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Highly-Polarized Coherent Bremsstrahlung
from a Diamond Target in the GeV Region.

G. BorogNa (%) G. Lutz H. D. Scrurz U. TivMm ahd W. ZIMMERMANN

Deutsches Elektronen-Synchrotron - Hamburg

(ricevuto il 9 Novembre 1965)

Summary. — The production of coherent bremsstrahlung from a crys-
talline target has-been discussed by several authors (-4). Experimental
results were first obtained for 1 GeV with a diamond by Barbiellini
et al. (°), who explained the sharp discontinuities-of the spectra by taking
into account the actual structure of the reciprocal lattice. We report
here on bremsstrahlung spectra obtained from a diamond radiator at
an electron energy of 4.8 GeV. The work has essentially two results:
1) The exponentia]ljr screened potential of the C atom which has been
used earlier () in calculating the bremsstrahlung cross-section is not
consistent with the experimental spectra. Instead we used a Hartree-
type screening potential which fits the data very well. 2) The linear
polarization obtained from the first peak in a spectrum is much increased,
if the orientation of the primary electron momentum is chosen to lie

" not in the fundamental reference planes of the crystal but at a small
angle to one of them. )

The production of coherent bremsstrahlung from a crystalline target has
been discussed by several authors (*). Experimental results were first ob-

*) On visit from Laboratori Nazionali, CNEN, Frascati, Roma.

) B. FERRETTI: Nuovo Cimento, T, 118 (1950).

) M. L. TER-MIKAELYAN: Zurn. Bksp. Teor. Fiz., 25, 296 (1953).

3) H. UseraLL: Phys. Rev., 103, 1055 (1956). ,

) G. BamrBieLLIini, (. BorogNa, G. DiamBriNI and G. P. Murras: Phys. Rev.
8, 112 (1962). '
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"HIGHLY POLARIZED COHERENT BREMSSTRAHLUNG ETC. 845

tained for 1 GeV with a diamond by BARBIELLINT et al. (°), who explained the
sharp discontinuities of the spectra by taking into account the actual structure
of the reciprocal lattice. |

We report here on bremsstrahlung spectra obtained from a diamond radiator
~ at an electron energy of 4.8 GeV. The work has essentially two results: 1) The
| exponentially screened potential of the C atom which has been used earlier (%)
in calculating the bremsstrahlung cross-section is not consistent with the ex-
perimental spectra. Instead we used a Hartree-type screening potential which
fits the data very well. 2) The linear polarization obtained from the first peak
in a spectrum is much increased, if the orientation of the primary electron
momentum is chosen to lie not in the fundamental reference planes of the crystal
but at a small arigle to one of them.

To illustrate these results we show two types of spectra:

When the primary electron beam was oriented in either one of the funda-
mental planes [1107], [001], or [110], [110] of the crystal lattice with a small
angle 6 against the axis [110], we observed spectra with a number of quasi lines,
similar to those that had been observed by BARBIELLINI et al. (°) at 1 GeV.
The theoretical polarization of the first peak in these spectm 1s of the order of
50 9% and lower. :

We found, however, that a much higher polarization oould be obtamed with
a different orientation. We chose a relatively large 6 and turned the electron
beam by a small azimuthal angle o against one of these planes. In this cage,
the spectrum displayed one discontinuity only, all the others remaining small.
This is due to the contribution of a single inverse lattice point, as will be shown.
The theoretical polarization in this peak is now of the order of 75 %, and higher,
depending on the electron energy and orientation.: L

We give experimental results for such spectra under four different conditions
of orientation, two for each type, taken with the first peak at 1.44 GeV. These
results were-obtained from a diamond single crystal at room temperature mount-
ted in the vacuum chamber of the DESY electron synchrotron. The experi-
mental results are compared with the theoretical calculations.

In our experimental arrangement the y-beam from the diamond radlator
passed from the outlet chamber into air through a thin Ti foil of 10~ radiation
lengths. It was then collimated at & distance of 10.5 m from the radiator by
a (2 X 2) mm? aperture in a lead block. The collimator was followed by 2 broom
magnet, where the photon beam again entered into a vacuum of 10—* Torr
through a Ti foil of 10— radiation lengths. In the subsequent vacuum pipe the
beam penetrated the shielding wall between synchrotron tunnel and experimental
hall. Tt was further cleaned by a permanent broom magnet of 60000 /" cm,

(%) &. BARBIELLINI, . BorLogNA, G. DiamMBrINI and G. P. MURTAS: Phys. Rev.
Lett., 8, 454 (1962).

