POLARIZED PHOTON EMISSION FROM RELATIVISTIC
PLANAR CHANNELED POSITRONS IN CRYSTAL

M.G. Shatnev *
National Science Center “Kharkov Institute of Physics and Technology”, 61108, Kharkov, Ukraine
(Received November 7, 2011)

Radiation emitted from high-energy planar channeled positrons in crystal is studied in the framework of quan-

tum electrodynamics to calculate the polarization characteristics of this radiation. Under our approach the general

expression is derived for the amplitude of polarized photon emission from arbitrarily polarized relativistic planar

channeled positrons in oriented crystal. The analytical expressions for the Stokes parameters of emitted photons are

derived, computer codes are developed and polarization characteristics are calculated for the frequencies that are

most interesting for the sources of polarized high-energy photons.

PACS: 61.85.4p; 41.60.-m
1. INTRODUCTION

For nuclear physics research one should possess pho-
ton beams of maximum intensity and maximum po-
larization in the range of the giant resonance at en-
ergies 10... 20 MeV. A restricted number of methods
of polarized photon generation, which exist today, do
not satisfy these requirements completely [1-4]. At
the same time it is known that in this range of energy
the intensity of radiation from 1... 2 GeV channeled
electrons is at maximum. Therefore, it is interesting
to study the polarization of radiation under channel-
ing and to estimate the possibility of the creation of
photon beams with high polarization degree using off-
axis collimation of photons under relativistic charged
particles channeling in crystals.

The aim of this work is to derive the formulae
for the Stokes parameters characterizing this radia-
tion. It is known that in the channeling regime the
particles momentum forms some small angle § with
respect to the crystal plane or to the crystal axes,
which must be less than the critical Lindhard angle
0.. For angles 6 > 5. the agreement between the Co-
herent Bremsstrahlung theory and the experiments is
good. We consider a relativistic charged particle in-
cident onto a crystal approximately parallel to one of
the crystal planes. In the planar channeling case for
positively charged positrons, the channel is between
the crystal planes, while for negatively charged elec-
trons, the channel is provided by the crystal planes,
because channeled positrons are pushed away from
the atomic planes whereas channeled electrons are fo-
cused around the planes. This channel is the source of
a potential well in the direction transverse to the par-
ticle‘s motion, which gives rise to transversely bound
states for the particle. Transitions to lower-energy
states lead to the phenomenon known as Channel-
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ing Radiation (CR). We obtain the formulae for the
corresponding Stokes parameters, which characterize
the linear and circular polarization of the CR from
arbitrary polarized particles as the function of the
set of variables (j1,<, k, ). This set gives the angular
dependence of the polarization of the emitted radia-
tion. The calculation of the CR process is carried out
by using the rules of quantum electrodynamics. The
following analysis utilizes the methods used in [5-7]
and based on the approach which was developed in
[8,9].

2. WAVE FUNCTIONS, TRANSVERSE
POTENTIAL AND RADIATION
AMPLITUDE

A relativistic particle moving in a potential U(x) pe-
riodic in the x direction, which is normal to the chan-
neling planes, is described by the time-independent
Dirac equation. Partitioning the wave function ¥ (7),
which is the solution of this equation, into large and

small components
(") )
x(7)

leads to a Pauli-type equation for the large compo-
nents (7). Since the potential is independent of y
and z, the solution of the last equation can be written
in the form:

v = (1)

E+m
2F

o(F) = exp (ip)| 7)) f (z)w, (2)
where w*w = 1,

This formulation allows us to transform a Pauli-
type equation into a one-dimensional, relativistic
Schrodinger equation for f(z) with a relativistic par-

ticle mass:
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where v = E/m is the relativistic factor and &, is

the transverse energy level of the particle. The ma-
trix element for CR is defined by

U<x>) Jal@) = eufule). (3)

My = [ U308 exp(— — ki)W di =
= [ (3 exp(—ikF)GE"x1 + X3 exp(—ikF)GE" 1 )dF,
(4)

where & and & are the Dirac and Pauli matrices re-
spectively, k is the photon momentum, € is the pho-
ton polarization vector. Then, substituting the above
found wave function ¥(7) in the expression for the
matrix element, one finds for the absolute square of
the CR amplitude:

