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The paper supplies numerical information on coherent effects of bremsstrahlung and electron pair
production in diamond crystals in the energy range from 1 to 40 GeV. The information is collected
in a number of graphs and tables showing the intensity and polarization of bremsstrahlung and the
cross section and asymmetry ratio for pair production as a function of crystal orientation. The basic
formulas for the interpretation of the diagrams are given. The experimental problem of a precise
orientation of the crystal, which is closely connected with the production of coherent radiation, is

discussed on the basis of these formulas.

The production of coherent bremsstrahlung (BS)
and pair production (PP) from a monocrystal target
has been investigated by various authors theoreti-
cally 17% and experimentally 6719, For special orien-
tations of the electron beam with respect to the
crystal lattice one obtains photons with a high degree
of linear polarization and a spectrum with a number
of quasi-monochromatic lines, which is strongly
enhanced in intensity as compared to the values ob-
tained with a normal target. Both these features are
significant for photoproduction experiments at high
energies. In view of an expanding application of
this technique in several high energy laboratories it
seemed useful to collect numerical data concerning
intensity distribution and polarization effects of BS
and PP in crystals, and plot it in a universally useful
form, covering a wide range of energies and angular
orientations. This has been done here for the case of

a diamond crystal. The coherent effects — usually
called UseraLi—Diamsrint effect after the two most
important contributions to this problem — also

provide means of finding the correct orientation of
the crystal, which is a very important requirement
for the application. This technique is described.

1. Geometrical and Kinematical Definitions

We consider an electron or photon beam with
momentum P, or K, energy E, or k,, striking a
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diamond crystal at a small angle ® with respect to
its axis b, = [110], see Fig. 1. It is assumed in this
paper that ® <1. We further choose a to be the
angle between the planes p,, [110] (BS) or k,,

&i1a

intersection of pancake

__— with plane 5,5,

Fig. 1. Projection of p, into the reciprocal latice plane b,, bg
of the diamond.

[110] (PP) and [001], [110]. This choice of
orientation is, of course, arbitrary but fixed for the
information presented in this paper. The primary
beam shall have no divergence, and the target thick-
ness shall be small to the extent that multiple scatter-
ing of the electrons is negligible. Also we assume the
diamond to have a perfect lattice. These idealized
conditions can be fulfilled to a good approximation
in experimental practice.
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BREMSSTRAHLUNG AND PAIR PRODUCTION IN THE DIAMOND CRYSTAL

The momentum space for the two processes
(BS)
(PP)

e +N—>N+e +y
y+N—>N+e'+e

is the reciprocal lattice of the crystal, here given by
the crystal axes b, = [110], b, = [001], by = [1T0].
The recoil momenta q of the nuclei are restricted to
a very thin disc-shaped region perpendicular to p, or
k,, called “pancake” by Userarr, the lower and
sharp boundary being a distance 6 away from the
origin. 0 is the minimum momentum transfer to the
nucleus, in units of M ¢. For BS
S Mc? z

25, 1z (B

1)
where M equals the electron mass, and z=k/E, is
the relative quantum energy. In the case of pair
production the minimum momentum transfer is
given by
M 1

= 2ky  y(—y) (EE)
where y = E*/k, is the relative energy of one particle
in the pair.

The upper boundary of this kinematical region is
not sharp, but the thickness of the disc is roughly 9.
Contributions to the cross section of the processes in
question come from points inside this region only.
For a crystal these are the discrete manifold of in-
verse lattice vectors which represent the lattice planes
of the actual crystal. If © is small this region inter-
sects the plane b,, by perpendicular to b, in an
area of thickness 0/ at the same distance from the
origin. This situation is illustrated in Fig. 1, shaded
area, where the plane b, , b; of the reciprocal lattice
is shown, as well as the projection of P, into this
plane and the discrete reciprocal lattice points, each
being the endpoint of a vector g with components
&2 » & in this plane, where

(2)

(3)

2n 27 1/
82= — 2> gs=TV2"3,
and ¢ =922 is the edge of the fundamental cube of
the diamond in units of 1./2 «, 4. being the ComprON
wave length of the electron. The definition of (ny, ng)
is given in Fig. 1. These indices are choosen for
convenience here. It should be noted that the proper
MicLer indices in the plane n;=0 are the triplet
(ng, iy, ny). Inverse lattice planes with g; 5+ 0 are
not considered, because they give negligible con-

11 D. T. Cromer and J. T. Waser, Acta Cryst. 18, 104 [1965].
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tributions with the assumption of © being small.
The reciprocal lattice points have weights | S|2 =32
for the points and | S| = 64 for the circles in Fig. 1.

