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Coherent bremsstrahlung is produced using the 855 MeV electron beam of the Mainz three-stage racetrack microtron MAMI
and a diamond crystal inserted as a radiator into thc MAMI tagging system. By counting only the ¢lectrons on the tagger ladder an
intensity spectrum ranging from 50 MeV to 800 MeV was obtained with good statistical accuracy in a running time of 2 s. This short
running time makes it possible to measure a complete intensity pattern versus photon energy for different orientations of the
diamond crystal in about 15 minutes. By comparing these measured intepsity patterns with calculations it becomes possible to
preciscly align the crystal axes with respect to the axes of the goniometer. Relative intensities of coherent bremsstrahlung are
determined experimentally by normalizing the diamond data to data obtained with an amorphous Ni radiator. Good agreement is
obtained between experiment and prediction when taking into account the beam divergence, multiple scattering of electrons in the
radiator, the Z dependence of the bremsstrahlung spectrum and the finite Debye temperature of diamond. With a collimated
photon beam having an aperture of half the characteristic angle degrees of linear polarization appear to be possible ranging from

80% at 200 MeV over 65% at 300 MeV and 55% at 400 MeV to 35% at 500 MeV.

1. Introduction

Linearly polarized photons are a valuable tool for
studies in intermediate energy photonuclear reactions
because of the ephancement of the sensitivity of the
reaction cross sections to the multipolarity of the clec-
tromagnetic transition. As an example we mention the
determination of the 152 /M1 multipolarity ratio for the
p — A transition of reactions like Compton scattering
and w° photo production. Though there are backscat-
tered lascr beams available providing degrees of lincar
polarization of 75% 10 90% at energies up to 314 MeV
[1-3] it is of interest to investigate also the possibility
of using coherent bremsstrahlung sources which up to
now were believed to provide considerably smaller
degrees of linear polarization on a sizeable background
of unpolarized photons. The advantages of coherent
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bremsstrahlung under discussion here are (i) the stabil-
ity and intensity of the photon beam and (ii) the higher
available energy. Furthermore, in the following we
show that refinements of the method making use of
proper beam alignments and collimation will lead to
degrees of linear polarization and polarized to unpolar-
ized intcnsity ratios which are comparable to those
reported for backscattered laser light.

Following earlier work, a first approach to calculate
coherent bremsstrahlung in the Born approximation
was published by Uberall [4,5], who presented formu-
lae for the intensity change of the Bethe—Heitler spec-
trum due to interference effects on brqmsstrahlung
production in a single crystal. Later, Uberall also
showed [6,7] that the photon beam from a crystal has a
strong linear polarization for certain orientations. ES-_
sential progress was made in experiments by Diambrint
et al. at Frascati using 1 GeV electrons [8]. In contrast
to the smooth energy dependence of the enhancement
predicted by Uberall [S] a spectrum was observed with
a number of sharp peaks, which were cxplained (8] bY
the discrete structure of the reciprocal lattice of the
crystal. Further experimental investigations were car-
ried out in Tokio [9] with bremsstrahiung from silicon
crystals at 0.6 GeV and at DESY (Hamburg) with 6
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GeV electrons and diamond [10] and in other laborato-
ries. In 1963 Mozley and De Wire {11] pointed out that
collimation of the photon beam reduces the incoherent
background whereas the linear polarization and inten-
sity of the coherent spcctrum remains unmodified.
Calculations of this effect were carried out by refs.
[12,13] and somec experimental evidence was reported
by ref. [14].

Following these early developments, there has been
a widespread application of the linear polanzation of
cohcrent bremsstrahlung in measurements of the beam
asymmetry 2 of photomcson cross sections described
in compilations of refs. [15)], [16] and [17].

Irrespective of this great interest in and widcspread
application of the mcthod, the data obtained with
lincarly polarized coherent bremsstrahlung are not very
accurate up to now. Therefore, it may be considered
favourable that the 100% duty-factor electron beam
installed in Mainz opens a new era in this field of
research, because intensity spectra of coberent photons
versus photon energy can now be measured within
scconds and, therefore, intensity patterns as a function
of crystal orientation become an casy method of align-
ing the crystal and finding the optimum oricntation for
lincar polarization. Takung advantage also of beam
collimations w¢ expect substantial improvement on the
quality of the beam of lincarly polarized photons.

2. Properties of coherent bremsstrablung

In this section we restrict ourselves to describe
those properties of coherent bremsstrahlung produc-
tion which are of importance for the understanding of
the present experiments. For further information we
refer to review articles [18-21].

