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Nonlinear amplification of x-ray channeling radiation
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The nonlinear amplification of X-ray channeling radiation in crystal is discussed on the basis of the self-
consistent set of the Maxwell and Dirac equations. Both planar and axial channeling for relativistic electron
beams are considered. Two stationary regimes of nonlinear amplification are discussed.
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As is known, the channeling radiation of ultrarelativistic ~ We consider the channeling process for mildly relativistic
electrons and positrons is in the x-ray apgday domain, and electrons when the condition
its spectral intensity exceeds that of other radiation sources
in this frequency ranggl,2]. So, stimulated channeling ra- ho<e @)

diation of electrons is of certain interest as a potential source . . .
for the short-wave coherent radiation. Is always fulfilled, wherefi is the Plank constanty is the

The stimulated radiation of channeled particles has beeradlatIon frequency, and is the electron energy. With con-

investigated mainly in the linear regini@—11). Multiphoton dition (1) the spin interaction can be neglected and the Dirac

. ) .. equation of quadratic form is reduced to the Klein-Gordon
processes for the channeled positron in the external rad'at'oé‘quation

field is considered ih12].

As the absorption coefficients of x-rays andrays in ~
crystals are very high; ~10°—10° cm 1 [13], and the con- CZ( p—
struction of mirrors in this domain is very problematic, it is

necessary to investigate the possibilities of radiation generagheree andm are electron charge and mass, respectively,
tion in nonlinear regimes. To obtain coherent radiation injs the light speed in vacuum, the axi is aligned along the
crystals it is most appropriate to use electron beams witithannel axisU(p) is the average potential of the crystal
comparatively low energiese<50 MeV for planar chan- plane p=x)
neled electrons and<10 MeV for axial ones First of all,

the states of channeled electrons are most stable in this en-

ergy region 14,15, i.e., the scattering of channeled particles

on atomic electrons and nucleii of the lattice are suppressed.

Then, at these energies a few discrete energy levels in ther of the crystal axis 4= X2+ y?)
transverse potential well of the channeled electron are
formed that are not equidistant. In this case by means of
varying the angle of incidence of the electron beam to the
crystal an inverted population of electron states in the trans-
verse potential can be reachigdl]. In addition, at low ener- andA is the vector potential of the self-consistent electro-
gies it is possible to use electron beams with high densitiemagnetic wave satisfying the Maxwell equation

and increase the population inversion. Because the energy

2
P =

2
Al +m2ctw, (2

Ol o

'ﬁa U
W= (p)

U(x)=—U0ch‘2E, (©)

Uip)=—= @
()=~

levels are not equidistant the stimulating electromagnetic .1 @A 4 .

wave resonantly couples only two energy levels, the physical AA— 22 ¢ I )
processes in the above mentioned case of the channeling are

similar to those of a two-level atonitwo-dimensional The electromagnetic wave has a linear polarization in the

“atom” in the case of the axial channeling, and one dimen-(x,z) plane and propagates in the,£) plane:
sional in the case of planar channeling pmeoving with
relativistic velocity. A={A cos,0,— A sing}

In this work we investigate the possibilities of coherent " '
radiation generation in nonlinear regimes by means of a rela-
tivistic channeled electron beam. The study is based on the
self-consistent set of the Maxwell equations and the Dirac .
equation for the channeled electron. Maxwell’s equations are k={k sind,0k coss}, (6)
solved in the slow varying envelope approximation.

A=L[Ag(x,z,t) expli (wt—K-1)}+c.cl,

wherek=n(w)w/c is the wave numberd is the angle be-

tweenk and axisOZ, and Aq(Xx,z,t) is the slowly varying
*Electronic address: havet@Ix2.yerphi.am envelope of the wave amplitude. The index of refraction of a
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crystal medium in(w)=1 for the frequency region under #2 )
consideratior(x ray andy ray). €in= " spzmy LSTNI5 n=01,...[s], (8)
Y
We make the ansatz

i 1 [1 2b2myU
\I,:E a/},,pz(zit)expl’g(pzz_gﬂ,pzt)]|/‘l’>1 (7) S:_§+ Z+%a

MRz
(mlp" )=, and for the axial channeled electron in the poterda)
where é, . is the Kronecker symboly is the complete set 2
wp - . Mya 1
of quantum numb_erw—{py,n} for planar channeling and En= — oo . n=012, .., (9)
p={m;,n} for axial channeling,n is the main quantum 2h n+1
number, andm, is the magnetic quantum numbey) are 2

