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1. Introduction

The rediatioa of chuum.d particles (RCP) is a promising
mbthod fot obtaining high energy y-qusata beams. At present the
spectral distribution of RCP is measured up to few hundicd GeV
[1]. Bowever, besides the results of the work [2] obtained at
elactron energy i.tlcov ‘nd’ xﬁufliaio-z (¢ is the photon
energy, h=cz1), there are no theorstical and experimental data
on the polarisation of RCP. iiv‘tthbliii,‘it}il not .di!iiéult
to show that RCP has a high degree of polarization, though not
1008, but sufficiently high to Eind a wide application in
elssentary particle and nuclear physics like the cehereat
bremsatrahlung photon beams did. Indeed, as it is well knoim,
at energies when the coastant tiold epproximation is valid (3],
synchrotron radiation (SR) is thi..nnin mechanism for RCP
production. On the other hand, it is well known‘[G,sl that in
the case of two-dimensional particle motion (planar ?hannoling)
SR has a high value of linear polarization Pl"‘l' in the ‘whole
frequency region, the S8R photon electric vector 1lying in the
trajectorf plane. In the classical limit when the S8R parameter

Y=yn/nc«1 (y=E/m is the Lorentz factor of the particle with

mass m, H is the external field, and nc=n:/c=4.41 10139 is the
so-called critical field), the integrated over all frequencies

and angles P1=3/4, while in the gquantum limit when Y»1,
LN
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Pi=9/32. Therefore, one may expect for RCP also a high degree
of polarization liﬁco separate parts of the trajectories at RCP
and SR are similar to each ofher. |

However the theoretical model [3] is an approximation and
thouqh it provides good results which are in agreement with the
experimgntal data on the spectral distribution almost fbr: all
values of x of RQP. nevertheless one can not say that
poliri:ation calculations carriod out by the S8R formulae ([4,5]
using the model [3] are quite right. It is necessary to take
.into account the parameter L of the model [3], fitted to the
experimental data and introduced into calculations since the
trajectories in the case of channeling are not circular as in
the case of SR. The parameter L is cspccially important in the
region of low frequencies when the formation length is
relatively large relative to the trajectory period and it ;is
necessary to cut the SR intiqrals at ~L/2. Such a calculation
technique is similar to the radiation integral cutting method
[6] developed for the semiclassical description of 'the
Landau-Pomeranchuck-effect. For this reason one must carry out
polarization measurement or check the calculation results by
mor§ accurate calculations with the help of correct theories
such as described in [5]. |

On the other hand the widely spread methods of
polarization mnalureﬁents [7-9]iare either very difficult or
simply not applicable when w>100GeV. Por this energy reéion

there are some new suggested but not verified methods for the



measurement of the lineaf Pl [10-12] and circular Pc [12]
polarization. The old methods [7-9] are wused for the
measurement of P1 of coherent bremsstrahlung of electrons with
Ee uﬁ tb some tens of GeV almost for all values of x (see

[13)). The measured values of P, are in agreement with the

1
fhooretical predictions (see [14]).

For the polariszation m.asuicmont of RCP the method of
deuteron disintegration suggo’tod in [15] was iniatially ﬁsod
[16]. Then a Compton polarimeter has been used for the same
purpose [2]. The result of the works [2,16] plzb.s- is in
agreement with the predictions obtained in ([2] by particle
trajectory modeling/and averaging the 8tocks parameters over
various trajectories. Ai it was mentioned above at present
there are neither measurements nor theoretical calculations of
P of RCP at energies above 1GeV.

Taking into account the above described situation in this
work first we calculate P of RCP by the simplosf method. The
obtained results show that there is.a sufficiently high valuo{
of Plrin a wide region of x. df course, due to the accepted
assumptions the obtained results neod.in verification by more
accurate calculations and experimental measurements especially
before using the produced photon beams. For this reason we then
analyze the already suggested methods and propose new methods
for measuring P. And finally we consider an experimental

arrangement which can provide polarized photon beams for

various high energy experiments.