We use the natural unit system A=c=m=1 ex-
cept for those cases where we write these quantities
explicitly. In this unit system (E,, po) denotes energy
and momentum of the incident electron, (E, p) cnergy
and momentum of the outgoing electron, k the energy
of the produced photon and ¢ the momentum trans-
ferred to the crystal. Furthermore, we introduce the
fractional photon energy x = k/E,. The production of
coherent bremsstrahjung is governed by the momen-
tum transfer ¢ which on the one hand has to fulfill the
“pancake” condition as a general constraint and on the
other hand depends on the orientation of the momen-
tum transfer ¢ in the reciprocal lattice spacc. To a
good approximation the pancake condition [18-21] is
given by the relations

§<q,<28, &3]
0<gq,<2x, (2)

where g, 1s the Jongitudinal componcnt of g and g, the

transverse component of g. The quantity § =g is
the minimum longitudinal momentum transfer, being
in  agreement with the kinematics of coherent

bremsstrahlung production, and is given by
1 X 3
2Ey 1—x’ )

&=

The intlucnce of the crystal structure is given by the
Laue condition

q=g, (4)
where
q=po—p Kk, (%)

1s the momentum transferred to the crystal and
3

&= Z hyby, (6)

k=1
the reciprocal lattice vector. In Eq. (6) A, are the
Miller indices and b, thc basis vectors of the reciprocal
lattice. The pancake condition implies that a reciprocal
lattice vector cannot contribute to the cross section
when it is leaving the pancake as a consequence of an
increase of the fractional photon energy x. This leaving
the pancake leads to a discontinuity in the intensity at
the fractional photon energy

2E,8

YT T 2ES ™

Maximum linear polarization is found in the plane
(g, py) where g is the teciprocal lattice vector respon-
sible for the production of coherent bremsstrahlung
and p, the momentum of the incident electron.

3. Apparatus

The 855 MeV electron beam of MAMI hits the
radiator at the entrance of the tagging magnet (Fig. 1)
(Glasgow—Mainz [22]). The radiator is installed in the
three-axis goniometer shown in Fig. 2. Three stepmo-
tor drives may be used to carry out rotations around a
vertical axis V, a horizontal axis JT and an azimuthal
axis A. The angle @, of the vertical axis is varied by
rotating an outer vertical cylinder, the angle @y of the
horizontal axis by rotating an inner vertical cylinder
and transforming the vertical rotation into a horizontal
one via gear rims. The axial rotation is performed by
transforming the vertical rotation of the central axs
into a rotation of a metal ring around its normal axis A
via a worm gear. The radiator for the production of
coherent bremsstrahlung is a diamond crystal mounted
in this metal ring with its [100] axds parallel to the A
axis.

Further details of the arrangement are described in
Fig. 3. The direction of the vertical axis V is fixcd in
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space and properly aligned perpendicular to the direc-
tion of the momentum vector p, of the incident elec-
trons. The direction of the horizontal axis H is in its
zero position when it is perpendicular to p, and can be
rotated within the horizontal plane by varying @+,. The
direction of the azimuthal axis A is in its zero position
when it js parallel to p, and can be rotated within a
vertical plane by varying @ ;. The horizontal projection
of A can be rotated within a horizontal plane by
varying @+,. According to our definition the diamond
crystal is in its zero position when the crystal axes [010]
b,, [001] 54 and [100] b, coincide with the goniometer
axes V, H and A, respectively, while the latter are in
their zero positions.

The intensity and degree of linear polarization of
coherent bremsstrahlung depends on three crystal an-
gles denoted by «, # and ¢. Angle 8 is the polar angle
and « the azimuth of p; in the reference frame of the
crystal axes. Angle ¢ is the azimuth of the rcciprocal
lattice vector g being responsible for the production of
coherent bremsstrahlung, i.e. g =g, in the same refer-
ence frame. In this reference frame 8 can be written

=g, cos § +sin 8(g, cos a+g; sin «), (8)
so that the discontinuity in the spectra occurs at
xg=[2Eq( g, cos 6 +sin 6(g, cos « + g5 sin a))]

X [1+2Ey(g, cos 8 +sin 8(g, cos a

+g5 sin a))]_l. ©)
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Fig. 1. The tagging system at MAMI. The 855 MeV electron
beam hits the radiator at the entrance of the tagging magnet.
The radiator is a diamond ecrystal producing coherent
bremsstrahiung superimposed by a background due to inco-
herent photons. This background is measured in a scparate
run after replacing the diamond crystal by a nickel foil.
Sceondary electrons are momentum analyzed in the tagging
magnet and registered by plastic scintillators each defining an
cnergy interval of 2 McV width. Channcl I corresponds to 800
MeV, channel 351 to 50 MeV.

Fig. 2. Goniometer for the diamond crystal (1) and the com-
parison Ni radiator (2). The diamond crystal is mounted in the
center of a circular holder with its [100] crystal axis parallel to
the goniometer axis A. Three step-motor drives (3-5) may be
used to rotate the holder around a vertical axis V, a horizon-
tal axis H and an azimuthal axis A, the first two being parallel
to the plane of the holder, the latter perpendicular to it. Axis
V is fixed in space and carefuily aligned perpendicular to the
incoming ¢lectron beam. Axis H is fixed in the horizontal
plane but its direction may be rotated by varying ®. The
direction of axis A is rotated in a vertical plane by varying @y
and its horizoatal projection is rotated by varying @.. By
varying ¢, the crystal holder is rotated without affecting the
axes V and H. A DC-motor drive shifts the whole apparatus
up and down in order to chapge the radiator.