55 — Il Nuovo Cimenlo A.
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846 G. BOLOGNA, G. LUTZ, H. D. SCHULZ, U. TIMM and W. ZIMMERMANN

‘then entered a pair-spectrometer magnet at 28.5 m, and was finally buried in
a quantameter at 70 m distance from the radiator. |

The thickness of the converter in the pair spectrometer could be chosen
between 10—* and 10—® radiation lengths Al or -Au, according to experimental
conditions of the beam and counter frequency. The spectrometer detected sym-
metrical and unsymmetrical electron pairs by virtue of four suitably arranged
counter telescopes with an energy resolution of 29, in each counter. Prompt
and delayed coincidences were recorded.

The single crystal used asg radiator was a diamond having the shape of a
(1 x4 x7) mm?® parallelepiped. The widest face of it was perpendicular to the
[110] axis of the lattice frame. The thickness in the direction of the beam, 1 mm,
was equivalent to 0.008 radiation lengths. The diamond was mounted in a
remotely controlled goniometer, placed into a straight section of the synchro-
tron. The crystal could be rotated around a vertical and a horizontal axis,
both perpendicular to the beam. The available range of angles 0, and 6, was
L 50 mrad. The crystal axes b, =[110], b,= [001] were placed parallel to the
vertical and horizontal axes of rotation, respectively. The axis b, = [110] was
therefore parallel to the incident electron beam within 4 50 mrad. The exact
position of the crystal axes with respect to the electron beam in the co-ordinate
system of the angles of rotation, 6, and 6, can be determined by observation
of the characteristic dependence of intensity on 6,, 6,. The angles could be
reproduced with an accuracy of better than 0.1 mrad

The diamond was of a light yellow colour. It turned green where the electron
beam hit the crystal. The target spot had an extension of 0.5 mm in the vertical
and 2.0 mm in the horizontal direction, the horizontal extension being .due to
multiple traversals of electrons in the synchrotron. The acceptance defined
by the (2 X2) mm? collimator was therefore - 0.125 mrad and - 0.2 mrad in the
vertical and horizontal directions respectively. The natural y-ray cone at 4.8 GeV
is +0.106 mrad wide, but this distribution is averaged by multiple scattering
of +0.25 mrad in the target, and by the primafy divergence of the electron
beam, which is not well known but seems to be of the order of 0.1 tnra,d.
The photon intensity is, therefore, approximately integrated over the emission
angles of photons with respect to the axis of collimation. The vy-ray intensity
after collimation as monitored by a Wilson quantameter is about 10 equivalent
quanta per minute. The total intensity which is thus monitored depends on E,
and on the angles of orientation, 8, «, which are defined as follows:

0 = < po, [110] is defined as the angle between the direction of the primary
electron momentum and b;. o is the azimuthal angle between the planes p,,
[110] and [001], [110] (see Fig. 1).

Figure 1 shows the orientation of p, with respeet to the reelprocal lattlce
frame b,, b,, b,. The indicated structure of the reciprocal lattice plane b,, b,
- is the same as given in ref. (°)).. The triangles, solid and dashed lines, show the
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HIGHLY POLARIZED COHERENT BREMSSTRAHLUNG ETC. 847

intersection of the « pancake region » which has been introduced by UBERALL (%)
with the positive quadrants of the reference planes. The pancake, a flat volume

in the reciprocal lattice containing the recoil momenta of the nuclei, hag a well-
defined distance 6 from the origin.