2. Cross Sections for Bremsstrahlung
and Pair Production

2.1 Formulas for coherent bremsstrahlung

The BS intensity integrated over all emission
angles is given by 7
z do
I(z,Ey, 0,a) = ey
=[1+ (1 -2)%]1[y,(6, 6,a) +v,(9)]
—3 (1 —2) [v:(6,0,a) +v,'(9)],
where N is the number of atoms in the crystal,
6= (Z2/137) (e*/M ¢2) =2.09-10726 cm? for carbon.
The functions w}.(d) show very little variation
with 63 in the region of interest where J is very
small and are assumed to be constant. At 6 =0:

v,i=18.2, y,i=17.4.

(4)

(5)

i 2(0) have been calculated from the appropriate
integral given in 3 but using scattering factors
published by Cromer and Waser !!. Also the con-
tributions of the electrons, assumed to be incoherent
and therefore calculated after WHEELER and Lams 12,
are included in (5). These constants form the in-
coherent part of the intensity, which is due to thermal
lattice vibrations:

Ii(x)=[1+(1—2)2] -18.2— 3(1—2)-174. (6)

The incoherent contribution (6) is represented in
Fig. 2 as a function of 2.

r \ I/« Jtx)dx <185
) —

10f

1 L 1

05 X= ,VE., 10

Fig. 2. Bremsstrahlung, incoherent intensity as a function
of .

12 J. A. WaeeLer and W. E. Lans, Phys. Rev. 55, 858 [1939].
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Y, in (4) are given by 13 as
No @) 46

@ O
: Z {512 e 19 C(g?)

Ny, 2m)2 24'(32
1102(6 0 a) 0 pr @3 B (7)

12 o= Ag* C(g2) (82T &s") (82 005 a+gysin a—6/6)
Z |S C(g ) (8s cos a+ gy sina)t

The functions vy, ,

v, (9, 0,a) =

8°+8s®
(g; cos a+ggsina)? ’

where N/Ny =8 is the number of atoms in the funda-
mental cell, 4 =126 is the mean square temperature
displacement of the carbon nuclei at room tempera-
ture, 0 is defined by Eq. (2), a and | S|? are defined
below Eq. (3), and C(g?) is an atomic screening
function which is given by

C(g?) - p~%2mmu.w o}

where Z is the atomic number, and the constants a;,
bi=(24,)%b; and ¢ are taken for carbon from
ref. 11:

(8)

a;=1.8359, b5,=1.0528-10%,
a,=1.8119, 5,=0.4678-10%,
ay=1.5809, b;=0.0239-10¢%, (8"
ay=0.5426, b,=2.7116-10¢,
c=0.2283.
e t

gl_c (ga)

9" =38 (n, +2ny)
(3046410

————f——t ¢+++—0—+—+—+—¢—

gl
D e e S J

5 10 15

20410
Fig. 3. Atomic screening function g*-C(g?) as a function of g2,
for carbon. g in units 2 /4. .

g2-C(g?) for carbon is plotted in Fig. 3. The sum
(g) in (7) is to be taken of those reciprocal lattice
vectors only which satisfy the condition

06/ < gocosa+ggsina. (9)
The polarization is linear and is defined as the differ-

ence of intensities with the photon electric vectors

13 G. Boroeya, G. BarsierLini, G. Diamsrint, and G. P. Mur-
tas, Nuovo Cim. 28, 435 [1963].
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perpendicular and parallel respectively to a plane 11,
divided by the sum:

2(1_3) Ys (67 @9 a, <P)

Iyn—1Im_
Pn T Tin+Limo I(z, E,, O, a) (1
where
_ _ N, 2m) 4”6}
%(5,@,0‘&)— -N— P o4 (11)

—&5°) cos 2 p+2 & &3 sin 2 ?’
(g» cos a+gg sin a)4

. Z|S|2 e~ 49" C (g) (&°

The reference plane II contains p, and lies at angle
@ with respect to plane Py, [001]. For ¢ =a this
plane is given by p,, [110], which is used as a fixed
reference plane in 13. It should be noted that this
definition is valid in the limit ® < 1, where p, and
[110] have nearly the same direction.

2.2. Formulas for coherent pair production

The cross section for coherent PP in a diamond
crystal, as taken from 13, is given by

](?/, k09 ) NO' dy

=[y2+ (1-9)2] [1(3, 0,a) +y,i(d)] (12)
+3y(1—y) [v:(9,0,a) +y, ()],

where y is defined in connection with Eq. (2) and
yis, 10 are given by (5) and (7), keeping in mind
that 0 is now defined by (2).

In the place of the polarization P for BS we define
for PP the asymmetry ratio R, following 13, as:

2y(1—y) y5(6,6,a,9)

](y: kOs 8 a)

_Jin—Jn _

Jin+J|m (13)

J 1 n and J, 1 represent the differential PP cross sec-
tions resulting from photons completely polarized
perpendicular and parallel, respectively, to the plane
IT defined in the foregoing paragraph, but with p,
replaced by Kk, .

