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Summary: 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
disgrams 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 basig of

these formulas.
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Introduction

The production of coherent bremsstrahlung (BS) and pair
production (PP) from a monocrystal target has been
investigated by various authors theoretically 1) 2) 3) 4) 12)
and experimentally.5) 6) 1) 8) 13). For special orientations
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-monochroma%ic lines,
which is strongly enhanced in intensity as compared to the
values obtained with a normal terget. 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 use-
ful to collect numerical data concerning intensity distribu-
tion and polarization effects of BS and PP in crystals, and
plot it in a universally useful form, covering & wide range
of energies and angular orientations. This has been done
here for the case of a diamond orystal. The coherent effects
- usually called Uberall-Dismbrini 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 tech-

nique is described.

Geometrical and kinematical definitions

We consider an electron or photon beam with momentum'§; or Ez,
energy Eo or ko, striking a diamond crystal at a small angle &
with respect to its axis b1 = [110], gee Fig. 1. It is agsumed
in this paper that € <& 1. We further choose &K to be the
angle between the planes'ﬁz, (1101 (BS) or Kk, 1107 (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 thickness shall ve small to the extent that multiple
scattering of the electrons is negligible. Also we assume

the diamond to have a,perfect latiice. Thegse idealiZed

conditions can be fulfilled to a good approximation in
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experimental practice,

The momentum space for the two processes
-€_+ N — N o+ Q‘ + X (QS)
¥+~ N = Ny &, e (PP

is the reciprocal lattice of the crystal, here given by the
crystal axes Ei = [110}, EE = [b013,‘33 = [170]. The recoil
momenta § of the nuclei are restricted to a very thin disc-
shaped region perpendicular to ﬁz_orkﬁg, called "pancake"
by Uberall, the lower and sharp boundary being a distance d
away from the origin. d is the minimum momentum transfer

to the nucleus, in units of Me ., For B3

Mc*  x PN
(1) 6: :{Eo"f‘x \QS/

where M equals the electron mass, and x = k/E0 is the
relative quantum energy. In the case of pair production the
minimum momentum transfer is given by

M < /

T .Eij:igé (PP

(2) d =

where y = E+/k0 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 é', 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 inverse lattice vectors which represent

the lattice planes of the actual crystal., If £ is small this
_géfgz perpendicular to‘Ta in an
area of thickness‘%@ at the same distance from the origin.
This situation is illustrated in Fig.1, shaded area, where

—_
the plane b2, B, of the reciprocal lattice is shown, as well

3

region intersects the plane
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as the projection of Ez into this plane and the discrete

reciprocal lattice points, each being the endpoint of a

vector é}with components 8o g5 in this plane, where

- —
~ PO T

(3) (d,—: (; ?12_‘, égz—o:z_')’LSJ

and a = 922 is the edge of the fundamental cube of the dia-
mond in units of ﬂ&;, the Compton wave length of the

. electron, divided by 27 . The definition of (nz, na) is
given in Fig. 1. These indices are choosen for convenience
here. It should be noted that the proper Miller indices in
the plane n, = O are the triplet (na, 55, nz). Inverse
lattice planes with 8, % 0 are not considered, because they
give negligible contributions with the assumption of & being
amall. The reciprocal lattice points have weights iSiz = 32

for the points and [sz = 64 for the circles in Fig. 1.

Formulas for coherent bremsstrahlung

The BS intensity integrated over all emission angles is

6)

given by

@) TxE, QL) T gLl O Ly (60 (9]

?_. ’ ‘A D o “- .
- = A — x L_’L_-/;\d; I, =) 7{«_ Lo )J/

where N is the number of atoms in the crystal,

o = (22/137)(92/M02) = 2,09 °* 10_26 em® for carbon. The 1)
functions '%;:‘(dd show very little variation with 4

in the region of interest where d“is very small =znd are

assumed to be constant. At S = 0

r

S AT A A



- 4 -

v

(VQ fo) have been calculated from the appropriate integral
given in 3) but using scattering factors published by Cromer
and Waber9). Also the contributions of the electrons,
assumed to be incoherent and therefore calculated after
Wheeler and Lambqo)

form the incoherent part of the intensity, which is due to

y are included in (5). These constants

thermal lattice vibrations:
'{I -
(6) LT eo= [14 G-l ant — F(1=x)16.9

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

a function of x.