2. Method and Results of the Polarisation Calculation

For the physics and application limits of the constant
field approximation method referring the works [3,5] we shall
 simply consider the motion of an electron (or a positron) in
the crystallographic tield which in the case of planar .
channeling may be described by parabolic potential

JORER AL (1)
where Vo is the depth of the potential ﬁoll, y-:/(d’IZ) is tpo
dimensionless distance of the particle from the well symmetry
plano,d’ is the distance between two adjacent crystallographic
axes. The wmoving electron feels an electric field
t(y)a-zvoy/o/(dplz) . The corresponding SR parameter is equal
to

Vo A, -g Vo(oV)

B
YsrTca‘y—;—j;-’33.oz 10 W’v (2)
vhere k. is the oloction Compton length, tcsnzlc is the
critical tield.
According to the SR quintun theory [3.5] the spectral
distribution of the emitted B8R after integration over the

angles is given by the formula

2
dli ] xd '1 i .2-2!2
dw 'dtd! m

2
i, =
-Jilla(o)da+[2-(-1) 13

1K, st (3)
In the expression (3)_1=1 and 2 are for SR pélari:ations with
electric voctois parallel and perpendicular to the trajectory

plane, (v) are the McDonald's functions and

Ky/3.2/3
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As it is seen from the formulae (1) and (2) the lfield
which the moving particle feels depends on the particle
distance from fho crystallographic planes. Therefore, in order
to calculate the intensity of the RCP, it is necessary to
average the expression (3) over the ¥y distribution function
du(y)/dy and take into account the fraction D of ého channel ed
particles. The functions dW(y)/dy and D are investigated in the
work [17]. | .

After averaging the expression (3) over y it is easy to

obtain the following expression for the degree of polarisation

of RCP:
1
dr, ) dr, fdﬂ(r)les(u(x))
T A& 0
p= i, dr, 1 © - . - (4)
el ™ fdﬂ(r){- fxlls(-s)du[2+I-_-;]x1/3(u(y))}
0 u(y) '

Before presenting the results of the numerical
calculations with the help of the formula (4) let us discuss in
short some approximations and assumptions made for its
derivatioﬂ_and its application limits. First, the formula (4)
is applicable for energies higher than certain ones ch‘ when
the constant field approximation is applicable. Without giving
the details (see [3,5]) !=t us note that for the planes (110)
cha=2°'5;19'°;1°'9 and 4 "JeV for diamoﬁd'(c), silicon (8i).

germanium (Ge) and tungsien (W) crystals, respectively. Second,

let us remind that the multiple scattering (dechanneling) as

iy



well as the crystal imperfectness are not taken into account in
the constant field approxim;tion {3,5] and during the
derivation of the dW(y)/dy [17]. Therefore,one may use the
formula (4) for thin crystal without defects. Third, it is
assumed that the above mentioned parameter L of the model [3]
does not influence the polarization calculations, or L. reduces
Qqually the both 8R amplitudes of mutually perpendicular
pola:izatio#s. |

It would be also noted, that one can not expect any
circular' polarization for the radiation of nonpolarized
channeled particles since the corresponding Stocks parameter is
equal to zero. The production of the circularly polarized
photon beams by angular collimation in the case of axial
chaﬁnelinq or with the help of polarized electrons in crystals
seeﬁs to be unreasonable.

Figas. 1 and 2 show the dependence of P on x=w/Ee

1
calculated with the help of the formula (4) for the radiation

of electrons channeled in the planes (110) of diamond (C) and
tungsten (W) crystals at various electron energies,
respectively. TI: calculations have been carried out for
particle beams enferinq the crystal under an angle aent=° and

having an angular spread e’pr=o. As it is shown in [17] in this

case D¥1, while t;1 distribution function has the form

aw(y) 1l 1+ ii—yz ’

= In

dy n y (5]

As it is seen from Fig.l and 2, in agreement with the



above mentioned property of SR the values of P, slowly

1
decreases when the particle energy increases from 20 to
1000GeV. The maximum of the curves p..'zo.s at x20.15 is
shifted to v..'zo.ss at xx0.3. At all energies one bhas a
sufficiently high degree 0of polarization up to z20.75.The
calculations carried out for various momocrystals and particles _

show that the account of dN(y)/dy changes the values of P, by

) §
5-108 (increase in the case of negative particles).