2.3. Universal representation
If we express 0 in Eq. (7) by Eq. (1), then the
function v, can be written in the following form:
_ E, M3 oz
LTI AL
S |s[earC(g)
g

1—2z (14)

8 +85° .
(8, cos a+g; sin a) 2

Similarly, we can write Eq. (9), the limit of summa-
tion, as:

1 z

OF, (15)

M c? .
i < gocosa+ggsina.
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This shows that v, is proportional to E,, and that it
can be written as a function of a, z and O E,. The
same applies to v, and ;.

Therefore the intensity, Eq. (4), can be split into
an incoherent part /i (z), Eq. (6), which depends on z
only, and a coherent part I°(z, ® Ey, a), which is
proportional to E, and depends on z, © E;, and a,
so as to yield a universal representation for I:

I(z,Ey, O Ey,a) =I'(z) +Ey-I¢(z, O Ey, a).
(BS) (16)

The same is true for the polarization P as given by
Eq. (10):
2(1—z)-Ey'p(z,OFE,a,
F{s By B Boy 20) = (1‘ =) )-i-E:-IIZ((z,e@ 5, a)(p) '

p=vs/E,. (17)
Further, expressing 0 in Eq. (7) by Eq. (2) an ana-
logous dependence results for PP, Egs. (12) and
(13) take the general form:

I(y, ko» O ko, a) =T (y) + ko J(y, O ko, @) ;
(PP) (18)
_ 2y(1—y) ko r(y, Oky,a, ) .
R(y, ko, O ky,a,9) = ° J'@) +ke I (y, O kpya) °
r=yylky. (19)
Because of this general behaviour, the functions I,
P, ], R can be presented as diagrams, which are use-
ful for the experimental application of the UseraLL—
Diamerint effect.

3. Intensity of Bremsstrahlung as a Function
of x

First we deal with the two significant cases a = 0°
and 90°, where the pancake intersection is parallel
to by and b, respectively.

3.1. Case =0 °

In this case inequality (15) reduces to
1 Mc =z < 27

ﬁ 5 ns. (20)

11—z a
The coherent spectrum is rather well determined by
its intensity steps at the discontinuities, for which
the equality sign in Eq. (20) is valid. From Eq.
(20) the positions x4 of the discontinuities are deter-
mined by

N | R —

1+aMc(4dan, OF) "’ (21)
B ORE B, " 5 AABTED s -

-47“12 1—2q

xg =

1979

If O is measured in mrad, E; in GeV, we find

aMS _ 37.4910~2GeV. (22)
4
1000 -
= a=0° ]
500

GeV mrad
—

Ok,

100

i /I

0 L=l 3 7

1/

' )
05 Xd 10

Fig. 4. Bremsstrahlung, discontinuities as a function of ® E,,

a=0°. Correction: 5 on the vertical axis to be replaced by 4.

Z, as a function of E; is plotted in Fig. 4. At the dis-
continuities the intensity (16) depends only on z4,
because of relation (21). It is a double valued func-
tion of x4, which we denote by u = upper value and
1 = lower value:

I"=I(zq) +EoI*(%3,0),
I'=I'(zq) +EoI%(24,0),
Al=1"—-1' =E, AI°(z4,0).
The universal functions I°(xz4,0) and, for con-
venience of representation, the intensity step

Al (zq, 0) =0 — [

(23)

are plotted in Fig.5 in units GeV™!. It is possible
to construct from these curves a coherent spectrum
for any given situation, as the following example
will illustrate.

Example: Let the electron energy available be E,
=2 GeV. We want the first peak of the spectrum to lie
at 600 MeV, so that n, =1, 290 =0.3.Fig. 4 gives OE;=16
and therefore ® =8 mrad. From the same plot we derive
the discontinuity positions for ny=3, 4, 5, 7. The
auxiliary data necessary to evaluate the spectrum are
given in Table 1. The first line contains the discontinuity
numbers ny. The next line lists the values zq from
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as Xa 10

Fig. 5. Bremsstrahlung, intensity steps and lower intensity as
a function of g, a=0°.

Fig. 4. The following two lines contain AI¢ and I¢! from
Fig. 5, from which I°" is calculated in line number five.
I and I°! have to be multiplied by E, and I'(zq) from
Fig. 2 added to give I", I! which are listed in the last two
lines.

The spectrum can now be constructed as indicated

in Fig. 6 and completed by drawing the dotted lines.
3.2. Case a=90°

G.LUTZ AND U. TIMM

I
/ E, =2GeV
/ 6 =8 mrad
/ o =0°
100 + /
H /
/
/
I /
50"— // /
1 7 o ,1
// ’/// il
¢ ¢ . . . . //I"‘\-“-u——‘
0.l5 N X 10