11)

The functions %%’ Y, in (4) are given by ast
i, i)~ 4 Ag 9. * 53
(OB o Nt T 2 T gz
(1) fy;(éj@}of)_ N g QL%IS C(g) (j co—sd +g$9mo!)}'

A Lo (9, casol+2 Swo(—
. JQO{ - NG(ZT?) 24 g/"/ ;\(Qz"'ﬁg)?z_ J2
(]ﬂ( [ ) 3 IS]Q g/ (3 (,‘)—5'0?—}-(} thcl)

where N/No = 8 is the number of atoms in the fundamental cell,
A = 126 is the mean square temperature displacement of the
carbon nuclei at room temperature, & is defined by Equ.(2),

a and )Sl2 are defined below Equ.(3), and C(g)2 is an atomic

screening function which is given by
(8) (5L) - -—{2_0 exp(- B §)+ C}]

where 2 is the atomic number, and the constants q, b,:(#rik} b
L3

9),

and ¢ are taken for carbon from ref

a, = 1.8359 =1.0528 157  C = 0.2283

(8") G, = 4 £419

z

O 4678 4ot
0.0229 - 10%
2, 3446 - 407

A, - 1.5809
Gy ~ 0.54%26

!

1

+ IU“G\] P&%’ __\é\
y
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2. r.2 . - .
g“+0(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

(9) 02 & 2 goeetd + gy,

o
The polarization is linear and is defined as the difference
of intensities with the photon electric vectors perpendicular

and parallel respectively 1o a plane Tr, divided by the sum:

(10) fP#: Iiﬁ"}:”-ﬁ ~ //I___XJ 7%\ O//)
TRt Tox &, @)

where

. _ el 2%) ‘1'5 1% jC I)CO:CQQ’ 4—23,})35'\%%99
8P L! < g ool

N K3
a (3)

The reference plane?T contains p, and 1lies at angle ¥ with

respect to plane E?, [001]). For %= of this plane is given by
[110], which is used as a fixed reference plane in 11).

It should be noted that this definition is valid in the limit

O < 1, where 52 and ~1103 have nearly the same direction.

Formulas for coherent pair production

The eross section for coherent PP in a diamond crystal, as

taken from 1 , is given by

(12) Dy, ke, 8,0 = Mi: jfj = el "’\M‘ 71/ Gl K (J)J
S av T
1 é’:i:f["'—ff) [L{i (‘CQ/"Z)JP Y (J)J/

where y is defined in connection with Equ. (2) and ‘k%zi

Y, , are given by (5) and (7), keeping in mind that & is
L

now defined by (2}.
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In the place of the polarization P for BS we define for PP

the asymmetry ratio R, following 11), ast

(13) P < Ja - dr _ 2y0-9) (4,0, )
Lm Iy, b, €, O
QJLH and';auw'represent the differential PP cross sections

resulting from photons completely polarized perpendicular and
parallel, respeotively, to the plane T defined in the fore-
going paragraph, but with 3; replaced by i;.

Universsl representation

If we express ¢ in Equ.(7) by Equ.(1), then the function ¥,

can be written in the following form:

| E, wher o AT ooz
Y = A < (g — =3
(14) Y, (@:JL ag‘dﬁy’%){ e j(&pﬁd+jg““£)%

Similarly, we can write Equ.(9), the limit of summation, asi

pE, 1% 2. .
This shows that Y%, is proportional to Eo’ and that it can be

written as a function of o/, x and @F, . The same applies

to Yy and Yg .

Therefore the intensity, Equ.(4), can be éplit into an incoher-
ent part Ii(x), Equ.(6), which depends on x only, and a.coher-
ent part IcfxléE;,ci) y which is proportional to Eo and
depends on x, ©L,, and «( , so as to yield & universal repre-

sentation for It

(16) TG, E08 - Ta) + By T, o8, ), (BS)
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The same is true for the polarization P as given by Equ. (10)1
- ’
z@~@q%,p\&9£%¢}a 2
i, e J = —
T +E, T (x,08, ) Eo

Further, expressing & in Egqu.(7) by Equ.(2)} an analogous
dependence results for PP, Equs.(12) and {13) take the

(17)  PKE,BE, o) =

general form:

)

ey Tl B o) = D0p + ke Iy, Bl ) (PP

. Yy {1— v ) i, (/ Q‘(a
(19) Ry, B o g) = 2209 ke T ,%sa)/, o
I e Iy, Bl o) I,

Because of this general behaviour, the functions I, P, J, R
can be presented as diagrams, which are useful for the

experimental application of the berall-Diambrini effect,

Intensity of bremsstrahlung as a funotion of x

First we deal with the two significant cases o = 0° and 90°,
where the pancake intersection is parallel to.gg and S;

respectively.

o< = 0°

In this case inegquality (15) reduces to

A Mc™ a 2
(20) sz 5 < & a M

QE, 2 A—%
Phe coherent spectrum is rather well determined by its
intensity steps at the discontinuities, for which the
equality sign in Equ.(20) is valid. From Equ.,(20) the

positions x4 of the discontinuities are determined by
1 alct X )

aMc ] *ﬁ‘”L'q”'ﬁd ) 2 /
4 n,GF,

(21) X =
L
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If & is measured in mrad, E  in GeV, we find

S __3 f
(22) aMc™ 39 49 407GV
&ir
Xy 88 & function of EO is plotted in FPig. 4. At the dis-:
continuities the intensity (16) depends only on Xg hecause

of relation (21}, It is a double valued function of Xy

which we denote by N = upper value and ~ = lower valuet
A T, ~ 2
T = I+ By LY 0 0>
o f \
(23) T = Il(;(d) -+ r I d— O)
AT = il_f = E AT (X 0)

The universal functions f (xd,O) and, for convenlence of
representation, the intensity step 431"” iU -~ 16 £
are plotted in Fig.5 in units GeV"1. I+ is possible 1o

construct from these curves a coherent specirum for any

given situation, as the following example will illustrate.

Example: Let the electron energy available be E0 = 2 GeV,
We want the first peak of the spectrum to lie at 600 MeV,
so that n, = 1, Xq = 0,3, FMig.4 gives QE;— 16 and there-
fore = 8 mrad. From the same plot we derive the dlscon—
tinuity positions for n, = 344,547+ The auxiliary data
necegsary to evaluate the spectrum are given in Table 1.
The first line contains the discontinuity numbers ny,. The

next line lists the values x; from Fig. 4. The followlng

d
v
two lines contain AI® and I° from Fig. 5, from which 1°
A
is calculated in line number five. I° and ¥® have to be
; n v
multiplied by Eo and Il(xd) from Fig. 2 added to give I, I

which are listed in the last two lines.
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Pable 1, BS, o/= 0°, © =8 mrad, E = 2 GeV

(1) n 1 3 4 5 7

2

(2) x4 0, 300 0,570 0,630 0,68% 0,750 Fig.4
(3) A1® 55,2 9,0 10,0 3,0 1,3  Fig.5
(4) 1° 5,4 8,0 2,6 2,2 2,0  Fig.5
(5) 1° 60,6 17,0 12,6 5,2 3,3 (3)+(4)
(6) BI° 121,2 34,0 25,2 10,4 6,6 (5).E,
(1) E0¥° 10,8 16,0 5,2 4,4 4,0 (4).E,
(8) 1t 18,4 16,9 16,4 16,1 16,0  Fig.?

(9) T  139,6 50,9 41,6 26,5 22,6 (6)+(8)
v
I

(10) 29,2 32,9 21,6 20,5 20,0  (7)+(8)

The spectrum can now be constructed as indicated in Fig.6

and completed by drawing the dotied lines.

o« = 90°

For the position of discontinuities we now find from BEqu.(15)

/l }'VI . '\/

(24) X = ——g= ge,- L=

¢ ‘1+__a.M—C._._ / o L{'ﬁ HSE ]—\:{ ’ 3
#ﬁ'néGZQE;

5y M gpcaa0® GeV o

.F\
=
o)

is plotted in Fig.7 against O€ for oL = 900. The inten-
v
1

*a

sity functions
of GeV-1. With the aid of Figs. 7 and 8 the spectrum for
o = 90O is constructed in the same manner as has been

described for oL = 00.

and AI® are plotted in Fig., 8 in units
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4.3.1 0%« o/ £ g90°

In this case the relation (15), with equality sipgn, gives
the positions of all possible discontinuities in the spectrum.