\M21\2 = Cwjéq (/T* —1 [E*&’D Wy

(i i

* ok

X Wy €2
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where C =

(2 ) (EJHZL)(EE/ +m) 52 (pH ﬁ/ _ k])’ and

/T, é, I, I are given by the following expressions:

w
AI_212(1+ﬁ), A, =0, A, _211(1+2E,)
w
B, = E(9~Il cosp — 1),
w w, . w m
Byzﬁe-h(l—&—i)smw, B —E E'Il,
I = /exp(—ikzm) - f3(x) - fi(z)dz
{ . v dfi(x
I, = ) /exp(—zkzx) - f5(x) clifv )dx. (6)

3. POLARIZATION CHARACTERISTICS

In our analysis we use the condition w < F, which
is correct for this CR case. We also do not take into
account here the interaction between the particle‘s
spin and the potential of planes. For description of
polarization, we use here a set of vectors {€1, €a, 7i},
which are used in [7] and can be expressed via vectors
Bi=p—ili-p), P =p —i(A-p) (5 7 are the
momentum of the particle before and after radiation
respectively, and 7 is the direction in which photon
is emitted) in the next form:

— -2 =/ — — —/
P pipi —p1(p1-p1)
T, €3 = .
2
B e - )

The set of vectors {€1, &, 7} forms an orthogonal
basis and vector & lies in the radiation plane (k, ).
These vectors are related with 6, ¢ (spherical coor-
dinates of the system in which the spectrum and an-
gular characteristics are calculated; here relativistic
particle moves along z direction and azimuthal angle
@ is counted out of z direction, which is normal to

€1 =

(7)

the channeling planes, §# < 1) by the next relations:
€1 = (—cosp, —sing, 6 ),

2= (sinp, —cosyp, 0),

n=(6cosyp, Osiny, cosh ).

®)

An arbitrary vector R=(R,, R,,R.) in the coordi-
nate system {é1, €, 7} is written in the form:
Ri ~ —R;cosp— Rysinp+ R.0,
Ry =~ R, sinp — R, cos ¢,
R, ~ R.0cosp+ Ry0sinp + R..

9)

Introducing the density matrices for relativistic par-
ticle and photon and after corresponding calculations
we find the next general expressions of the Stokes pa-
rameters for the outgoing photon:

& = (8/SLE)(1+w/E") 6 - Rel, - I} —
— |I[* cos ) - sin g,
& =63 (8/XL°) (2w/E") (1 +2w/E") 26x
x Re(I7I2) cos ¢
— 3 (8/2L°) (2w/E") (14 2w/E') |1 6*—
— & (8/SL) (2w/E') (1 + 2w/E') |I,|* —
8/SL°) (w2m2/E'2E2) L% -
— 2 (8/2L°) (2wm/E'E) Re(I; I2) sin p—
— 1 (8/2L°) (2wm/E'E) |I)? 0+
+ 61 (8/XL°) (2wm/E'E) Re(I{ I2) cos ¢,
= (4/2L°) (14 2w/E") |1, |* 6*+
+ (4/2L°) (1 + 2w/ E") |11 ]? cos 20—
— (4/ZL°) (1 + 2w/ E") 26Re(I I5) cos p,

where E and E/ = F —w are the energy of relativistic
particle before and after radiation, respectively, m is
the electron mass, w is the energy of emitted photon,
(1, (2, (3 are the components of the unit spin vector ¢’
of the initial particle given in the coordinate system
{€1,€2,7m}. A normalization factor L€ is determined
by the formula:

$LE =4 (1 +w/E +w2/2E’2) 02 |1 |* +

+4 (14 w/E +w?2E") |L|* -
—8(14w/E' +w?/2E") 0Re(I x I}) cos p+
+ (w2m2/2E’2E2) L.