Fig. 6. Coherent BS spectrum constructed from Figs. 2, 4, 5
for E,=2 GeV, ©®=8 mrad, a=0°.
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For the position of discontinuities we now find i i
from Eq. (15) L i
2= 1 .
- 1+aMc/(4angY2OE,) ’ (24) 1 L 0554 ‘X‘ L o
M c* zd ) ]
E =% s =1,2,3,4,...
8 4 ng _Vz 1 B——, L Tl3 9 iddy Ty XY 9 d
- Fig. 7. Bremsstrahlung, discontinuities as a function of @ E,,
aMc2/(4nV2) =26.51-10"3 GeV. (25) a=90°.
(1) ‘ ng ] 1 | 3 { 4 | s 7 |
) 2 0.300 i 0570 |  0.630 0.683 0750 | TFig.4
3) Ale 55.2 9.0 } 10.0 3.0 13 | Fig.5
4) Iel 54 | 80 | 26 2.2 20 | Fig.5
) Jeu 606 | 170 | 126 5.2 33 | 3)+ @
‘ |
(6) BoIcv | 121.2 ‘ 340 | 252 10.4 66 | (5)-Eo
(1) Eolcl 108 16.0 5.2 44 40 | (4)-E
(8) Ii 19.0 “ 16.7 ‘ 16.5 16.4 | 16.5 | Fig.2
) Iu 1402 507 | 417 268 | 231 | (6) +(8)
(10) n 208 | 327 | 217 20.8 205 | () + (8)

Table 1. BS, a=0°, ©=8 mrad, E,=2 GeV.
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7, is plotted in Fig. 7 against O E, for o —=90°. The
intensity functions /¢! and 4I° are plotted in Fig. 8
in units of GeV 1. With the aid of Figs. 7 and 8 the
spectrum for a=90° is constructed in the same
manner as has been described for a =0°.

10 Xq 05

as Xa 10

Fig. 8. Bremsstrahlung, intensity steps and lower intensity as
a function of zq, a=90°.

’Owtb = m
3 0%o<90° |
.% n,=0 ]
O ny =2

OE,sino |

g 8
\

~
v (S
T
L

0.5 X‘ 10

Fig. 9. Bremsstrahlung, position of discontinuity for the lat-

tice point (0,2) as a function of @ E,sin a, 0°<a<<90°.
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3.3. Case 0° <a<90°

In this case the relation (15), with equality sign,
gives the positions of all possible discontinuities in
the spectrum. We write this equation now in the form

————— ). (@0
with @ in mrad, E, in GeV. Fig. 9 gives z, as a func-
tion of ® E sin a for the most important inverse lat-
tice point 0.2).

The intensity steps 4I° are now determined by
single inverse lattice points because — as a is neither
0° nor 90° — with increasing z in general only
single points are lost from the pancake instead of
rows of points. From Eq.(7) and (4) we find the
relation for an intensity step at the discontinuity 24,
which does not depend on a:

1o 8N, (2m)*
al° = ,aq [1+(1—=a)®] = a(sM’)'cz (27)
| S |2 e=49" C(g?) (ny? +2 ng?).

As g2C(g%)e ¥ is a function which is strongly
peaked around the origin of the reciprocal lattice
space, the intensity steps are large for points in the
vicinity of the origin, like (0,2), (1,1), (4,0), (4,2),
(3,1), (1,3). 4I° is plotted for the most important
inverse lattice point (0,2) in Fig.10. In addition
Fig. 10 shows the lower intensity /! for some values
of a.

05 X, 10

Fig. 10. Bremsstrahlung, intensity step and lower intensity
for the lattice point (0,2), as a function of zq, 1°<a<6°.
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The importance of the single point steps from the
experimental point of view lies in the fact that they
have high polarisation, as will become evident in
‘paragraph 6. In order to obtain spectra where the
contribution from a single point dominates the spec-
trum one must meet two conditions: (1) The pancake
intersection thickness, 0/@, must be small, which can
be done, as Fig.1 shows, by increasing 0. (2) a
must be chosen such that the point wanted is in-
cluded in the intersection area of the pancake. If
these conditions are met, the spectrum can be con-
structed by using /°' and 4/¢ from Fig. 10 in con-
nection with Ii(x) from Fig.2, the peak position
being determined by Eq. (26). The most suitable
point with respect to intensity and polarization is

(0,2), which is obtained for large © and small @ 0.

G.LUTZ AND U. TIMM

4. Integrated Intensity of Bremsstrahlung

In order to obtain the total intensity from a co-
herent spectrum we have to integrate Eq. (4) over
z. The knowledge of the dependence of the total
intensity from the parameters 6, E, and a is neces-
sary for experiments where the coherent y-radiation
is monitored by a quantameter.

Following Eq. (16) the total intensity may be
split into two parts:

It(Ey, O Ey,a) = Ipi + Ey 1§ (O E,, a).

The incoherent contribution can be derived from

Eq. (6): .
ITi=0_|'1i(x) dr= 4y, - 3y, =18.