We write this equation now in the form

i
26 X = /( 14 - alMe p— )
(26) d A EE. (M, cosal + Ny ¥ Sam )/ /

with © in mrad, Eo in GeV., Pig. 9 gives X4 88 a function

of GBE;SHMX for the most important inverse lattice point (0,2).

The intensity steps AI® are now determined by single

inverse lattice points because - as « is neither 0° nor

900 - with increasing x in general only single points are
lost from the pancake instead of rows of points. From Equs.(7)
and (4) we find the relation for an intensity step at the

dicontinuity X4 which does not depend on L g

< A-Xy[ R U P
(21) AT = xfﬂ“("“’iﬁjm's'e C@)lnyvanl),

As g2C(g2)e-Ag2 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). A1°
is plotted for the most important inverse lattice point (0,2)
in Fig.10. In addition Fig. 10 shows the lower intensity fc

for some values of 6(.

The importance of the single point steps from the experi-
mental point of view lies in the fact that they have high
polarisation, as will become evident in paragraph 7. In
order to obtain spectra where the contribution from a single
point dominates the specirum one must meet two conditions:
(1) The pancake intersection thickness, ©{0 , must be small,

which can be done, as Fig, 1 shows, by increasing e .
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(2) o must be chosen such that the point wanted is included
in the intersection area of the pancake., If these conditions
are met, the spectrum can be constructed by using fc and
A.IC from Fig. 10 in connection with Ii(x) from Pig. 2, the
peak position being determined by Equ. (26). The most
suitable point with respect to intensity and polarization

is (0,2), which is obtained for large Q and small %+ O,

Integrated intensity of bremsstrahlung

In order 1o obtain the total intensity from a coherent
spectrum we have to integrate Equ.(4) over x. The knowledge
of the dependence of the total intensity from the para-
meters © , Eo and o is necessary for experiments where

the coherent & -radiation is monitored by a quantameter.

Following Equ.(16) the total intensity may be split into

two parts:

i

(28) IT(:_:MLQQ/&\ - I+ £, L(OE, o),

The incoherent contribution can be derived from Fqu.(6):

(29) I;: (Ikx)dxr %lﬁ\_%éyi‘:

0

In order to understand the procedure of integration for the
incoherent part we first imagine that the reciprocal lattice
plane b2,b5 contains only one point # so that the sum in
Equ.{(7) can be omitted. Expressing S then by Equ.{1)} we
find for the total intensity arising from the point 7

(30) ICT - Tk, 95, @) dx =

L]

NQ(ZJ.‘)LLMCL [ gkf/va—x\ 1. Sf J(’( ) ((J?_*ﬂ,'.) ol x

TN ad(@Eg* A—X (ﬂ osel 1—51 ;mt\\

: 1—33) d;/
uﬂo’fj' swcA)

A L
-2,“"’ g"&— S - 2
Q Ea D | F(, C(J )

MY [ % ""Aj (4 + 93) dx
* LQE-0>DS(:«)JSIQ <)

(g, o8+, Tn)?
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Under each of the three integrals the condition (9) holds.
This means - following Equ.(15) and (26) - that & only

contributes to the intensity, if

. M )
(31) X = \ - (//4 ™ 2EE,( g, conod + Gy S )

Therefore the upper limit of the integral has %o be
replaced by Xqe In the actuzl reciprocal lattice plane
we now have 1o sum up all these individuwal contributions,

so that the result is an interchange of summation and

S G RN [ : A0
(32) T-= ,\_ lZ (,(j )(81+33)L‘(360‘<d+‘ﬁ wd)w«

integration: 2

T a® (BE)
(3)
% [’ Lo s 3
A(dyif——_%w—/ﬁx dx = = b l- ;~><J+Z_§_
A ¢ ’“ML%’X’? 2 x5\
? U<\=_<'-.____C X C Fa e N -
N BE. 7w ::LDC Z% A X ﬁ{ 3%/
:ft 3 :_
-2 T -t
X)= ) = (Ge) [ G- L)