(10)
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(11)

We can obtain from the conservation laws of energy

and momentum next relation between the direction

of k, the difference of transverse energies before and
after radiation, and radiation frequency:

2E(E — w)(ey, — enr) — mw

Ew(E — wcos? p) '

It may be shown, that in the cases of photons with

energy w < F there is the following relation for inte-

grals I, I>:
En — Ent ko
L= ——+—/|.
2 1( = +2E>

6% =

(12)

(13)
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Then, using (12), the last expression may be written

in the form:

Y24+ 60%(1 - ;;—2 cos? )
20(1 — w/E)cosp

IL=10 (14)
This allows us to eliminate I, Iy from (11). Thus
in this case photon polarization is independent of the
planar-continuum potential. As in bremsstrahlung, it
is easy to see from (11) that circularly polarized CR
can arise only from a polarized particle and the circu-
lar polarization of the photon beam is proportional to
w/E. In general, the circular polarization from lon-
gitudinally polarized particle is considerably greater
than from transversely polarized particle, exactly in
the same way as occur in the case of bremsstrahlung.
The linear polarization of CR is not dependent upon
the particle‘s spin and its degree is given by

poJaia

Now we can obtain the final analytical expressions
for the Stokes parameters and for the degree of linear
polarization. These formulae are rather complicated
and are not given here.

(15)

4. CONCLUSIONS

The results of the numerical calculations under these
formulae for £ =10 GeV and w =10 MeV are pre-
sented in Figs.1 and 2. They show that the degree
of linear polarization of CR close to the maximum
P = 1 in the greater part of observation angles and
the planar CR will be almost completely linearly
polarized in the direction normal to the channeling
plane. Thus using developed method one can find the
regions of angles where maximum linear polarization
is observed and under off-axis collimation one can
practically get photon beams with these characteris-
tics. The circular polarization under these conditions
is always to be a small of order ~1%. These results
are in good agreement with the analysis of work [6].

Fig. 1. Surface plot of the function P (0, p) =
V& + £2 in the case of E =10GeV, w=10MeV
for Si crystal <110 >, T =293 K
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Fig. 2. Surface plot of the function & (6, ), ({1 =
(2 =0,(3 = 1) in the case of E = 10GeV, w
10 MeV for Si crystal < 110 >, T =293 K
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IIOJIAPM3AIINA N3JIYVHEHNU A PEJIATNBUCTCKNMU ITO3UTPOHAMUI
ITPA IIJIOCKOCTHOM KAHAJINPOBAHUN B KPUCTAJILJIE

M.TI. IIlammnes

B pamkax KBaHTOBOIl 3JIEKTPOAMHAMUKN HCCJIEIYETCH U3JIy9eHNEe PEJIATUBUCTCKUX IMO3UTPOHOB IPHU ILIOC-
KOCTHOM KaHAJIMPOBaHUU B Kpucrajuie. [losydensl anajuTudeckue BbipaxkeHus i napamerpos Crokca
ucmyiienabix (poronos. Pazpaboranbl mporpaMMbl U IIPOBEIEH YUCIEHHBIH PACYeT MOJIsiPU3AIUOHHBIX Xa-
PAKTEPUCTUK JJI YaCTOT U3JIYUEHUdA, I/le UHTEHCUBHOCTh M3JIy4eHUs MaKCHUMaJbHA.

IIOJIAPM3ANIA BUTTPOMIHIOBAHHA BIJI PEJIATUBICTCBKUX ITO3UTPOHIB
TP IIJIOIMIMHHOMY KAHAJITPYBAHHI B KPUCTAJIAX

M.T. Illamnes
B pamkax KBaHTOBOI €JIEKTPOJNHAMIKH PO3TJISTHYTE €IeKTPOMArHiTHe BUIPOMIHIOBAHHS TLIONTMHHO-KAaHAJI-
PYIOUUX PEIATUBICTCHKUX MO3UTPOHIB 13 KpucTaaiuuol mimeni. OTpumMani anagiTudHi BUPA3u [JIs TapaMeT-

piB Crokca Bunpominenoro ¢gporona. Po3pobieHi nporpamu i npoBefeHnit YucebHAN PO3PAXYHOK MOJSPU-
3alifHUX XapaKTEePUCTHUK JIJI 4aCTOT, JIe IHTeHCUBHICTb BUIIPOMIHIOBAHHS Ma€ MAKCHUMYM.
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