(28)

In order to understand the procedure of integration for the coherent part we first imagine that the reci-
procal lattice plane b,, by contains only one g so that the sum in Eq. (7) can be omitted. Expressing 6
then by Eq. (1) we find for the total intensity arising from the point g:

.6[

By B2 2Me

0 §
1
It = [I*(z, O Ey,a) dz = SOl edrofgy minlts
0

N & (OF)* 1=z (8 cos a+ gy sin a) 2
1
_2Mc [ 2 G2 —agt 0 (g2 (g,°+8%) dz (30)
OE, 6[ 1—z fs' = C(g) (8; cos a+ gy sin a)?
1
M V(2 g2 - c(p2) (8787 da }
+<@E0) f (1—2)2 |S’ 5 C(g ) (85 cos a+ggsin a)t :

0

Under each of the three integrals the condition (9) holds. This means — following Eq. (15) and (26) —
that g only contributes to the intensity, if

xS rg=1 / (l +
Therefore the upper limit of the integral has to be replaced by z4. In the actual reciprocal lattice plane we
now have to sum up all these individual contributions, so that the result is an interchange of summation
and integration:

M c?

2 O Ey (g cos a+g;sina) (31)

3

_ N @m)? 2Mc 2 =40 (02) (0.2 L 0.2 Ai(zq) ]
It = N o (OF)? %IS] e C(g") (g2 + 8 ),-Zl (8 cos a+ggsina)itl ’
Zd
1+(1—2x)2 12 3
Ay (2q) = J‘x[ +1(__z i ]dx= —In(1 —zq) —2q+ ?2‘_ _ ?g,’
0
Ta
__2Mc2 z*de  2Mc? _ f‘f
Az(2a) = = "5 !1—: ~ O, (l“(l Za) +Ta+ 5 ) (32)
Me\l (3 2 \2 2
_ c ,,di,z M _ zq® 7d
As(xd)‘(“.,)o (1—2)® (@Eo) <3ln(1 7a) +2%a+ 5 +1—za>'
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The sum in (32) is now taken over all lattice points
in the half plane z3 = O or, in terms of components

82, 83°

(gacosa+ggsina) = 2%% lidzd =0. (33)
If a is chosen such that reciprocal lattice points lie
on the lower boundary z; =0 of the pancake, then
these points appear symmetric with respect to the
origin. For an exact result the summation in (32),
however, includes only half of these points. This
can be seen from the asymptotic behaviour if we
change a by * 4a. An equivalent argument arises
from the fact that the lower pancake boundary is not
really a plane but is slightly curved; therefore the
symmetry argument actually is not valid. Also, at a
first glance, the sum of Eq. (32) appears to ap-
proach infinity for z— 0. However, by expanding
In(1 —z4) and z4/(1 —z4) one can show that

lim S Ai(za) _8 ( Q&)ﬁ
za—0 i=1 (8208 a+gysina)itl 3 \mMme2 )’

(34)

The coherent part of the total intensity is plotted in
Fig. 11 as a function of @ E, and a in polar coordi-
nates with the parameter I1° in GeV~!. Fig.12
shows I1¢ versus @ E, for a=0°, 90°. The inte-
grated intensity as a function of E,, © and a is
derived from these plots in connection with Eq. (28)
and (29).

Fig. 11. Coherent part of total intensity as a function of @ E,
and a.
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3 ; —
a1 1 10

GeVmrad 100

Fig. 12. Coherent part of total intensity as a function of O E,
for a=0°, 90°. Correction: ITi=18.5.

5. Intensity of Bremsstrahlung as a Function

of O

For the alignment of the crystal with respect to
the electron beam it is necessary to measure the
intensity as a function of O, with E; and z fixed.
This distribution may be constructed like the spectra
with the aid of Figs. 2, 4, 5, 7, 8 for a =0° or 90°,
whichever case applies. The position of the disconti-
nuities, which we call ®, now, are taken from Fig. 4
or 7, and the coherent intensity steps from Fig. 5
or 8, which are then combined after Eq. (16) to give
the intensity distribution /(z, E,, © E,, a), which
is symmetric in ©. This, however, is not the quan-
tity actually measured because, using a pair spectro-
meter, the coherent y-ray serves at the same time
as a monitor of the counts. The observed quantity is
therefore rather:

1(z,Ey, O Ey,a) _ Ii(2) +E, 16(O4 Ey, a)
In(Ey, O Ep,a)  ITi+EoI1¢(BaEy,0) °

(35)

where the total intensity is taken from Fig. 11 or 12.

6. Polarization of Bremsstrahlung
in the First Peak

The polarization is the most significant property
of the coherent BS. Its energy dependence resembles
that of the intensity, but it is large only at the first
peak of the spectrum, i.e., at the lowest discon-
tinuity in energy. Only this maximum polarization
is represented here.