The sum in (32) is now taken over all lattice points in

the half plane x 0 or, in terms of components g2,g5

d_

T M > y . :
(33) (o tmd+Gy Shud) = S “_ o0, a

If o/ is chosen such that reciprocal latiice points lie on
the lower boundary Xq = 0 of the panocake, 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 o by +Ael . An equivalent argument
arises from the faot 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
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glance, the sum of Equ.{%2) appears to approach infinity
for x —>0. However, by expanding 1n(1-xd) and Xd/(1“xd)

one can show that
3

. A ()
(34) i zgz “ el

(Eh_"’c'hl +33 SAw o

)

]og

(S5
. N e/
)('a(.hﬁ7 O‘{.-:-’f

The coherent part of the total intensity is plotted in
Fig.11 as a function of ©OE and o in polar coordinates
with the parameter I;, in Gean. Fig. 12 shows I; versus
©E, for of = 00, 900. The integrated intensity as a function
of Eo,g ando is derived from these plots in connection

with Equs.(28) and (29).

Intensity of bremsstrahlung as a function of =3

Por the alignment of the crystal with respect to the elec-
tron beam it is necessary to measure the iniensity as a
function of ©, with Eo and x fixed. This distribuiion may
be construcied like the spectra with the aid of Figs. 2, 4,
5, 7, 8 for = 0% or 900, whichever case applies. The
position of the discontinuities, which we call E& now, are
taken from Fig. 4 or 7, and the coherent intensity steps
from Fig., 5 or 8, which are then combined after Equ. (16)
to give the intensity distribution I(x,EO, QEO,cL), which
is symmetric in a, This, however, is not the quantity
actually measured because, using a pair spectrometer, the
coherent ai—ray gerves at the same time as a monitor of
the counts. The observed quantity is therefore rather:
Gy DOk 06) 1o +E, L (g, )

T, (B85, L) LD +E, I(GE &) 7

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



7.

- 14 -

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 discontinuity in energy. Only

this maximum polarization is represented here.

Let x, be the position of the first discontinuity, P the
polarization at this peak. The polarization is then given

in accordance with Equ.(17) by the general formi

(36) (—TD(’KA,E" Gll/w): 1

_20-x)R00, 4 9) 4

TEOG, ) A+ L)/ T, <)

P s plotted in Pig.13 for the cases = @ - OO,

o= ®= 90°, and o = 30,’)9= 0%, with E, as parameter. The
general trend is that the polarization increases towards
the lower end of the spectrum. The peak position X, 88 a
function of SE% has to be taken from Pigs. 4, 7 or 8.

The polarization obtained from the orientation ¢{ = 30,
where, as has been explained in paragraph 4.1.%, the recip-
rocal lattice point (0,2) is responsible for the first

peak in the spectrum, is much higher than that obtained by

any other alignment,

Pair production for y = 1/2

Electron pair production by photons is studied in a paixr
spectrometer. We restrict ourselves here to the case
where the observed particles have equal energies, 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.
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According to Equs.(9), (2) the position of discontinuities

&, are then given by

2

(37) Qe ~ =S

‘ﬁl Cos of £ 33.;"1?}; o

The cross section at the discontinuities, resulting from

Equ.(18), is represented by the steps:

9. 2 + «
(38) 5 = if(%j + b
.
A= J-1 =

For the incoherent part of (3%8) one finds from Equs. (12)

and {5):

l‘. “

(39) DG = At v g

The asymmetry ratio (19) is now, for y

Y,

A ~ e
(40) RO -k G921

Equs. (38) and {40) can be presented in tabular form,
which is done for ov= 0° (Table 2) and of= 90° (Table 3).

As in the case of BS intensity, it is possible with these

1/2:
"é(f;_'): e ‘?/“/2 7

tables to construct the dependence of the cross section

and the asymmetry ratio for PP from the discontinuity values

for any value of ko'

1,1635
-0.3282
-0.5465
-0.3213
-0.4484

Table 2, PP, of= ¥=0°, y = 1/2

n, 0k_(GeVnrad) To®cev ") Tolcev) 2 (Gev™ 1)
1 150.0 2.648 0.437

3 - 50.0 3,467 2.191

4 37.5 3,128 1,241

5 30,0 1,691 0.98%

7 21.4 1,598 1171

8 18,7 1.3%9 0.661

-0.4676

W (cevh)
-0.0041
~0.1729
-0,1316
~0.1167
-0.2742
-0.1604
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Table 4, PP, = 92 =190°, y = 1/2

- W, - - -
n, 0k (GeVmrad) 5oev "y Yo(cev ) I(cev!) X(cev?)