eigenvectors for transverse motion of the channeled particle
with a longitudinal momentunp, and energys, , . The  wherey=¢/mc? is the Lorentz factor.
wave function’s expansion coefficierds , (z,t) are slowly Inserting Egs.(6) and (7) into Eq. (2) and taking into

varying functions so the second-order derivatives will be neccount the conditioril) as well as the well-known condi-
glected. Note that the energy spectrum of the planar charfion for the channelingU|<e,, , , we arrive at the following
neled electron in the potential welB) has the form set of equations:

Ja Ja i
P, wp,  €Ay(X,Z,1) I
ot +UZ 97 = 270 % M#M!exp{%(SMVPZ_SM’IpZ_'_th'Fﬁw)t]aM’rpZ+th
eA;(X,z,t) . i
_T % MM,#eX ﬁ(s%pz—sﬂv/pz,hkz—ﬁw)t aM‘/pZ,hkz, (10)
|

where v e ® 3\¥2 coy-p 15

_ #ok T £132)  1-pB cosp’ (12

M = (Qppcos9— kv Sin0)u|x| u'),
Assuming that the wave is resonant to jagand u states
A =€ —E1n, (mo is the ground staje

andv, is the electron longitudinal velocity. hw=en,p,, = Eng pg,~ ik,

The selection rules for transitions are determined by ma-
trix elements of the dipole momentum and for the axial chanand keeping in Eq(10) only resonant terms we have
neling they areAm;= + 1. For planar channeling thg, - is
different fr_om zero b_etween states having different parities_aa%pOZ Ja
For the axial channeling there is degeneracy by the magnetie ot +v,
guantum number and in the case of the wave of linear polar-
ization both statesn,=*1 will contribute to the resonant
interaction process. AM . is only |m/| dependent for . eAy (x,z,t) .

Am;= =1 transitions, then,;= =1 states are equally popu- T 2hc M eXp('Am)aMoPoZ—ﬁkz'
lated if the initial populations are also equal. (13

In the channeling potentidB) the matrix element for the Ja

1o=10,00— u={0,1} transition in the resonant case equals = *oPoz-ik, e
at z

#:Poz
0z

#0,Poz-1ik,
0z

M= h cos¥— B pe—1
Mom _me'y 1-8 COSH( s ) :MqM exq—iAQt)a
(3—1)1/2r2(s— 1/2)

M

M1 Poz’

2hc
2 ’ (11)
2 I'“(s) whereq is the factor connected with the degeneragy 2

for axial andg=1 for planar channeling The set of equa-
and in the potential (4) for the transition tions(13) should be supplemented by the Maxwell equation,
#o=1{0,0t— u={*1,1} we have which is reduced to
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Ay %k, 9A,  C%ky 9A, wherel is the wave intensity anty, is the initial one. From
— - - Eqg. (18) we have the following expressions fbk and A:

ot w 0z o IX

12 -,
dmeNcqM A=Nqco |“gdz+ g
= ————expiAODa, o Ak, - (19 %™ Thcv, Jo 04T %0
Nois th density of the electron beam. Introduci eMg®  _ [eMg”? (2
ois the average density of the electron beam. Introducing - N,sin fAOdZ""PO 19
new variables 2 ficv, Jo
A=Nolala, p,, >~ 18upo, 1 |*]: where ¢, is determined by boundary conditions. Denoting
’ (19
. eM 12 -,
M=eNogM expliAQ)a, o i alp. . o= hcg Adz+ g, (20)
z 0

the self-consistent set of equations in the new variables reads ) ) )
we arrive at the nonlinear pendulum equation

M o equVIZA( A 2
= tv, i = —;—AuX,Z DA, _
ot V7 2hc 10 7= sing, (21)
AL AL where
ot Ve = " hePo o),
27we’qM2N,
dAg €%k, Ay %k 0A, 4AmC ae2=T. (22)
—_—t 2 —=—1I. (16) wCv,
at w 0z o JX w

. _ _ We will consider two regimes of amplification that are
These equations yield the conservation laws for the energy afetermined by initial conditions. For the first regime the ini-

the system and the norm of the wave function: tial average dipole momentum of the channeled electron