Let z, be the position of the first discontinuity, P*
the polarization at this peak. The polarization is then
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given in accordance with Eq. (17) by the general
form:

2 EO (1—11) P* (xlv a, ‘P)
li(z,) +Eq 10 (24, @)
_ 2(==z) p*(z, 0, ) | 1

[eu(z,, a) 1+1i(zy) [Eq I¢U (24, a) '

P*(zy,Ey, a,¢) = (36)

P* is plotted in Fig. 13 for the cases a=¢ =0°,
a=@=90° and a=3° ¢=0° with E, as para-
meter. The general trend is that the polarization in-

100 +
%

Fig. 13. Polarization of the first peak as function of z, .
1<E( <40 GeV, a=0°, 3°, 90°.

creases towards the lower end of the spectrum. The
peak position z; as a function of © E; has to be
taken from Figs. 4, 7 or 8. The polarization obtained
from the orientation a=3°, where, as has been ex-
plained in paragraph 3.3, the reciprocal lattice point
(0,2) is responsible for the first peak in the spec-
trum, is much higher than that obtained by any
other alignment.

7. Pair Production for y =1/2

Electron pair production by photons is studied in
a pair spectrometer. We restrict ourselves here to the
case where the observed particles have equal ener-
gies, y = 1/2. This means that we are only interested
in how the cross section for PP is dependent on the
angular orientation of the crystal.

According to Egs. (9), (2) the position of discon-
tinuities @4 are then given by

2M c?
S Tt
2 3

(37)

G.LUTZ AND U. TIMM

The cross section at the discontinuities, resulting
from Eq. (18), is represented by the steps:
J'=Ji(}) +kyJo(R,0),
]lzji(%) +k0']d(§,a),
Al =] —]' =ky-A4]¢(3, a).
For the incoherent part of (38) one finds from Egs.
(12) and (5):

(38)

F'(3) =3yl + §y,'=120. (39)
The asymmetry ratio (19) is now, for y = 1/2:
Ru(%) =k0 ru(%, a9¢)/(2 ]u) H
R\(3) =kor'/(2]). (40)

Egs. (38) and (40) can be presented in tabular
form, which is done for a =0° (Table 2) and a=
90° (Table3). As in the case of BS intensity, it is
possible with these tables to construct the @ de-
pendence of the cross section and the asymmetry
ratio for PP from the discontinuity values for any
value of k.

Ogko | Jeu ‘ Jel 3ru | in
"*  GeVmrad GeV-l | GeV-l GeV-l = GeV-l
1 1500 | 2.648 | 0.437 1.1635 | —0.0041
3 50.0 3467 2191 —0.3282  —0.1729
4 37.5 3.128 1.241 —0.5465 —0.1316
5 30.0 1.691 0983 —0.3213 | —0.1167
7 21.4 1.598 © 1.171 —0.4484 —0.2742
8 18.7 1.339  0.661 —0.4676 —0.1604
Table 2. PP, a=¢=0°, y=1/2.

| Oaky | Jeu | ga g 3p

3 |GeVmrad, GeV-1 (GeV-1 | GeV-1 | GeV-1
e | S ,._.‘_.

1 106.0  3.935 = 1.058 0.5444 — 0.0303
2 53.0 3.325  1.398 —0.4840 —0.0860
3 35.3 2551  1.310 —0.4352 | —0.1425
4 26.5 1.944  1.098 —0.4503  —0.1722
5 21.2 1461  0.864 | —0.4204 —0.1778
6 177 | 1.073 | 0.646 —0.3686 —0.1645

Table 3. PP, a=¢=90°, y=1/2.

The coherent PP is in its discontinuous behaviour
very similar to the coherent BS. There is one strik-
ing difference however, in that the incoherent contri-
bution for PP is very much higher in comparison to
the coherent part for comparable energies. The
asymmetry ratio is largest for y =1/2. It can be
used to analyse polarized photons of high energies 3.
Only the peak ny,=1 for a=0 is of significance in
this respect. For a0 and large © but with reci-
procal lattice point (0,2) included in the pancake —
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in complete analogy to the case treated in paragraph
3.3 for BS — one obtains about the same asym-
metry ratio, and even a somewhat higher one for
energies above 10 GeV. There is an advantage over
the case a=0° with regard to the magnitude of
R", which is due to the fact that for a=0°, R"
is sensitive to errors in both angles © an a resulting
in a reduction from the theoretical value because the
peak, originating from a row of lattice points, dis-
integrates. If, however, R" originates from the single
lattice point (0,2), such a disintegration is not pos-

sible.

8. Methods of Crystal Alignment

For the application of the methods described be-
low it is necessary that the position of the axis b,
is known — for instance from X-ray crystallo-
graphy — within, say, 20 mrad, so that the crystal
can be mounted in the goniometer with b, roughly
parallel to p,(k,). The precise orientation must
be measured in the goniometer itself because an ac-
curacy in the order of 0.1 mrad is required.