1 106.0 3.935 1.058 0.5444 ~0.,0303
2 53,0 3,325 1.3%98 -0.4840 -0.0860
3 353 2,551 - 1.310 -0.43%52 -0.1425
4 26.5 1.944 1.098 -0.450% -0.1722
5 21.2 1.461 0.864 -0.,4204 -0.,1778
6 17.7 1.073 0.646 -0.3686 -0.1645

The coherent PP is in itis discontinous behaviour very
similar to the coherent BS. There is one striking difference
however, in that the incoherent contribution 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 1).
Only the peak n, = 1 for = 0 is of significance in this
respeet. For o4 (0 and large & but with reciprocal lattice
point (0,2) included in the pancake - in complete analogy %o
the case treated in paragraph 4.1.3% for BS - one obtains
about the same asymmetry ratio, and even a somewhat higher
one for energies above 10 GeV. There is an advantage over
the case o( - 0° with regard to the magnitude of ﬁ, which is
due to the fact that for o= OO, R is sensitive to errors
in both angles & and o/ resulting in a reduction from the
theoretical value because the peak, originating from a row
of lattice points, disintegrates. If, however,'ﬁ originates
from the single lattice point (0,2), such a disintegration

is not possible.

9, Methods of c¢rystal alignment

For the application of the methods described below it is
necessary that the position of the axiswb;'1 is known - for
instance from X-ray crystallography - within, say, 20 mrad,
so that the crystal can be mounted in the goniometer with

E} roughly parallel to 5;(?;). The precise orientation must
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be measured in the goniometer itself because an accuracy on

the order of 0.1 mrad is required.

'We consider the diamond mounted in a goniometer framework

which has two axes of rotation 2,f , perpendicular to each
other, by which the erystal can be turned through angles 95 ¢g
in a small range of perhaps + 100 mrad. The definition of
angles must be good to, say & 0.1 mrad. The electron or
photon beam should be roughly perpendicular to the
planeff;;?g. The orientation of the crystal - as measured

in the coordinate system¢ @ - requires the knowledge of the
point (¢%J ¢% wherevg1 and p (k } are parallel and the
equation for one of the transverse axes, for instance b2,
which may be given by (@, - &7) —‘Nh(éi, ~B7). If 95 gg and

m have been determined, we can identify & and of in terms

of the coordinates %, by the relations:

O - [(h-g)" + (f-g) 17+, ©<A
Lol - D o= (BB

1+ H- M

(41)

The following discussion describes how ¢figio and m may be

measured by using the angular dependence of either BS or PP.

Orientation by means of bremsstrahlung

The position (¢f/¢f) of the axis_:ﬁb1 can be found by observ-
ing the total intensity, for instance with a quantameter, as
a function of ﬁéand ﬁg , It follows from Figs. 11 and 12 in
connection with Equ.(28) that the total intensity has a
strong peak, proportional to Eo’ as @ approaches zero.

The transverse axes’gz,gg are perpendicular to each other,
Therefore it is sufficient to determine one point on one of
these axes in addition to (ﬂ;,g% . In practice, of course,
one would measure several points. If we assume that b2,b3
are roughly known with respect to their p051t10n then we can

consider them as mounted nearly parallel to ?? ,f , respec-
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tively. The BS intensity is now measured at large & = const
as & function of 0(, which 1s varied across one of these
axes keeping Eo and x fixed. The intensity thus observed is
charascterised 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 %z or‘ﬁ%, respectively.
Bven if nothing were known about the position of the trans-
verse axes one could find the orientation by observing the
pattern of discontinuities which is given in Fig. 14. To

understand this pattern, we rewrite Bqu.{(26) in the follow-

ing way:
(42) A (‘HL 9’_/.3‘701 ~t- ‘;1_3‘[_;_ (95'4',,,1 0() - /f(/
A - AmXg 4w Eo P
xd QM\‘_’— / 7

where © is measured in mrad, A in mrad"1. For convenience
of notation we now assume that Qg?3= 0 and m = 0, which
means that the crystal is ideally ;ounted in the goniometer.
It is obvious that Qiz;%,are the projections of & onto

—_ >
the axes b2,b5:

(43) @, = Deosel | A - BDsan ol

The equation of discontinuities can thus be expressed in

the coordinate system of the goniometer in the simple form

Ad L AS

A/ M, Sz

.