In Eqgs. (8) aud (9) g,. g, and g, are the compo-
nents of g with respcct to the normalized basis
(b, /16,1, b,/1b,1, b3/ b51). Maximum linear polar-
ization is observed in the plane (g, py). Since the angle
0 between b and p, is small, we also may consider (g,
b,) as the plane of maximum linear polarization for the
purposes of our present considerations. The angle dif-
ference 8 = ¢ — @, fixes the plane of maximum lincar
polarization in a way that 8 =0 means vertical and
B = 7 horizontal linear polarization. For the g = [022]
reciprocal lattice vector shown in Fig. 3 this means that
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Fig. 3. Definition of the crystal angles (8, «, ¢) and goniome-
ter angles (P, ¢y, D). 8, a: polar angle and azimuth of the
primary ¢lectron momentum pg in the &, =[100], &, =[010],
by =[001] reference frame. ¢: azimuth of the reciprocal lattice
vector g responsible for the production of coherent
bremsstrahlung in the same reference frame. The axis [100] is
carefully aligned 1o coincide with A to better than 2 mrad.
@, ¢y and @, angles of rotation of the three goniometer
axes V, H and A with respect to their respective zero-posi-
tions defined by the conditions (i) 8 = 0, (i) &, parallel to the
vertical direction V. 8: angle between the plane of maximum
polarization and the vertical direction V. 8 — 0: vertical polax-
ization. B =7: horizontal polarization. ®%, &Y%, &2: random
starting positions of the goniometer drives.

@, = +45° leads to vertical and &, = —45° to horizon-
tal linear polarization.

The following relations are valid between the go-
niometer angles @, ¢y and @, and the crystal angles
a, 8 and ¢:

&y, = arcsin(sin 8 sin(a + @,)); (10)
@y = —arctan(tan 6 cos(a + @,)); (11)
# = arccos(cos Dy cos D ); (12)

a = :xrccos([ —cos @, sin @y cos @y,
+sin @, sin @ [sin 6]71), (13)
¢ =@, +8. (14)
Onc of the premises of the relations given above is
that at the beginning of any rotation we have 8 =0 and
@, = 0. This means that the crystal axcs [100], {010]
and [001] coincide with the goniometer axes A, V and
H, respectively, while being in their zero positions. The
coincidence of the crystal axis [100] with the goniome-
ter axis A has to be made better than 2 mrad in
prealignment procedures. If this is not the case, char-
acteristic irrcgularities will be observed in the intensity
patterns. Such effects did not show up in the present

experiment. We take this as a proof that the prealigne-
ment was very precise. When starting the rotation of
the goniometer drives from a random position the
angles @, &4 and @, are not knmown with the desired
precision, because optical alignments are not suffi-
ciently precise to fix the zero points of these angles.
The methods for a precise determination of these zero
points are described in the next section.

4. Method of crystal orientation

When starting the rotation of the goniometer drives
from a random position, the goniometer angles @,
&y and &, are in general not zero but equal to
unknown values of ®%, ®% and @2 These latter
angles have to be determined in order to be able to
make use of Egs. (10) to (14). For the purpose of a
determination of the angles @Y%, ®% and @7 a collec-
tion of intensity patterns has been generated by com-
puter simulation, so that by comparison of experimen-
tal and theoretical patterns information may be ob-
tained on these angles of interest. These computer
simulations take into account multiple scattering in a
crystal of 0.1 mm thickness, 2 beam divergence of 0.2
mrad and reciprocal lattice vectors with Millcr indices
0<lhl <2, and O0< k|, |/| <20. The influence of
the Debye—Waller factor has also been taken into
account, which amounts to about 97% for the [022]
reciprocal lattice vector and its analogues and de-
creases with increasing Miller indices. These parame-
ters of the computer simulations reflect the actual
experimental situation which is described in more de-
tail in sections 6 and 7. Charactenistic examples of the
results obtained are shown in Figs. 4a—4e for rotations
around the axis V as an example. Similar results are
obtained for rotations around the axis H.

Fig. 4a corresponds to the case @Y = @2 = 0. In this
figurc the rotation around the V axis in the angular
range —100 mrad € ¢, < 100 mrad corresponds to a
variation of the crystal angle 6 = | @&, |, with a = 270°
for & <0 and otherwise a =90° (see Eq. (10)). The
intensity pattern is completely symmetrical around @,
= () and this may be considered as a characteristic for a
perfect prealignment of the crystal. All of the ridges in
the intensity patterns corrcspond to more than one
reciprocal lattice veetor. Since in general the contribu-
tions of different reciprocal lattice vectors have differ-
ent directions of maximum linear polarization this case
1s favourable for the intensity but unfavourable for the
degree of linear polarization. By rotating around the
axis H we would obtain an identical spectrum. For
nonzero values of &% and ¥J the ridges seen in Fig.
4a split up into a larger number with part of them
containing contributions from only one single recipro-
cal lattice vector.
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Fig. 4b shows a typical case which may be observed
when starting with a random setting of the goniometer
angles after having carried out a good prealignment of
the crystal axes. The figure is for the case of ®J =750
mrad and @9 =10 mrad, i.e. both of these angles are
non-zero but small. This intensity pattern is nearly
symmetrical around @, = 0. The pronounced disconti-
nuity deviating strongly from symmetry with respect to
@, =0 belongs to the reciprocal lattice vector [004].
This unwanted discontinuity can be shifted out of the
energy range of interest by increasing ¢ . Details of
this procedurc will be discussed in the next section by
making usc of Fig. 7.