We consider the diamond mounted in a gonio-
meter framework which has two axes of rotation f,,
f; , perpendicular to each other, by which the crystal
can be turned through angles @,, ®@; in a small
range of perhaps 1100 mrad. The definition of
angles must be good to, say * 0.1 mrad. The elec-
tron or photon beam should be roughly perpendicu-
lar to the plane f,, f; . The orientation of the crystal
— as measured in the coordinate system @, , P, —
requires the knowledge of the point (P,°, @,°)
where b, and p,(k,) are parallel and the equation
for one of the transverse axes, for instance b,
— i.e. po(k,) in the plane b;, b, — which may
be given by

(P — D) =m (D, — D).
If @,% @D,° and m have been determined, we can

identify © an a in terms of the coordinates ®@,, P,
by the relations:

O =[(Dy— D)% + (D3 — D4Y)%]"; O <1
; n=(Dy— D) [(Dy— D,0). (41)
The following discussion describes how ®,°%, @,°

and m may be measured by using the angular de-
pendence of either BS or PP.
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8.1 Orientation by means of bremsstrahlung

The position (D% D) of the axis b, can be
found by observing the total intensity, for instance
with a quantameter, as a function of @, and D, . It
follows from Figs.11 and 12 in connection with
Eq. (28) that the total intensity has a strong peak,
proportional to E,, as © approaches zero.

The transverse axes b,, by are perpendicular to
each other. Therefore it is sufficient to determine
one point on one of these axes in addition to (D,°,
®,%) . In practice, of course, one would measure
several points. If we assume that b, , by are roughly
known with respect to their position then we can
consider them as mounted nearly parallel to f;, f,,
respectively. The BS intensity is now measured at
large O = const as a function of a, which is varied
across one of these axes keeping £, and z fixed. The
intensity thus observed is characterised by two sharp
discontinuities which are due to the pairs of inverse
lattice points (0,2), (0,2) or (4,0), (4,0); each
pair lies symmetric to b, or b;, respectively.

Even if nothing were known about the position of
the transverse axes one could find the orientation by
observing the pattern of discontinuities which is
given in Fig. 14. To understand this pattern, we re-
write Eq. (26) in the following way:

A(ny@cosa+nyV20Osina) =1,
A-1—ma42E (gg)

za aMe’

(42)

where @ is measured in mrad, 4 in mrad~!. For
convenience of notation we now assume that
@35 =0 and m =0, which means that the crystal is
ideally mounted in the goniometer. It is obvious that
D, , D, are the projections of © onto the axes b, ,
b;:

®D,=0Ocosa, Dy;=0sina. (43)

The equation of discontinuities can thus be expressed
in the coordinate system of the goniometer in the
simple form

AP,

T2 A¢3
1/n,

1/(n3 V2)
Eq. (44) shows that each discontinuity from the
reciprocal lattice point (n,, ng) is represented
by a line in the diagram 4 ®,, A @;, these
lines are drawn in Fig. 14 for |n,| <7 and
|ng| < 5. A cross point marks a discontinuity which
is caused by a row of points, as in the cases a =0°,
90°. The discontinuity steps descend towards the

=T, (44)



1986

A9,
1(n,)
I
A
|
05,
|
2 7
W <
1 S
’ e
L- o e Py 2 —Ar-¢x->
0s. 10

Fig. 14. Lines of discontinuities (n,, ny) in the angular space

APy=A406cosa, APy3=A6Osina, A=E,(1—=zq)/(37-49

xq) for BS, A=Fky/150.0 for PP (in mrad—!). E,, k, in GeV,
O in mrad.

origin of the diagram. Each line is determined by its
values on the axes by, by namely 1/n,, 1/n,V/2.

The orientation is now found by observing the
coherent photon intensity going along at least two
lines for instance @D, = const, P53 = const, in the dia-
gram D, , Dg. Crossing the discontinuity lines (44)
causes characteristic intensity jumps which have to
be compared with the pattern of Fig. 14, after the
coordinates have been normalized by the factor 4.

The step height measured and given by Eq. (27)
can also be used to identifiy the discontinuity, al-
though with BS it is usually smaller than the theo-
retical value due to averaging effects, particularly
for small @. In this case one has also to take into
account the dependence on total intensity, cf. para-
graph 5.

8.2 Orientation by means of pair production

A photon beam is now incident on the diamond
crystal and is converted into electron pairs which
are detected at equal energies, y=1/2, and at a
well defined photon energy k,. A total intensity ef-
fect cannot be used in this case. However, the method
of comparison of discontinuities in cross section
with the pattern of Fig. 14 works also for PP. With
0 defined by Eq. (2), the scaling factor 4 from Eq.
(4) changes to:

daky,  ak,

A=y(1_y) aMc aMe’

aMec (FE)

y=1% (45)
An advantage in studying PP lies in the fact that
averaging effects are less critical than for BS be-
cause — as an inspection of Egs. (1) and (2)
shows — the minimum momentum transfer for PP,
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y=1/2, is always larger than that for BS at the
same energy. The ratio is already 4 at 2=0.5 and
rises quickly for lower z. Thus for the same discon-
tinuity the angle © is larger by the same ratio, as
shown by Eq. (9). Moreover multiple scattering of
the incident particles does not occur; therefore the
reciprocal lattice points which contribute to the
intensity are well defined by the primary direction.
As a consequence the cross section for PP is less
sensitive against errors in angle, so that the step
heights for PP are a rather precise tool for the iden-
tification of the line. 4J¢= /" — ], defined in Eq.
(38), may be calculated in analogy to Eq. (27)
from the equivalent formulas for PP. For y=1/2
one obtains:

ar— BN SR AP C(g2) (n?+2ng). (46)
Table 4 gives values for A4J¢ for a number of lattice
points in the vicinity of the origin. The parameters
of orientation @,°, ®@,° and m are thus determined
by a comparison of the discontinuities in the pair
cross section in height and position with the pattern
of Fig. 14.