3. Methods for the Measurement of Polarization

All the suggested methods for the measurement of P use
theoretically studied processes, mainly quantum
electrodynamical processes, and are characterized by the
so-called analysing ability:

. o "9, - :
R T e, “(6)

oy - O
| L ,

where al 1 are the processes cross gections when the primary
photons are polarized parallelly or perpendicularly to a
certain plane (orystallographic, reaction or other plane).
Oincc»at energies w>100GeV the characteristic angles become
very lunli, the usual methods of measurement og P appear to be
impractical. Por this reason below we shall briefly describe
suggested but not realised methods and propose new methods. '

a) The method using the recoil electron asyrmetry in the

reaction yesese [;ﬂ] will be realised by an arrangement ([18]

which can be described as follows. The y-quanta beam produces



6+0--pairs’on the target electrons through which it passes.The
high energy pair is detected by scintillation counters
downstream in coincidence with the recoil electron with
energies up to tens MeV. Some telescopes consisting of dE/dx,
range and anticoincidence counters and placed around the target
allow to measure the recoil electron energy and azimuthal
distribution which is connected with the photon Polarization by
the relation

,2" a = %l - [Blrees2), )

‘Wwhere % is the total cross section of the process, while p is

the agimuthal angle between P. and recoil electron momentum. At

1
W>1GeV

R = (4/9)1n(2w/m)-20/28

" (2879)In(2w)-218/27 ' (8)

which is equal to R=0.154 at w=100GeV and R+0.143 when w+m.
Unfortunately this promising method is not applicable for
circularly polarized photons.

b) The method using polarized laser photon beams in the

reaction [12] yy»e+o-is'technically more difficult. However, it

pfovides greater values of R which is important in the case of
low values of P.It is also abplicable for circularly polariged
photons. In this method the Y -quanta beam the linear (ciréular)
polarization of which we want to measure collides with an
intense oncoming laser beam with polarization parallel Aand
perpendicular (with the same and opposite helicity). Due to the
large difference between thc‘esftjtpondiﬁg cross sections % 4

and c:V_L _ (o+ _ are the cross sections for colliding photons

4 ’
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with the same and opposite helicities, respectively) the
detectors of e+e_-pairs placed downstream after a sweeping

magnet will detect various numbers N" + and N_L _« The degree of

14 [4

the polarization is determined by the formula:

N - N
P | I, + L, . (9)

Using the formulae of the work [19] it is shown [12] that this
method provides values of R close to 1. Though this method is
the only method allowing to measure circular polarization and
pfoviding high values of R and of the so called reduced
analyzing ability 0R2, nevertheless, it is reqﬁired high laser
beam intensities, since the densities of the laser targets are
much lower than that of even gaseous targets. The threshold
property of the reaction yy+e+e— is an another drawback of this
method:in the case of a neodymium laser with A=1.05" um the

threshold energy of the y-quanta is w r=14OGeV._

th

¢)The method using the birefringence properties of crystals.

Following the work [8] the authors of [11l] develop the method
of obtaining polarized photon beams at energies w>100GeV using
the fact that when the entering angle of y-quanta into crystal
' L : Y-
ent<eLind ( eLind is the Lindhard angle) the e e -pair

production cross section strongly depends on the angle between

e

the crystallographic plane and the Y -quanta linear
polarization. It is not difficult to show that the same
birefringence property of crystals can be used for the

measurement of Pl' Indeed, let a y-quanta bheam with initial

11



intensity I(w,0) and polarization PI(O) passes through a
cfystal one of the crystalloéraphic planes of which, say
(110),makes an angle ¢ with the vector ?1(0). Then after a
thickness t the relative reduction of the beam intensity will

be

I((.J,t) ] -[ I(w't)] [1.'. $
IRALZAD N EALIAZA (0)|th(RWt)cos(2¢)] , (10)
[ I(w,0) Pl(o). I(w,0) P=0 l 1 l

where the first factor in the right hand side of (10) is the
reduction of the unpolarized beam, R=(WL—W“)/(wl+w"):