For the determination of the zero positions of the
crystal angles from the intensity pattern it is of impor-
tance that the deviation of @] from zero is not too
large at the beginning of an experiment. This un-
favourable situation of a large CD,E{ is demonstrated in
Fig. 4c. In this case we do not even have an approxi-
mate symametry around @, =0, leading to a very te-
dious alignment procedure. In this case it is difficult to
find a connection between the intensities and the cor-
responding reciprocal lattice vectors. Therefore, this
case should be avoided by means of a proper prealign-
ment.

Fig. 5a shows an experimental intensity pattern ver-
sus photon energy Ey and goniometer angle @, for
nonzero &% and @Y. By comparison with the calcu-
lated intensity patterns of Figs. 4b and 4c we see that
@2 must be somewhere between 50 mrad and 0.5 rad.
The spectrum in Fig. 5a has no symmetry point on thc
@, axds at @, = 0 as expected for small values @2 (sce
Figs. 4a and 4b). By varying ¢2, spectra with symmetry
points may be found. At the end of these alignment
procedures intensity patterns of the kind shown in Fig.
5b may be observed. For the fine tuning, contour plots
as shown in Fig. 5¢ are favourable. From this figure it
is easy to find the precise symmetry point correspond-
ing to @, =0. The method of finding @, = 0 is com-
pletely analogous to the case of finding @, =0 de-
scribed above.

Figs. 6a—6d show calculated and experimental in-
tensity patterns versus photon energy £, and goniome-
ter angle @,, for fixed values of PY = 66.28 mrad and
@, = 0. These settings of ®,; and @ are of interest
in connection with the generation of linear polarization
due to the reciprocal lattice vectors g=[0+2+ 2],
discussed in Fig. 7 The nidges contained in Fig. 6a arc
duc to these reciprocal lattice vectors only. Fig. 6b
contains also the ridges due to the reciprocal lattice
vector g=[0 + 4 + 4] which are thc next prominent
ones, and Fig. 6¢ the ridges due to Miller indices up to
20. The symmetry properties of thesc intensity patterns
may be used to find the zero point of @, in the
alignment proccdurc of the crystal. Fig. 6d shows the
expenmental intensity patiern for the same goniometcr

settings as used for the calculated ones of Figs. 6a—6¢,
We see that the expcrimental pattern and the calcu-
lated pattern of Fig. 6¢ resemble each other in very
detail, giving us confidence that the calculation is very
precise. More quantitative information on the agree-
ment between theory and experiment is given in Fig,
1la.

5. Selection of reciprocal lattice vectors favourable for
linear polarization

The purpose of this section is to explore how the
mntensity patterns are composed of contributions from
different reciprocal lattice vectors and how these con-
tnbutions can be identified in expernimental results.
This point is of special importance for the gcencration
of high degrees of linear polarization because for this
purpose it is necessary to isolate one of the reciprocal
lattice vectors g=1[0+ 24 2], which are the most
favourable ones. Fig. 6a shows the calculated intensity
pattern due to these reciprocal lattice vectors only.
When including more reciprocal lattice vectors into the
calculation as done in Figs. 6b—-6c¢ the intensity pattern
becomes more complex but the contributions of [0 + 2
+ 2] remain the most prominent ones and stjll are
casily identifiable. The calculated pattern of Fig. 6¢ is
already in very close agreement with the experimental
pattern of Fig. 6d. This close agreement makes it easy
to identify the [0+ 2+ 2] contributions also in the
experimental pattern.

In Figs. 7a-7e we describe the procedure by which
horizontal linear polarization may be obtaincd by mak-
ing use of the [022] reciprocal lattice vector. After a
rotation of the crystal by &, = —45° out of its zero
position the reciprocal lattice vectors [022] and [022]
are directed vertically and the reciprocal lattice vectors
[022] and [022] are parallel to the goniometer axis H.
This case is described in Fig. 7, where 7a shows the
crystal position viewcd in direction of the goniometer
axis A and 7b the crystal position viewed in direction of
the gontometer axis H. In Fig. 7b the shaded area
depicts the zone (“pancake™) of momentum transfers
contributing to coherent bremsstrahlung. It is apparent
that all the reciprocal lattice vectors of small Miller
indices are outside the pancake but very close to it.
This unfavourablc case has to be modified in a way
that the [O2§] rcciprocal lattice vector 1s in the “pan-
cake” and all the others which are not parallel to [022]
are far away from the pancake. This can be achieved
by rotating around the H axis by @ = 60 mrad. This
keeps the reciprocal Jattice vectors [022] and [022]
which are parallel to cach other on the H axis and
close to the “pancake”, whereas the [022] and the [022]
vectors and the vectors having higher Miller indices are
shifted far outside the kinematical range of the “pan-
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cake” (Figs. 7c¢ and 7d). After rotating around the V
axis of the gontometer by