(44)

Equ.(44) shows that each discontinuity froem the reciprocal

lattice point (n2,n ) is represented by a line in the

diagramzA?i//Bé, chse lines are drawn in Fig.14 for
?n2h37 and )nBQ;S. A cross point marks a discontinuity
which is caused by a row of points, as in the cases

o = 0%, 90°.
origin of the diagram. Each line is determined by its

values on the axes-ﬁé,g; namely 1/n2, 1/naY§i

The discontinuity steps descend towards the
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The orientation is now found by observing the coherent
photon intensity going along at least two lines for
instance ?é_= const, ?g = const, in the diagram ﬁglgg.
Crossing the discontinuity lines (44) causes character-
istic intensity jumps which have to be compared with
the pattern of Fig.14, after the coordinates have been

normalized by the factor A.

The step height measured and given by Equ.(27) can also

be used to identify the discontinuity, although with BS

it is usually smaller than the theoretical value due 1o
averaging effects, particularly for small €, In this case
one has also to take into account the dependence on total

intensity, cf. paragraph 6.

Orientation by means of pair production

A photon beam is now incident on the diamond erystal and is
converted into eleciron pairs which are detected at equal
energies, y = 1/2, and at a well defined photon energy ko'
A total intensity effect cannoi 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 d gefined by Equ.(2), the scaling factor A from
Equ.(4) changes to:

f gy ke TS PP y-12
(45) A=yl e T e ) 972

An advantage in studying PP lies in the fact that averaging
effects are less critical than for BS because - as an
inspection of Equ.(?) and (2) shows - the minimum momentum
transfer for PP, y = 1/2, is always larger than that for

BS at the same energy. The ratic is already 4 at x = ¢.5
and rises guickly for lower x, Thus for the same discontin-
uity the angle @ is larger by the same ratio, as shown by
Equ.(9). Moreover multiple scattering of the incident par-

ticles does not ocecur; therefore the reciprocal lattice
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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 identification of the line. AJ® = T¢ - J°, defined
in Bqu.{38), may be calculated in analogy to Equ.(27) from

the equivalent formulas for PP. For y = 1/2 one obtains:

- (2%

Lo 2 ~Agq" ES
s (ST TC@IT v any)

(46) A7
Table 4 gives values for <$Jc for.a number of lattice points
in the wvicinity of the origin. The parameters of orientation
gfisé: ahd 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.

Table 4, PP, y = 1/2

n, ny Jc(GeV_j)
0 2 0.8884
1 1 0.6356
4 0 Cc.5182
5 i 0.3548
4 2 0.3540
0 4 0.2658
1 3 0.2214
4 4 0.1742
5 1 0.1576
3 3 0.1576
8 0 0.1265
8 2 0.1103
o 6 .11

10. The influence of experimental imperfettions

It is beyond the scope of this paper to discuss guantitatively
the various influences on the specira due to experimental

imperfectione. We want to give a rough and gualitative idea
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only of possible deviations from the assumptions made in
paragraph 2 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 discontinuities and rveduce the height
of the peeks, particularly for small angles'E} . These are:
primary divergence of the beam, multiple scattering in the
erystal, mosaic structure of the crystal lattice, and mechan-

ical vibrations of the target.

For BS the effects from multiple scattering and divergence
are reduced by collimation up to the degree where the
natural angular distribution Mc2/Eo is dominant. There is
experimental evidence from the measurements reported in
ref.s) that the mosaic spread is certainly smaller than

0.1 mrad if the diamond is cut from a well-grown cctahedral
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 AB/@ vyt also and
even stronger from the azimuthal error Aok AB/@ connected

with AG .

The PP is less sensitive to these imperfections because the
angles involved are larger by a factor of at least four

if equal energies ko,Eo are compared. In 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 coherent 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.

Acknowledgements

The basic computer program from which the data originate has
been written by Dr.G. Bologna. We thank him for his various
contributions to this work by discussions, suggestions, and
calculations. We are also grateful to the operating staff of
the DESY computer center, as well as to Miss Kuffner who
compiled the calculations and made the drawings.