0 is the minimum momentum . =~ L
transfer to the nucleus: ]
7 < -
AN b, =110
Me2  z 6 > o
o = om, T—a |
’ 0. — & 5 t \\‘\
. : =R
(in units of Me) <y ;I =,
I i~ g,

: 3 M=y el
with  =k/FE,, k =photon energy. ! I — 1
Main contributions to the inten- ? "l El\ 7 g,
sity come from a thickness 6 of = ! ,'I fa»‘&Q
the pancake. Distance and thick- 0 ~ LT A‘\\\i\ - 5]—-**
ness of the pancake region are, < = 2
therefore, functions of . AL ER

The components of a reciprocal ,/é BEBANER LN
lattice vector g in the plane b,, b=110 P, =
b, have lengths g, = n, 27/a, g, = ] =¥
=n,(27/a) V' 2; a=922 is the edge =% |
of the fundamental cube in units | 01234567809
7,, the Compton wavelength of n, :
the electron, divided by 2. Fig. 1. — Orientation of electron momentum
It § is Sma,lly the pancake re Py in the reciprocal lattice gpace Of the dia-
gien only containg lattice points - mond, schematic.

of the plane b,, b, through the

origin (dashed region) because ¢ iz two orders of magnitude smaller than 27fa.
It z or 0 are changed, this pancake intersection looses or gains lattice points,
giving rise to sharp discontinuities in intensity, as has been described earlier (®).

In the special cases of o =0° 90° a whole row of points are causing discon-
tinuities simultaneously.

The intensity to be eXpthéd, see ref. (57), is given by

d .
@) Tal, 0,0) = 5= 27 =1+ (1—a)*1 (3, 6, @) + pi(6)]—

2
—5 (T—a)[a(8, 0, ) + 44(8)],

with do/dz the bremsstrahlung cross-section, differential in the fractional
photon energy, &= Z2:5.795-10-% cm? a universal cross-section, N the number
of atoms involved. The variation of the functions v, with ¢ is very small in
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848 G. BOLOGNA, G. LUTZ, H. D. SCHULZ, U. TIMM and W. ZIMMERMANN

the electron energy region of interest, as can be derived from ref. (}). They
are, therefore, taken as constant:

(3) pi=182, y =17.4.
These functions represent the incoherent contribution to the intensity due to
thermal lattice vibrations. The contribution of the atomic electrons is included.
The functions v,, v, represent the coherent part. They are given in ref. (5)
for o = 90° and in ref. (°) for any o, using an esponentially screened model of
the C atom (7). We have used here a Hartree-type screening model, taken
from atomic form-factor plots for carbon given in ref. (). More refined compu-
tations are given in ref. (°), but they differ from the values used here only by
a few percent. The screening function

_[1—Te(g)]: 1

(4) , E(gz) gt - (24 g2’ f=111-27%,
used in ref. (°) has been replaced by the screening function:
1/(g? +1.377-10-4)2 0<g?< 1.126,
(0.2193 1Ing® -+ 2.196)/g* , 1.126 <g*< 2.132,
— (686.4 In g2 -+ 4195)/g? 2.132<g?< 8.521,
(5) H(g*) =
(0.0899 1ng> + 1.196)/g*, 8.521<¢*<29.05
(0.2172 Ing® 4+ 1.939)/g*,  29.06 <g°<7T4.32 ,
1/(g 4 5.137-104)2 , 74.32 <g*<oco,

g% inunits 107*- 7;*. The functions v, p, then take the following form, considering
only the plane b,, b, through the origin of the inverse lattice

T ¢ L B %+ 0
v:(6, 0, o) = 76;% | F|2 exp [ Ag]H(g)(g2 coser T gy s )t
27)? 2462
(6), wy(0, 0, o) = (—;—) T z ]I_ﬂllz exp [— Ag?|H (g?) -
(g?
(92 + g3)(g. cos & + g, 8in & —9/0)
(g, COS & + ¢, 8in o)* ’

(8) G. BARBIELLINI, Gr. Borog~N4, G. D1aMBRINT and G. P. MurTAS: Nuovo Cimento,
28, 435 (1963). .

(") 1. Scuirr: Phys. Rev., 83, 252 (1951).

(8) A. T. Nerus and I. OpPENHEIM: Journ. Res. Nat.: Bur. Stand., 55, 53 (1955).