8
sinPy=s————, (15)

=
\/Ez-ﬂz—q:
a

with &, [ =2, only the vector g =[022] is at the lower
kinematical border of the “pancake” and givcs the
highest contribution to the linearly polarized coherent
bremsstrahlung. The single point spectrum obtained in
this way has a very high degree of linear polarization
and the polarization vector being in the (py, g) plane
is borizontal. It is important to note that the precise
anglc Py is not of importance. It only is important
that @, is large enough to separate the other recipro-
cal lattice vectors from the pancake, in a first place
[040] and [004] which otherwise would contribute to the
discontinuity and reduce the degree of linear polariza-
tion. The sclection of one reciprocal lattice point to
give linear polarization in the horizontal direction de-
scribed above is not the only possibility as can easily be
deduced with the help of considerations similar to
those of Figs. 7a to 7e.

Analogous considerations lead to the conditions for
maximum linear polarization in the vertical direction,
keeping the angle @, = —45° unmodified and using
the reciprocal lattice vector [022]. In this case, how-
ever, we have to take into consideration that any
rotation around V rotates also the direction of H
within the horizontal plane. This increascs the re-
quircd rotation around H by a factor 1/cos @, lcad-
g to

5
oo (16)
cos Dk + 12 -

sin @y =

In this orientation the polarization vector 1s vertical for
¢, = 60 mrad.

Summarizing we can say that photon spectra with a
high dégree of linear polarization can be generated in
the following way:

- make the crystal angles 8 =« =¢ =0, which is
the same as finding €Y, % and ®2;

— rotate around the A axis by &, = —45° (or by
+45%);

— for horizontal polarization rotatc around the H
axis by @ = 60 mrad and rotate around the V axis in
accordance with Eq. (15);

— for vertical polarization rotate around the V axis
by @, =60 mrad and rotate around the H axis in
accordance with Eq. (16).

For practical applications the results of this para-
graph are summarized in Table 1 (see Fig. 8 for a
typical onc-point spectrum obtained in this way). Angle
0 was always chosen to be 60 mrad. Smaller values for

8 shghtly decreasc thc degree of linear polarization
because of insufficient separation of reciprocal lattice
vectors with larger Miller indices whereas latger values
of 4 lead to only marginal increases.

6. Influence of beam divergence and multiple scatter-
ing on coherent bremsstrahlung

In addition to the known Debye—Waller factor,
rcalistic predictions of intensities and degrees of linear
polarization of coherent bremsstrahlung have to in-
clude the following effects:

— multiple scattering of electrons in the crystal,

~ divergence of the electron beam;

- possible mosaic structure of the diamond crystal;

— ¢nergy uncertainty of the electron beam.

The energy uncertainty of MAMI is small (= 150
keV), so that the influence of this uncertainty is small
in comparison to that of beam divergence and multiple
scattering.

For talang into account the beam divergence we
assume that the angular dependence of electron direc-
tions follows a Gaussian distribution with a variance
o0&, This quantity is composed of a horizontal and a
vertical part which are known to bc somcwhat differ-
ent. For the present purpose, howcver, we only fit one
parameter, which may be considered as an effective
average over the two contributions. Summarizing, we
may write

P8 )d9 ! ! 0% de 17
= —7-oxp| — ——= B
( h b \/Z'WO'hL P 2 o_g_ h ( )
1 62 |
P(6,) 98, = m—exp — 5 5| do,, (18)
and

1 62
——exp| —— 28, db,, (19)
am Ub_C.lm

Ope

P(8y) d2, =

where 6, = /07 + 67 is the polar angle and d(2, the
solid-angle element for the incoming electron beam.
For the present case of axial symumetry the variances
ot ={0%), a2 =(02) and o, = (0%) are related to
each other via the equation o, = 207 = 20,

Multiple scattering of electrons on their pass
through the crystal leads to a further incrcasc of the
beam divergence. The basis of our calculation is
Moliere’s theory of multiple scattering [23]. The proba-
bility of finding an electron in the solid-angle interval
df2, located between the polar angles 6, and 6, + dé,
is given by

1 —62

P(6,) dn2, = 5—cxp—— 27l db,. (20)

[o8

mol

mot
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Moliere’s theory of multiple scattering allows a calcula-
tion of the standard deviation o, = (82)"% which is
given by

o‘vnQIZQI(B_‘ l2>%, (21)
Z(Z-+1)y ¢

67 = (0.157 MeV? cm?) —,
A peu”

(22)

where p is the momentum and v the velocity of the
clectron. The quantity Z is the charge number, A the
mass of 1 mol in [g] and ¢ the thickness of the layer in
[g/cm?]. The dimension of the product pv is [MeV],
The quantity B is given by

B—In B=b, (23)
with b given by
b=In 2, +1-2C, (24

with C =0.577 - - - being Euler’s constant and {2, the
number of collisions. This latter quantity is given by
(Z+1)Z5
£y, = (7800 cm?) ————F——, (25)
B A1 +3.35a%)
where 8 =u/c and a =zZ /1378.