W=(Wl+w")/2; W; W are the absorption coefficients for

L0

unpolarized and polarized beams respectively(for R, W, HL "

[11]). As it is shown in [11l] R increases with w, and R+1/3

when w-w.
' Now let us consider three methods for the ‘measurement of
P, two of which follow directly from formula (10).

i) The method of a single thick crystal. Let a linearly

polarized beam of y-qﬁahta with known direction of 31 (remember
that if the beam is obtained by the method described in the
second section of this work the' polarization direction
coincides with the direction of the corresponding crystallogra-
phic plane) and intensity I(w,0) passes through a crystal
analyzer with thickness t. It is necessary to measure after the
crystal the intensities IL(w,t) and I"(w,t) at two crystal
orientations when a certain crystallographic plane, say (110),
is parallel and perpendicular to the direction of 31. Then it

follows from expression (10)

12



T

_ -1 1

P| = T+1 th(mwe) ’ (11)

where r=I¢(w,t)/IH(w,t). Thus, measuring I‘L "(w,t) one

determines r and using the theoretical values of R, W, W¢ I

[11] determines P, with the help of (11).

1
ii) The method of two thick crystals .In this case it is

*

necessary éo determine rl and r2 by the method described in i)

using four measurements in two crystals with thicknesses t, and

t2=2t1. Then the polarization can be determined by the
following expression:

r.+1 r_+1 r.+1
P = |2 2 1l - [ 1 ]

1 r2-1 rl-l rl-l

2 4-1/2

(12)

The advantage of this method is that in order to determine Pl

one does not need the theoretical valueé of R, W and "L," the.
calculation of which is connected with various approximations
and difficulties [5,11].0f course the methods i) and ii) can be
used also for lower energy photons with the help of coherent

bremsstrahlung taking corresponding planes, R etc.

iii) The method of a single thin crystal. This is the high

energy modification of the method ([9] which by coherent
bremsstrahlung at energies up to few tens of GeV provides
values of R=0.16-0.26 for a narrow region of energies of
symmetrical pairs (see, for instance [13,14]).

As it has been already mentioned above at energies w>»200
GeV in the condition of channeling one has sufficiently high

+ -
values of 3 for all the energies of e and e particles, so

13




that there is no need to choose the symmetrical pairs. In this
method the polarization is determined by the following well

known formula:

(13)

where NL I are the numbers of the detected e+o--pairs broducod

»

in a thin crystal when a certain crystallographic plane is
oriented perpendicularly and in parallel to the ¥ ~beam
polarization. Of course, this is the simplest method of

determination of Pl' but it requires the knowledge of the

theoretical ﬁalue of R. Therefore, it is desirable to check the

results once by the method 1ii) which does not require any

theoretical value.

4. The Proposed Experimental Arrangement

Fig. 3 shows schematically the experimental arrangement
which is necessary for the realization of the present proposal
for the production of polarized photon beams at w>ZOOGeV for
different high energy experiments. A beam of electrons with
Ee>300 GeV and angular spread lless than the correépondihg
Lindhard angle passes through crystal-polarizer '1'1 placed in
the goniometer Fl. The entering gngle of the beam with respect
to a certain crystallographic plane, say (110), is eent=o' it
is necessary to choose such.a polarizer thickness that excludes

multiple (pile-up) effects, i.e. much less than the electron

dechanheling length. A diamond crystal with thickness léss than

14




100um is a good polarizer. After the sweeping magnet Ml the

y-beam has intensity dI(0)/dw and linear polarigzation P,

parallel to the normal to the plane (110) of the polaiizef Tl.