(®) D. T. CroMER and J. T. WaBER: decta Cryst., 18, 104 (1965).
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where F is the structure factor of the points (|F |2 = 4) and circles (|F|* = 8)
in the reciprocal lattice plane b,, b, shown in Fig. 1; 4 = 126, taken from ref. (?),
represents the square of the mean temperature displacement of the nuclei at
room temperature. The sum is taken over values of (g) in the pancake region
only. '

We measured the number N(z, 0, «) of symmetrical and slightly unsymme-
trical pairs accepted by the detectors per fixed number of monitor units, nor-
malized to the same energy acceptance (29,), as a function of x= K/H, at
fixed values of 6 and «. Delayed coincidences, N, (x, §, «) were subtracted (about
10 % of prompt coincidences); background counts N, (z, 0, «) were subtracted
(about 19, in the interval 0.3 <2 <1.0,rising to 3 %, at = 0.1). The number of
counts was then corrected for counter losses at small energies f(x) and for
the small variation of the pair production cross-section o, (#) with «, so that
the experimental bremsstrahlung intensity is defined as

(7) T.@, 0, o) — [N (@, 6, a)— N, — N,]- L&)

0,(7)

The total intensity is constant for each spectrum because 6 and o are fixed.
The correction for counter losses becomes effective for points below 1 GeV
electron energy. ‘

The experimental intensity distribution (7) is normalized to the theoretical
distribution (2), (6) on the high-energy end of the spectrum, where angular
and energy averaging effects have no detectable influence. :

Figures. 2, 3, 4, 5 show the results for crystal orientations o= 0° § =3.44 mrad,
o =90° 6 =248 mrad, « =1.5° 6§ =50 mrad, o =89° 6§ = 50 mrad. The sta-
tistical errors of the experimental points corrected according to eq. (7) are about
3 % throughout. All these spectra show an appreciable difference in their low
energy part to the theoretical spectra, I,, (full line), but there is agreement in
the high-energy part of the distribution. :

There are a number of effects which tend to smooth out the discontinuities
of the theoretical spectrum I, (x), which anticipates that energy and angles

-are well defined. Out of these the energy spread of the electron beam, < 0,5 %,
and the energy resolution of the detectors, 29, can be neglected against angular
spreads, and have not been considered here. The small angles § in Figs. 2 and 3
have particularly been chosen to study the change of the intensity distribution
due to angular averaging. Such angular spreads of electron momenta against
the crystal axis are introduced by the primary divergence of the electron beam,
by the multiple scattering of electrons in the radiator, by the spread due to the
mosaic structure of the crystal, and by possible angular vibrations of the target.
These spreads will influence the spectra in two different ways. The distribution
of the first two effects is limited by collimation, while this is not the case for
the latter two. ‘
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Extremely long computer times are needed for the calculation of an angular
average, particularly if free parameters of different distributions are involved.
Therefore, we used a simplified model of the actual physical situation by ne-
glecting mosaic spread and vibrations '

. . o g . 450 -
and assuming a-single distribution for
primary divergence and multiple scat-
tering. This angular distribution of Lok
electrons is determined on the follow-
ing basis: For an infinitely small colli-
mator the angular distribution of elec- 350l
350
300
300
250+
250
200 -
200
x
= 150 :
150 :
L
. 100
100
50 >0 [
. iM
L=
%.-_—‘-f’"\
! Lo L ! ! 1 I I S L L L L L L 1
0 : 05 1.0 0 ‘ 0.5 1.0
x=kf E, \ x=k|E 5
Fig. 2. — Photon intensity from diamond Fig. 3. — Photon intensity from diamond
target; experimental spectra compared target; experimental spectra compared
with the theoretical intensity [, (full line) with the theoretical intensity I, (fullline)
for a=0° 0==3.44 mrad, H,= 4.8 GeV for o =290° 0=2.48 mrad; K,=4.8 GeV,

Af=Ao=0. Af = Ao= 0.

trons which contribute to the spectral intensity is the same as the allgular distri-
bution of photons in the bremsstrahlung process against p,. For a finite col-
limation angle, this distribution has to be folded with the collimator width.
If 9 is the angle of p, against the collimator axis, one obtains the following
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distribution, projected into a plane through the collimator axis:

y—}—yk

(8) W(y) = N,

V14 (y +

g VI+y—y2)’

Y—Yz

Y = '19'/’(9‘0 y

851.

where N, is a normalizing factor, ¥, =DMe*/E, = 0,106 mrad, y,="10:/0,, ¥ the

140

120 -

100 +

T
te on
. el ?