Since multiple scattering of clectrons in the dia-
mond crystal leads to a gradual increase of the beam
divergence, we use an appropriale average o, ., = Opq
over the path length of the quantity o, defined in Eq.
(21) for the calculation to follow. Then the resulting
effective angular distribution of clectrons contributing
to coherent bremsstrahlung is given by

1
P(8) d2 = —5-c /729 do, (26)

Fig. 4. (a) Relative intensity ™' = ([0 4 jincony /pincel of
coherent brermsstrahlung versus photon energy E, calcutated
for a diamond crystal of a thickness of 0.1 mm, including the
cffects of divergence of the incoming beam of oy, =02
mrad and including multiple scattering of the electrons n the
crystal of 100 p.m thickness. Reciprocal lattice vectors with
0= |hl<2 and 0< |k|, |l <20 are taken into account.
Goniometer angles: @}, =®)=0 fixed, ¢ variable. The
comparitively small number of ridges contain contributions
from more than one reciprocal lattice vectors g. (b) Samc as
(a) but for fixed @2 = 50 mrad and &, = 10 mrad. Since both
angles @) and @Y are non-zero but small, this pattern
represents the general case of an intensily pattern to start
with in finding the cxact zero positions of the goniometer
after a good prealignment of the erystal. (¢) Same as (a), but
for fixed ®9=0.5 rad and &% =20 mrad. Because of the
large d{f{ this pattern may be considered typical for a bad
prealignment of the crystal. This pattern strongly deviates
from symmetry around @, = 0 and makes the precise deter-
mination of the zero position of the goniometer difficult.
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with

— 2 I 2
Tioc = YOpeam T Oscar - (27)

The contributions of crystal thickness or o, on the
one hand and the divergence o, of the incoming
electron beam on the other are depicted in Figs. 9 and

INTENSITY

RELATIVE

~100

0
oy [mrad}

10. The use of o, = 7, Proposed here is an approx-
imation which may be replaced by a more refined
procedure where the diamond crystal is subdivided into
scparate layers and the predictions of intensities and
degrees of linear polarization are made for each layer
separately. However, for the present cases the two
ways of calculation led to the same result.

INTENSITY

RELATIVE

Py [mrad)

[MeV]

ENERGY

Fig. 5. (a) Experimental relative intensity 779 = (7P + Jineoh) /[0l versus photon energy E, and goniometer angle @ for
non-zero values of @9 and ®f measured at the beginning of the alizoment procedure. Variations of the intensity of the electron
eam are eliminated by normalizing the encrgy spectra to give constant intensity at the high energy end of the spectrum where the
coherent spectrum is almost independent of the crystal angles. (b) Same as in (2) but measured at the ¢nd of the alignment
procedure. (¢) Experimental relative intensity ¥l = (J9oh 4 Jincohy spiacoh us a high angular resolution contour diagram versus
photon energy E, and goniometer angle @, for small non-zero values ‘of ©9 and @I This type of data representation is
favourable for the determipation of the symmetry point on the @y scale. Analogous diagrams may be used to find also the
symmetry points on the @y and P, scales.
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7. Comparison of calculated and experimental intensi-
ties of coherent bremsstrahlung

The purpose of this section is to explore to what
extent calculated and experimental relative intensities
agree with each other. Simultaneously, the beam diver-
gence will be determined which is the only frec param-
eter of the calculation. The temperature is choosen to
be 293 K.

The comparison of experimental and theoretical
relative intensities is carried out in Fig. 11a where the
peak of intensities due to the [022] reciprocal lattice

INTENSITY

RELATIVE

e e

INTENSITY

RELATIVE

(7

vector 1s located in the energy region of the A reso-
nance. The intensity patterns shown in the foregoing
sections have been obtained by dividing the intensities
measured with the diamond radiator by the corre-
sponding intensities measured with the Ni radiator,
This method is sufficient for determining the crystal
onentation, but is not accurate enough for the present
purpose of a detailed comparison between experimen-
tal and calculated intensities. The reason is that the
incoherent spectra depend on the charge number Z of
the radiator.

For the calculation of incohcrent bremsstrahlung

INTENSITY

RELATIVE

INTENSITY

RELATIVE

Fig. 6. (a) Calculated relative intensity 77 = (7% 4 yineoh) s riocoh versys photon energy E., and goniometer angle @,. $% = 66.28
mrad, CDQ, = (). Propertics of beam and crystal are the same as in Fig. 4a. Coherent bremsstrahlung is assumed to be due to the
reciprocal lattice vectors g =[0+2+4 2] only. (b) Same as (a) but for reciprocal lattice vectors up to g =[0+4-+4]. (¢) Same as (a)
but for Miller indices up to 20. (d) Experimental relative intensity %! = (Jo! 4 Ji"<9h) frfncol versus photon emergy E, and
goniometer angle ®,. @Y = 66.28 mrad, ®Y, = 0. Note that the gonjometer angles are the same as assumed in (a)-(c).
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from C and Ni we follow the prescriptions of Timm
[19] and Diambrini {18] but use the atomic structure
factor of Cromer and Waber [24] based on self consis-
tent wavefunctions, instead of estimates based on the
Thomas—Fermi model. The resulting correction factor
deviates from 1 by less than +2% at energies below
x = 0.8 if we normalize the intensity spectra to give the
same energy-integrated average. At the high energy
end of the spectrum at x = 0.8, however, the correction
factor deviates from 1 by up to 5% and, therefore, has
to be included in order to obtain satisfactory agree-
ment between experiment and prediction.