. In the first approxinntiothho degree of polarization .qan be

calculated by the formula (4).
One can measure the polarisation with the help vof i) a

single thick , ii) two thick and iii) a thin crystals Tz;ilgcod

in @he goniometer Fz with two orientations 'pe}hondicular ‘ind

parallel to ?b.

i) 1t is.roasonlblc to choose a tungsten crystal as a

single cryital analyzer T since, as it "follows from the

2
calculations [11] for tungston, the crystallographic effect

dominates over the background Bethe Heitler pair production

process at relafively low energies ahout w>300GeV and the
, _

relevhnticrystal thicindssos are less than 1cm. Indeed, using
the formula (11) one can show, that ghe optimal analyszer
thickness tgpt’ when the beam intensity reduction and the

polarizition moasuremhnt errors are reasonable, is determinod

=

from the condition t tnw=1 Usinq the results of [11] one cin

ahow that at w)SOOGoV whon tho contribution of tho Bethe

Hextl;r‘paxr production _is small and R=1/3 (H -ZH ), one
obtainl.fg;t=0 Oscm,r and if |3 |z0 5, rxl.6 and the beam
1g§ons;tyﬂd09;eagoa ~3.6_and ~5.g:t;mga after the ;naly:er‘, for -
parallel and pQgpquiqnl;r o;iqnta£iopa. ;ospoctively.w |

‘ﬁaThulaithqldoto:@inntiﬁn of |§°| with the help of the

formula {11] is brought to the measurement of the spectra after

15




the crystal analyser in two orieatations with the help of a
Hal(Tl) spectrometer located after the sweeping magnet llz and |
anticoincidence scintillation commter C. . '

ii) In the case of two thick crystal method it is
necessary to add to the abeve described measurements similar
two measurements after a tm crystal with double thickness
t,=0.16cm. |# | is determined with the formula (12). Again
using the results of [11] ome obtains: r _%2.2 and the beam

2

intensity decreases -~14 aad -32.4 times for parallel and
perpendicular oricntatim; respectively.

iia) In the case of the detezmination of |3| uitb the help
of the formula [13] of th. method of a thin crfgs,tal the
sweeping magnet M, is switched out, the counter ‘Cc is in
coincidence, and one measures the number of the produced pairs
ll and 'I for two orientatioms ot the crystal mlyut which iAs
better to be a $1/20 radiation lemgth diamond.

In conclusion one may resums that at 8PS, Tevatron and
futu;'o 88C, UNK and linear colliders the preseénce of the

electron beams with energies :.noooov allow to obtain photon

‘beams with measured omtr-f and linear polarigation. 1In

comparison with the method of coherent bremsstrahlung [13,14]
in the case of RCP one has a sufficiemtly high doctn of
polarization in a wide photem energy region (thia is an
advantage). Hovever, the photem beam in the case of RCP is not
qnuimochtmtic, vhich is met alwvays a drawback, if one
uku into sccount the ditﬂnlttu of nrnta! otinutin

16




necessary at every photon energy in case of coherent
bremsstrahlung. The linear polarization can be converted into
circular one with the help of a quarter-length plate which

presents itself a ~«0.4 cm thick tungsten crystal for

Yar4
w>300GeV [11]. At present new more accurate calculations on the
polarization are in progress., We think thit they‘ will change
the results presented in this work alightly.'Theretore, it is
the time ¢to beqiﬁ -;he above ﬁroposed " nuclear-optical

experiments to provide high energy experiments with polarized

" photon beams.

" N g e 8
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Pigure captions

Pig.l. The dependence of the linear polarisation ’l on :-u/!.
for the radiation of electrons channeled in the diamond
crystal plane (110). The curves 1, 2, 3, 4, 5 and 6 have
been qaleulnt_d by the formula (4) for electron energies
l.l 1000, ‘goo. 200.. 100, 40 and 20 GeV, respectively.

Pig.2. The dependence of the linear polarisation il on :-u/l.
for the radiation of electrons channeled in the tungsten
crystal plane (110). The curves 1, 2, 3, 4, 5, 6, 7 and

' 8 have been calculated by the formula (4) for electrom
energies X = 1000, 400, 200, 100, 40, 20, 10 and 4GeV,
respectively. '

ug.i. The experimental arrangement. 1"1,2 are goniometers, '!1'2

are crystal targets, M 1,2%F® sweeping magnets, C is a

' .c:lnt:lllit:lm counter, NaI(Tl) is a total absorption

spectrometer.
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