References

1)

2)
3)
4)

5)
6)

7)

9)
10)

1)

12)

13)

B.Ferretti, Nuovo Cim. 7, 118 {1950)
M.L.Ter Mikaelyan, Zhur.Bksp,i Theor.Fiz. 25, 296 (1953)
H.Uberall, Phys.Rev. 103, 1055 (1956)

G.Barbiellini, G.Bologna, G.Diambrini, G.P.Murtas,
Phys.Rev.Lett. 8, 112 {1962)

O0.R.Frisch, D,H.Olsen, Phys.Rev.Lett. 3, 141 (1959)

G:.Barbiellini, G,Bologna, G.Diambrini, G.P.Murtas,
Phys.Rev.Lett. 8, 454 (1962)

3.Kato, T.Kifune, Y.Kimura, M.Kcbayashi, K.Kondo,
T.Nishikawa, H.Sasaki, K.Takamatsu, S.Kikuta, X.Kohra,
Journ.Phys.Socc.Jap. 20, 303 (1965)

G.Bologna, G.Lutz, H.D.Schulz, U,Timm, W.Zimmermann,

Nuovo Cim.(in press)

D.T.Cromer, J.T.Waber, Acta Cryst. 18, 104 (1965)

J.A.Wheeler, W.E,Lamb, Phys.Rev. 55, 858 (1939)

G.Bologna, G.Barbiellini, G.Diambrini, G.P.Murtas,
Nuovo Cim. 28, 435 (1963)

H.Uberall, Z.Naturforschg. 17a, 332 (1962)

G.Bologna, G.Lutz, H.D.Schulsz, U.Timm, W.Zimmermann,

Proceedings of the International Symposium on Blectron

and Photon Interactions at High Energies, Vol.II, 455
(1965).




3 intersection of pancake

RPAT— N

erral2 ]

with plane

B,.b,

3

N ~5
12K|0-—\. ® -

BRI YN o e

P

Fig.1 Projection of B, into the reciprocal lattice

plane BB, of the diamond



10+

]

05

X= k/E 10

0

Fig. 2
Bremsstrahlung,

incoherent intensity
as a function of X



L . 2 -

—t— :g :
5 10 15 20+% 10
Fig.3 Atomic screening function g-C (g7 as a function of g° for carbon.
g inunits x27.




1000

500

OE,|

GeV;nrad |

/
e i

L ////

iy 4

5,////

Fig.4 Bremsstrahlung, discontinuities

as a function of OEo; o= 0°



as Xd 10

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



100 -

50~

Fig 6 Coherent
BS spectrum
constructed from
fig. 2,34 for
E,=2GeV



TP =90

Jaf:
3

100 |

7
/&

Fig.7 Bremsstrahlung, discontinuities
as a function of B E,; o= 90°




Fig.8 Bremsstrahlung, intensity steps and lower
intensity as a function of X4, &=90°




1000

N (o) (o)

3 0%o<90° |
500 § '

_%J n2= -

[ O Ny = |

S.
&

OL,:

100 / .
5 -

LI

10 + / .
u

0.5 X4 10

Fig.9 Bremsstrahlung, position of discon-
tinuity for the lattice point (0,2) as
a function of OL,sinek, O<ou<90°




| |
A A= 15N
150 23N\ 170
4\
%
_-20
130
100+
40
|50
50 J< liteo
\ 70
\

05 X, 10

Fig.10 Bremsstrahlung, intensity step and lower
intensity for the lattice point (02) as «a
function of X{ P o < &°



-
o/
A

L ]



Gey ~7

40+

30 A

10 +

1 L PRV R S T S 1 L TN NS S R
¥ T L} Tt 4 T T =TTt

} ' — I !
01 7 10  GeVmrad 100

Fig.12 Coherent paft of total intensity as a function of ©E, for x=0° 90°




100 —-P ;

Fig.13 Polarization of the first peok as a function of Xy;
1 < E,<40 GeV; o.= 0%, 37 90°



Fig.14 Lines of discontinuities (n,, ny) in the angulor plane Ab -ABcs, A03 =AOsing
A=E,(1-x%)/3749 x4 for BS; A=k,/150. Omrad” for PP, E.k,inGeV, Oin mrad