The agreement between experimental and calcu-

w
[l
)

lated relative intensities shown in Fig. 11a is excellent,
where an effective beam divergence of oy, =02
mrad has been used for the calculation. This gives us
confidence that predictions for the degrees of linear
polarization

I =1

i L
= =5 (28)

L+1,
made on the same basis as the predictions for the
intensities are also very precise. The degrecs of linear
polarization corresponding to the intensities of Fig. 11a
are shown in Fig. 11b.
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Fig. 7. Orientation of the reciprocal lattice vector in the laboratory frame after rotating the A axis by ¢, = - 45° with respect to its
zero position and keeping @, = @y; = 0 constant. (a) View on the diamond crystal from a dircction opposite to the electron beam.
(b) Same as (a) but view from a direction opposite to the H axis. This figure also shows the “pancake™ between the lower
kinematical border 8(x) for a given x and 28(x). (c—e): Orientation of the reciprocal lattice vector in the laboratory frame after
rotating the A axis by @, = —45°, keeping @ = 0 constant and rotating ¢ = 60 mrad (not to scale). (c) Reciprocal lattice vectors
when viewing from a direction opposite to the V axis. (d) View from a direction opposite to the H axis. (e) Final position alter
rotating also around the V axis by a very small angle ¢ . This latter view is from a direction opposite to the V axis. It Is important
to notice that from all the reciprocal lattice vectors only [022] is on the kinematical border § and, therefore, makes the strongest
possible contributes to coherent bremsstrahlung.
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800 —————T——T—T T T Table 1
L B Recommended crystal orientations for the production of sin-
L | [022§ gle point spectra with high degree of finear polarization due
L / to the reciprocal lattice vector [022] for horizontal linear
r ,) 1 polarization and [022] for vertical polarization. Angles are
T 800F I eonh. « incoh. measured in rad. Electron energy Eq =835 MeV. For each
s q _ \” ) energy the first line corresponds to vertical and the second
£ W line to horizontal linear polarization. The azimuthal angle is
%-_l‘% [ e % &, = —45° the polar angle 8 = 60 mrad
S ook \?\\\ = E,[MeV] a Py Py
| pinesh.TTTe—l e = 100 0.7511 0.0600 ~0.0021
L 100 0.7511 -0.0021 —0.0600
L 1 150 0.7303 0.0599 —0.0033
00— e e e e 800 T00 800 150 0.7303 ~0.0033 —0.0599
200 0.7063 0.0598 —0.6043
PHOTON ENERGY  {eV] 200 07063 ~0.0047 —0.0398
Fig. 8. Typical one-point spectrum: intensity I = k(do dk) as 250 0.6782 0.0597 —0.0064
a function of photon energy £, calculated for = 60° and 250 0.6782 —(1.0064 —0.0597
a=0.6452 rad. The first discgminuity is solely due to the 300 0.6450 0.0594 —0.0084
reciprocal lattice vector [022), the second due to [044]. 300 0.6450 ~0.0083 —0.0594
350 0.6050 0.0590 —0.0108
. L i 350 0.6050 —0.0108 —-0.0590
8. Degrees of linear polarization to be achieved at 400 0.5558 0.0584 ~0.0137
MAMI with collimated photon beams 400 0.5558 —0.0137 — 00584
450 (.4936 0.0575 —0.0173
The high quality of the MAMI electron beam allows 450 0.4936 —-0.0173 —-0.0575
a collimation of the photon beam without collimating 500 0.4122 0.0559 —0.0219
the incident electron beam. It is reasonable to assume 500 04122 —0.0219 —0.0559
that a collimation angle (half opening angle) of up to 550 02997 0.0531 —0.0280
0, = 46, may be achieved where 6, = 0.6 wmrad is the 220 el “Hw  -00u
characteristic angle of the bremsstrahlung beam. 400 0.1303 0.0476 ~0.0366
600 0.1305 —0.0365 —0.0476

Smaller collimation angles are not impossible but re-
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Fig. 9. (a) Calculated influence of beam divergence and multiple scattering on the relative intensity ™ = (590 4. pincoh) /pincoh of

coherent bremsstrahlung. £y =855 MeV, 6 = 60 mrad, « = 0.63 rad. Crystal thickness 0.1 mm, beam divergences o,

(full line), 1 mrad (dashed linc), 2 mrad (dotted line). (b) Calculated influence of multiple scattering and beam dis

degree of linear polarization. Ey = 855 MeV, 8 = 60 mrad, « = 0.63 mrad, crystal thickness 0.1 mm. Beam divergences: ay,,, = 0.1

mrad (full line), 1 mrad (dashed line), 2 mrad (dotted line). The additional dotted line shows the case of ay.,,, = 0 and crystal
thickness tending to zero.