» s ) beam is zero but the population of energy levels in the trans-

J| Ao L e k. 9|A| L e Ky 9| Ao verse potential is inverted and it is necessary to have an
ot 0 Jz w X electromagnetic wave with rather high initial intensities. In

this case the following boundary conditions are imposed:

4A7hic? (aA aA)

ot Tvzy; Al,—0=Ng, TI|,—0=0, I],=o=lo. (23

(0]

The solution of Eq(21) in this case reads

(17)
J d l(z)=1 dn‘z(aez ) (24)
_ _ 2 2| _ =lo PELIE
o7t+vz¢92) A +e2qM2 H‘ ) 0.
| —-1/2
Let us consider the stationary regime in the case of exact =14+ —2 ,
Noﬁwvz

resonance. The electromagnetic wave is assumed to propa-
gate along th®©Z axis to achieve the maximal Doppler shift.
Then the set of equatiori$5) and conservation lawd.7) are
reduced to

where dng, «) is the elliptic Jacobi function,

As is known dng,«) is the periodic function with the
period X(«), whereK(«) is the complete elliptic integral
of first order. Therefore at the distanckes kK(«)/ae the

Jal _e*qm? : Orce] . . .
i TAOA, wave intensity reaches its maximal value, which equtile
z Cu; interaction length should be equal to half of spatial period of
the wave envelope variatipn
IA 2 Al
gz hcv, O I=lg+Nohwv,. (25)
Ay 4 Since we have not taken into account the relaxation pro-
oy ?H, (18 cesses, this consideration is correct only for the distahces
< CTpin, Wherer,;, is the minimum of all relaxation times.
Let us now consider the other regime of wave amplifica-
A%+ — |H|2=N§, tipn when the initial average dipole moment_um of tran_si'.cipn
e‘qM differs from zero. This regime can operate without any initial

intensity of electromagnetic wavéy=0). We will consider
the optimal case with maximal possible initial dipole mo-

UL PN
=lot 5 (Bo—4), mentum. So, we take



4124 H. K. AVETISSIAN et al. 56

1_[|z=0:e'\10\/a| M|/2, Al,-o=0, 1|,-0=0. (26) 1 eV, which corresponds to~1 wm. For planar channeling
this length is a little large. To fulfill the condition~L/2 for
axial channeled electron beaar1 MeV (ae2=0.026w§/
c?y®, wherew,= 4mNye?/m is the plasma frequency for
electron beamit needs unrealistically high electron currents
j~10' Alcm?. Even for very large electron currents
j~10° Alcm? we havese?l >~ 10 © so the wave gain is very
As is seen from EQ(27) in this case the intensity varies small in this case.

periodically with distances, with the maximal value of inten-  The second regime is more interesting. It is the regime of

Then the wave intensity is expressed by the formula

Wy,

Nt

1
1—dn1<iaez—)
V2

sity amplification without initial population inversion between
N the operating resonance levels. The radiation intensity in this
= o @U, regime reaches a significant value eversdr’<1 and ac-
>

cording to Eq.(27) is equal to

In conclusion, let us estimate both considered regimes. In
the first regime the wave has initial intensity then the
intensity varies periodically with distances. To extract maxi-
mal energy from the electron beam the interaction length

should be equal to half of the spatial period of the wav _ _
envelope variationk = kK(«)/ee. At this condition the in- e;?ggz\évf foa‘,"g(“z)w &)ek\,ivlfnTzz)O:nt;]et;fgﬁg?gfg’f elleléter\c/)ns

tensity valuel = Ng# wv, is achieved. In the opposite case of c~1MeV.

short interaction lengta<L. the wave gain is small; However, the maximal electron current that can be used in
this process is strongly restricted because of the effects of
damaging the crystal as well as the increasing beam diver-
The coherent interaction time of channeled particles withgence and the strong bremsstrahlung background. Those are
electromagnetic radiation is confined by the lifetime ofthe heating of the crystal, space charge effects, and collective
eigenstates of the channeled particles. As is knpif) for  excitations. Therefore in the actual experimental situation the

_ Noht wv B 7°

@) .

1(2)=1o(1+a2?).

the axial channeling of mildly

relativistic electrons generation of x-ray channeling radiation is not feasible even

£~3.5 MeV in flint crystals, the eigenstate width is order of in nonlinear regimes.
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