)

| i 1 1 1
0 0.5
x= k/E0

Fig. 4. — Photon intensity from dia-
mond target; experimental spectra com-
pared with the theoretical intensity Iy,

(full line) for o= 1.5°, 0=50 mrad,
H,= 4.8 GeV,

semiangle of collimation. For rotation
of the vertical axis we have #,=40,=
= 0.2 mrad, and for rotation of the
horizontal axis 9, = 40,=0.125 mrad,

100
80
— 60 _1:'.':.
= N g4
> '/"/ 5
L0k .
7/. -'. 4 A
LBl A
20+ T gt L".\'\ﬁ
i 1 1 1 | ) 1 | 1
0 0.5 1.0
x=klE,

Fig. 5. — Photon intensity from diamond

target; experimental spectra compared

with the theoretical intensity I, (fullline)

for o= 89°, 6= 50 mrad, F,= 4.8 GeV,
- A= Aa= 0.

as defined by the collimator aperture and the target extension. The relations
between the rotating angles 0, 6, and the

orientation angles 0, o are indicated in

Fig. 6 on the unit sphere.

T b/lb]

We performed a twofold integration

of the intensity I, (eq. (2)) with the di-

Fig. 6. — Relation between 6, a and 6, 0,;
and area defined by collimation on the unit

sphere, schematic.
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stribution W(y) (eq. (8)) over 6 and . The result, 7, (»), is shown in Figs. 2a,
3a, 4a, ba. It is important to notice that while averaging over § only smooths
the spectrum, averaging over o causes the discontinuities to disintegrate into

a great number of unresolved
peaks. Particularly for <1 new
points from the axis perpendicular

to py, b; come into the pancake
region giving rise to the intengity
enhancement near « = 0.05 in
Figs. 2a and 3a. This effect is the
50
N /[
?\-\’ o | t 1 1 4 I |
:(/ L w
a®
f50 | | L i 1 1 1 L I‘
250
E o
™~ |
2
solr
|
L L ! 1 L 1 I ! 1 [
-0 0.5 1.0
x:k/[:'0

Fig. 2a. — Photon intensity and polarza-

tion from diamond target; experimental

spectra compared with the averaged in-

tensity and theoretical polarization for

a=0° 0=344 mrad, FK,=4.8 GeV.

——— Hartree potential, ——-— expo-
nential potential.

F;h(x)(o/o)

300

250

200

100

50 —
OF '/‘W I
._50 1 i | I 1 1 1 1
50 !\¢\
BN\
‘\""X:l—;,.-]—‘—\
| L H ! L 1 { 1 1
0 05 1.0
x=kJE,

Tig. 3a. — Photon intensity and polari-

zation from diamond target; experimen-

tal spectra compared with the averaged

intensity and theoretical polarization for

o=90° 0=2.48 mrad, H,= 4.8 GeV.

—— Hartree potential, —-— expo-
nential potential.

more pronounced the smaller 6 is, because the spréad Aa is roughly Aars+A6/6.
According to the simplified assumptions, the fit of the averaged intensity to
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the experimental points is not equally good in all four cases. The high intensity

in the valley between the first and second line in Fig. 2a may be due to indirect
excitation of the forbidden line n, = 2.

In Fig. 2a, 3a, 4a, 5a the result of calculated intensity is indicated for the
two cases 1) H(g*) (full line) and 2) E(g*) (dashed line). The dashed line is shown

100

50

Prh (X) (%/o)

T 7T 1T 17 T T T T 7

100

201

1 1 1 1

1
0 0.5
x:k/E0

Fig. 4a. - Photon intensity and polariza-
tion from diamond target; experimental
spectra compared with the averaged in-
tensity and theoretical polarization for
o«=1.5°

Hartree potential, —— - expo-
nential potential.

0 =50 mrad, FE,=4.8 GeV:"

Pfh {x) (°/o)

853

100

50

—r 1 r 1 1 1 11

60

40 -

20

1 | L Il

0 0.5
x=klE,

Fig. 5a. — Photon intensity and polariza-
tion from diamond target; experimental

spectra compared with the averaged.

intensity and theoretical polarization

for o= 89°, §="50mrad, F,= 4.8 GeV.