(.2 mrad
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Fig. 10. Contributions of beam divergence and multiple scat-
tering 1o the total divergence of the distribution of electron
directions in the diamond crystal. The divergences are defined
as the variances o? of Gaussian distributions, as defined in
Egs. (19) and (27). The standard deviation corresponding to
multiple scattenng o, is the average over the length of the
crystal. The standard deviation &y, of the beam divergence
is an effective quantity averaging over the horizontal and
vertical parts. The total divergence o, is the pythagorean
sum of the two partial divergences.

quire major improvements in the handling of the elec-
tron beam.

In Figs. 12a and 12b we explore the influence of
beam collimation on the relative intensity of coherent
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bremsstrahlung and on the dcgree of linear polariza-
tion, respectively. In the calculation the thickness of
the crystal was assumed to be the same as used in our
present experiment, r.e. 0.1 mm. For the beam diver-
gence we uscd oy, = 0.2 mrad which was determined
by comparison of the measured and predicted relative
intensities as described 1o section 7. The peaks corre-
spond to the reciprocal lattice vector [022]. The discon-
tinuities at ES =320 MeV correspond to the exact
forward direction of the coherent bremsstrahlung beam.
Collimating the beam introduces a lower cut-off energy
ES into the two spectra being at about 280 MeV for a
collimator of 8, = 0.3 mrad. The collimator reduces the
incoherent part of the spectra but leaves the coherent
spectrum of the reciprocal lattice vector [022] between
E¢ and ES unmodified. Due to this effect the relative
intensity as well as the degree of lincar polarization P
are increascd in this energy interval. In our example P
is about 50% at the cut-off energy ES and 56% at the
discontinuity Ef,, leading to an average of 53%.

For the calculations leading to Figs. 12a and 12b we
made use of the fact that the angular distribution of
incoherent bremsstrahlung with respect to the direc-
tion of the incoming electron may be represented with
very good precision by the supcrposition of two Gauss-
1an distributions

P(8,)dn, =

X Y A,7e @/ 2mp, db,, (29)

i=1
where 4; =070, 4, =0.30, o; = 0.383 mrad and o, =
0.846 mrad. Making use of the additivity of variances,
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Fig. 11. () Relative intensity ([0 4 [ieeh) s [incoh of coherent bremsstrahlung versus photon energy. 6 = 66.28 mrad, a = 0.61170
rad, £y =855 MeV, beam divergence oy, = 0.2 mrad. Histogram: experimental result. Continuous curve: result of calculation. (b)
Predicted degree of linear polanzation corresponding o the intensity spectrum of (a).
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Fig. 12. (a) Estimated relative Intensity [ = (J%h + [incoh) srincoh 44 4 function of photon encrpy for different collimations of the

beam. £, = 855 MeV, beam divergence oy, = 0.2 mrad, crystal thickness 0.1 mm, 8 — 60 mrad, « - 0.63 rad. Without collimation

(solid line), B, =&, = 0.6 mrad (dashed line), 6, =46, = 0.3 mrad (dotted line). (b) Estimated degrec of linear polarization for a

crystal angle of ¢ = ar /4, corresponding to maximum linear polarization from the [022] reciprocal lattice vector. The curves are
calculated assuming approximately the same conditions as uscd for the corresponding curves in Fig. 11a.

the angular distribution of incoherent bremsstrahlung
including the angular divergence of the incoming elec-
tron beam and multiple scattering can be represented
in a simple closed form, which also allows an easy
calculation of the reduction of incoherent brems-
strahlung duc to collimation. This procedure is very
precise for predicting the effects of collimation on the
incoberent part of the bremsstrahlung. On the other
hand the effects of collimation on the coherent part
are laken into account only in an approximative way,
where the approximations become effcctive only for
NON-ZCr0 Oy, and mon-zero o, defined in section
6. In this approxamation we take into account the
distribution of orientations of the incident electrons in
the crystal in an exact way but disregard the fact that

MAXIMUM POLARIZATION

0 I I

1 1
9] 200 400

)
600 800
PHOTON ENERGY [MeV]
Fig. 13. Predicted highest degree of linear polarization obtain-
able for different half opening-angles 6. of the collimator,
USINE Opeym = Oheare = 07 electron energy E, = 855 MeV, recip-
rocal lattice vector g =[0+2+72]. (a) 6 ==, (b) 6. = 0.6 mrad,
6, = 0.3 mrad, (d) 0. = 0.1 mrad, (e) degree of linear polariza-
tion after complete removal of incoherent bremsstrahlung.

photons emitted parallel to p, do not enter the colli-
mator parallel to its axis when p, is not parallel to this
axis.

For a further improvement on the degree of linear
polarization P it is necessary to reduce the beam
divergence and the thickness of the crystal. The maxi-
mum degree of polarization to be achieved with an
ideal electron beam, i.€. Gpepm = Gy = 0, is shown in
Fig. 13 for different collimators. It appears to be a
reasonable assumption that the practical upper limit
for the degree of linear polarization 1s located some-
where between curves b and c¢. This leads to estimates
of the degrees of linear polarization of 80% at 200
MeV, 65% at 300 MeV, 55% at 400 MeV and 35% at
500 MeV.
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