ne | mg | Je (GeV-1) | ng ng | J¢ (GeV-1)
0o | 2 0.8884 4 | 4 0.1742
1|1 0.6356 5 1 0.1576

4 | 0 0.5182 3 ‘ 3 0.1576

3 | 1 0.3548 8 | 0 | 01265

4 2 0.3540 8 2 | 01103

0 4 0.2658 0 6 | 01101

1 3 0.2214 ‘ 1

Table 4. PP, y=1/2.

9. The Influence of Experimental Imperfections

It is beyond the scope of this paper to discuss
quantitatively the various influences on the spectra
due to experimental imperfections. We want to give
a rough and qualitative idea only of possible de-
viations from the assumptions made in paragraph 1
and of their influence on the data presented for
idealised conditions in the subsequent paragraphs.
The primary energy scattering can be made so small
that their influence can be neglected. Four effects
will remain which tend to smear out the discon-
tinuities and reduce the height of the peaks, parti-
cularly for small angles ©. These are: primary
divergence of the beam, multiple scattering in the
crystal, mosaic structure of the crystal lattice, and
mechanical vibrations of the target.
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For BS the effects from multiple scattering and
divergence are reduced by collimation up to the de-
gree where the natural angular distribution M ¢?/E,
is dominant. There is experimental evidence from
the measurements reported in ref.® that the mosaic
spread is certainly smaller than 0.1 mrad if the dia-
mond is cut from a well-grown octahedral crystal.
Vibrations, although they are likely to occur, can be
avoided by careful design of the support. It must be
noted that the reduction in intensity does not only
result from the uncertainty of orientation in 40/6
but also and even stronger from the azimuthal error
Aa =2 A0/6O connected with 46.

The PP is less sensitive to these imperfections be-
cause the angles involved are larger by a factor of at
least four if equal energies kg, E, are compared. In
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addition, multiple scattering of the incident particles
does not occur, and the primary divergence can be
reduced by collimation of the photon beam to a very
low value. Therefore experimental results for co-
herent PP can be expected to agree with the data
presented here to within a few percent, the slopes at
the discontinuities being smaller than 0.1 mrad.
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Anregung der Elektronenhiille des Rb* als Nachwirkung beim 8-Zerfall von Kr8

H. J. Axpri, K. Lucaner und W. ScHaMBECK

Physik-Department der Technischen Hochschule Miinchen, Teilinstitut Prof. H. Maier-Leis~iTz

(Z. Naturforschg. 21 a, 1987—1988 [1966] ; eingegangen am 26. August 1966)

Beim f-Zerfall des Kr8 verbleibt der Elektronen-
hiille im Mittel etwa die Energie 80eV!, so dafl
bei ihrer Umordnung, wie in einer Anzahl theoreti-
scher Arbeiten 27¢ gezeigt wird, Ionisation oder An-
regung zu erwarten ist. Experimentell gesichert ist
aber, daB bei 80% aller Zerfille keine Ionisation
auftritt 7. Es entstehen also iiberwiegend Rb*-Ionen,
welche angeregt sein und dann unter Lichtemission
in den Grundzustand iibergehen kénnen. Uber den
Nachweis einer solchen Lichtemission als Folge der
Hiillenumordnung nach S-Zerfall sollen hier erste
Ergebnisse mitgeteilt werden.

Aus einem Gefdl, das mit Kr8 angereichertem
Krypton gefiillt war, wurden Photonen in Koinzi-
denz mit S-Teilchen des Kr®-Zerfalls gemessen. Der
Nachweis der einzelnen Photonen geschah durch
einen rauscharmen, schnellen Photomultiplier (RCA
8575), dessen Ausgangsimpulse in einer hochemp-
findlichen Tunneldiodenschaltung geformt und mit
den Ausgangsimpulsen eines schnellen S-Szintilla-
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tionszahlers einem Zeit-Amplituden-Konverter zuge-
fiithrt wurden. Durch ein im optischen Strahlengang
befindliches Interferenzfilter konnte bei jeder Einzel-
messung ein enger Spektralbereich untersucht wer-
den. Abb. 1 zeigt fiir einen solchen Spektralbereich
die zeitliche Korrelation der S-Photonenkoinziden-
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Abb. 1. 8-Photon-Koinzidenz im Wellenldngenintervall 4110 A
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