——— Hartree potential,
nential potential.

only where it differs appreciably from case 1). The agreement of the experi-
mental points with the Hartree screening potential is obvious and not surprising,
as the latter represents a closer approximation to the charge distribution of

electrons. The coincidence of both cases in Fig. 5a is explained by the fact

that, as will be shown below, this spectrum is due to the single inverse lattice
point (ny, ng) = (4, 0) for which the two screening functions are nearly equal:

2177
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H(g® ) =1.01-108, B(g; ) = 0.98-10°. For the spectrum in Fig. 4a, which is
also due to a single inverse lattice point, namely (0, 2), this is not the case:
Hig:,) =3.29-10%, H(g:,) = 2.45-10°. These two spectra, therefore, are a sen-
sitive test to the type of the atomic screening function to be used. '

In Fig. 4, 4@ and 5, ba we give an example of spectra which we obtained
by taking a large 0,0 =50 mrad, and a small value of o or its complement.'
Choosing 6 large, the thickness of the intersection region, 6/0, see Fig. 1, becomes
small. Thus, by giving this intersection region a small inclination o against
one of the axes b, or b,, only one lattice point is included. The experimental
results show that the resolution is high enough to obtain such spectra where
the lattice point nearest to the origin gives the main intensity contribution.
Increasing d(x), this point is lost, and there is a sharp reduction of intensity.
The position z, of the discontinuities for any o is given by

1
@ o= 1/[1 () (0 To M) (72 €08 0 + 9254/2 sin “)] ’

The first peaks ithhe spectra of Fig. 4, 4a and 5, ba are due to the inverse
lattice points (n,, ;)= (0, 2) and (4,0), respectively.

Theiadvantage of these spectra as compared to spectra with « = 0 or 90°
lies in the high polarization of the first peak. The polarization P, («) with respect
to the plane p,, b;, as calculated from the formulas given in ref. (°) but using
the Hartree screening model, is shown for each spectrum in Fig. 2a, 3a, 4a, ba.
For the first peak in Fig. 4¢ and 5a one obtains theoretically

| P, =751%  (0,2),
(10)
P, =713%  (4,0).

In contrast, the polarization for the first peak in the spectra represented in
Fig. 2a and 3a is only 43.19, and 16.6 9%, for the same discontinuity position
k,=1.44 GeV. The reason for the high degree of polarization lies in the fact
that contributions to the photon line intensity come mainly from one . lattice
point. In the case of o = 0° 90°, however, there will be contributions from
a row of lattice points, which add in intensity but which cancel partially with
respect to the individual contributions to polarization, as can be seen in ref. ().

The lower intensity of the « one-line » spectra is matched by a better relation
of peak-to-bottom intensity at the discontinuity, which is another experimental
advantage. This is particularly true for the spectrum from the point (0, 2),
Fig. 5. The lack of other peaks also simplifies difference measurements. Measure-
ments of polarization are under way at DESY using the method proposed by
 BARBIELLINI 6t al. (8). '
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RIASSUNTO ()

La produzione di bremstrahlung coerente & stata discussa da molti autori (1-4).
BARBIELLINI e¢f al. (°) per primi ottennero dei risultati sperimentali a 1 GeV con un dia-
mante e spiegarono le nette discontinuitd degli spettri tenendo conto della struttura
effettiva del reticolo reciproco. Si riportano qui gli spettri di bremsstrahlung ottenuti
da un irradiatore di diamante a una energia degli elettroni di 4.8 GeV. La ricerca ha
dato essenzialmente due risultati: 1) Il potenziale schermato esponenzialmente del-
Tatomo di C che & stato usato in precedenza (°) per calcolare la sezione d’urto di brems-
strahlung non & in accordo con gli esperimenti. Invece abbiamo usato un potenziale
schermante del tipo di Hartree che si adatta molto bene ai dati. 2) La polarizzazione
lineare ottenuta dal primo- picco nello spettro aumenta molto, se I'orientamento del-
I'impulso elettronico primario si sceglie in modo che non giaccia nei piani di riferimento
fondamentali del cristallo ma formi con uno di essi un piccolo angolo..

(*) Traduzione a cura della Redazione.
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