is for electrons strongly
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peaked around the axis, whereas positrons show a pronounced dip. The HWHM
for the electron peak is only 1/3 of #1, whereas the positron dip has a
width of around ¥, reflecting the difference in flux distribution inside
the crystal for electrons and positrons. For low-energy photons (10-100MeV),
the maximum emitted intensity is for electrons obtained for particles paral-
lel to the axis, whereas positrons g¢give maximum intensity for incident
angles around ¢1, in fair agreement with calculations. The strong doughnut
scattering give rise ¢ a dramatic enhancement of the overall emitted radia-
tion. In the dipcle limit {v5¢>1), the equalization in doughnut scattering
gives rise to a pronounced reduction in low-energy photon yields for cases
where the crystal thickness A, needed for equalization in the doughnut is
smaller than the coherence length lw. Above the dipole limit, another type
of reduction sets in from multiple scattering, which for scattering angle
8>2/y destroys the coherence. This effect becomes very pronounced for high
energies (~20 GeV/c) and incident angles w>w1. In random, this effect was
predicted as the Landau-Pomeranchuk effect. For a crystal thickness 11/1

1/2 Pro-

giving a multiple scattering 6=1/y, the reduction is (11/1f1w)
nounced variations in radiation spectra are found for proper channeled posi-
trons. For the first time, peaks are found in the axial radiation spectra,
corresponding to stable motions parallel to the {100} planes. The eneryy of
the peak is in fair agreement with theoretical estimates. In the transition
region from axial to planar effects, the emitted radiation spectra change
from the nearly structureless axial spectrum to a planar spectrum, with a
pronounced first harmonic. This transition region ranges from around $1 to

*2.5*1, but the particles with ¢)¢1 enhance the general intensity level due

to doughnut scattering.
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Fiqure Captions

Fig. 1.
Fig. 2.
Fig. 3
Fig. 4.
Fig. 5.

Setup for the PS188 experiment. SC designates scintillators, DC are
drift chambers. BM are bending magnets, and Nal 1is the photon
detector. The beam enters from the left.

Contour plot of string potential for the <110> axis in silicon.
Indicated energy levels are in eV and give the potential for posi-
tive particles. Changing the sign on the values gives the potential
for negyative particles. The two saddle points in the potential con-

tours E,, and I, are &ilscussed in the text,
L

1

{a) Calculated A -values for w>¢1 using diiferent potentials:

2 2
ZZ.e wa Z 21 e 2
_ 12 _oT1T2 Cza
(1) O(r) = i 37 ¢ {(2) U{r) = ———awmln(1 + > 2}

when 11.9 GeV/c protons are incident on a (110> Ge crystal, which
is 0.6 mm thick. (b) Width and distribution in exit azimuthal
angles for 11.9-GeV/c protons and w +transmitted through the 0.6 mm
{110> Ge crystal.

Three-dimensional scatter plots in exit-angle space of 10 GeV/c
protons +transmitted through a 0.6 mm thick <(110> Ge crystal. The
incident beam directions from the <110> axis are given in the fig-
ures. The center of the plots is the <(110) direction and the scale
is in mrad.

Results of computer simulations for 15 GeV/c protons and » tra-
versing increasing thicknesses of Ge. The incident angle to the ax-
1s is ¢1. Clearly protons attain egualization on a shorter distance

than v . Similar calculations for incident angles of 2%, and 3y

can be found in ref.10a.
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Fig. 6. The maximuﬁ photon energy in the forward direction meax for 5-
GeV/c proper channeled positrons giving periodic solutions along
the ({100} direction. The photon energies are calculated for
increasing amplitude (in A), using a thermally average Doyle-Turner
potential which takes into account the 24 neighbouring strings to
the (110> channel.

Fig. 7. Radiative energy loss for positrons (full drawn curve) and elec-
trons (dashed curve) as a function of incident angle to the <110>
zxis ip 5i {ir units of ¢1). Ir the caliculations, a random-string
model 1s used.

Fig. 8. Iptensity distribution in two-@imensional incident angle space of
4.8 GeV/c positrons (a and b) and electrons (c) emitting (10-40)
MeV photons when traversing a 100 um thick <110> Si crystal (a and
¢} and a 205 pm thick <110> Ge crystal (b). Fig.d is a two-dimen-
sional plot in incident angle space of those 10 GeV/c protons that
have given a low-energy loss (indicated in red) in a 0.57 mm thick
<110> fully depleted Ge detector. The circles indicate the size of
the critical angle w1. The pixel (one of +the small squares)
correspond to (20x20)urad2.

Fig. 9. (a) Number of 4.8-GeV/c electrons/positrons emitting photons in the
energy ranges (10-40) MeV as a function of incidence angle. (b)
Same as {a) , but here it is the emitted power in the range (10-40)
MeV. The open circles correspond to 4.8 GeV/c electrons and solid
circles to 4.8 GeV/c positrons.

Fig. 10. (a) Probability distributions for 10-GeV/c electrons/positrons

emitting (10-110)MeV photons in a 100 ym ¢<110> Si crystal. (b) An-

gular distributions for 20 GeV/c positrons emitting photons in the

energy region of 10 MeV-1.45 GeV. The full-drawn curve displays the



Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

11.

13.

14.

16.

17.

18.

40

result of a classical estimate in the zero fregquency limit.
Triangles represent the result of a Born calculation.

Low-energy part of the photon spectra for 4.8 GeV/c electrons (a-e)
and positrons (f-3, X-o) transmitted through a 100 um thick <110>
5i crystal {a-e, f-j) and a 205 pm thick <110> Ge-crystal (k-o).
The incident angle regions around the <110> axis (circles) are

given at the top of each column.

. Low-energy part of the photon spectra for 4.8 GeV/c {a}, 9.& GeV/z

{b) and 2T 5eV/c (¢, positrons transmitied through a 100 um +thick
Si crystal in an incident angle region ¢f {O-¢1) around the <110»
axis. The 1¢1-va¢ues are given in the figures.

Radiation specira for 10 GeV/c electrons incident on a 100 um thick
{110» Si crystal. The spectra a to f are obtained for increasing
incident angle to the <110> axis, where fig.a covers angles (0-
0.5)w1, b: (0.5—1.0)$1, c: (1.0—1.5)¢1, d: (1.5—2.0)¢1, e: (2.0-
2;5)&1, £: (2.5-3.0)&1.

Same as fig.13 but for 10 GeV/c positrons.

. Same as fig.13 but for 20 GeV/c positrons.

Same as fig.15 but here the incident angle steps are a): (0-2)&1,
b):(2-4)% , c: (4-6)¢1, d:(6—8)¢1,e:{8-10)w1, f: (10-12)w1.

Azimuthal variation in channeling radiation spectra produced by 4.8
GeV/c positrons incident on a 100 pm thick <110> 51 crystal inside

. a): (0-1/3)m1, 150 around the {100} direction, b): (0—1/3)@1,

i
15"  around the {110} direction, ¢): (2/3-3/3), , 15% around {100}
direction, 4) (2/3-3/3)&1, 15u around {110} direction.

Photon spectra from 4.8 GeV/c positrons incident on the 100 um

thick <110> Si crystal for varying incident angle to the (110> axis

and the {110} plane. The top row corresponds to (O—1/3)mbp to the
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{110} plane, middle TOW: (2/3—3[3)¢p and bottom row: (4/3—5/3)¢p.

on top of each column is given the incident_angle region to the

<110y axis.
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ENHANCEMENT

20 GeVic e* on 110) Si

Fig. 15
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