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Coherent x-ray source due to the quantum reflection of an electron beam
from a laser-field phase lattice
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Within the scope of relativistic quantum theory for electron-laser interaction in a medium and using the
resonant approximation for the two degenerated states of an electron in a monochromatic radiation field, a
nonperturbative solution of the Dirac equation is obtained. The multiphoton cross sections of the electrons’
coherent scattering on the plane monochromatic wave at the Cherenkov resonance are obtained, taking into
account the specificity of an induced Cherenkov process and spin-laser interaction as well. As a result of
coherent reflection from the “phase lattice” of a slowed plane wave in a medium, electron beam quantum
modulation at high frequencies occurs. So, a coherent x-ray source in an induced Cherenkov process is
expected, since such a beam is a potential source of coherent radiation itself.
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[. INTRODUCTION components of the electron pulse shape has been the subject
of recent studies, both theoretical and experimef8al As
The creation of coherent sources of electromagnetic radid?as been shown, the latter can lead to significant enhance-
tion above optical region of frequencies up to the x rayyor Mment of the start-up power of FEI8] reducing the length of
ray is mainly connected with the realization of free electron@mplifiers, which is so crucial for single pass FELs.
lasers(FELS) via free-free induced transitions. Because of Coherent spontaneous emission can arise from the ini-
smallness of the electron-photon interaction cross sectiofi@!ly prebunched electron beam in the klystron interaction

and relatively large spreads of actual electron beams, thecheme. This scheme is applicable in the classical interaction

implementation of these problems is possible in the pro-_mOde when the stimulated process of emission or absorption

cesses with the largest length of coherence, such as induc%staﬁe}ﬁr,mlen?Ssﬁng?agggﬁeresy%%h:ﬁglsrror%%ﬁ:%?.tﬁesz aarr?_
Cherenkov, Compton, and undulator procestse=e, e.g., ' 9 P

. : : ticles in the beam become modulated and, simultaneously,
[1-3]). From this point of view, the schemes of unduldibf _the particles in the beam begin to be weakly bunctss,

and Cherenkoys] lasers have first been invgstigated experl'e.g.,[lo]). In the free drift region particle bunching develops
mentally (at present the undulator scheme is actually develgiher and in the second interaction region bunched particle
oped and the first lasing has been carried out in this systeMpaam can be used to generate spontaneous super-radiation.
However, the amplifying frequencies are still far below x ray. However, employing this scheme for short wave radiation is
On the other hand, the unavailability of the normal-incidencepro[_-”emaﬁC since the effective bunching lengthe drift
mirrors of high reflectivity at short wavelengths in order of x space lengthL~\v/8v (X is the wavelength of stimulated
ray practically excludes a resonator scheme of radiation genadiation-bunching wavelength,is the particle velocity, and
eration. In this case it is necessary to implement a single pass, is the velocity modulation amplitudlds rather small,
high gain FELs. The most attractive scheme that is presentlyhich poses obvious difficulties in maintaining the accuracy
considered is the self-amplified spontaneous emispidn  of the parameters of the scheme, in view of which the par-
where the spontaneous undulator radiation from the first paticle bunches are spread out. We also note that the klystron
of an undulator is used as an input signal to the downstrearscheme is extremely sensitive to beam spreadsching is
part. spread out even for monochromatic electron beam
The output intensity of FELs can be significantly in-  During the coherent interaction with the em wave, a quan-
creased in the super-radiant regime when the radiation intenum modulation of particle beam density occurs in difference
sity is scaled ag?, wherep is the electron beam density. The to the classical one after the interaction remains unlimitedly
super-radiation in FELs can be initiated by the severalong (for monochromatic beamThis is a result of the co-
mechanisms. The effects of electron and radiation pulses dugerent superposition of particle states with various energy
to the relative slippage can lead to super-radiant behavior cind momentum due to absorbed and emitted photons in the
FEL intensity[7]. This is a self-organizing phenomenon aris- radiation field that is conserved after the interactidoe to
ing from the initially unbunched electron beam. Another pro-wave property of a single partigleThe quantum-modulated
cess that initiates super-radiation is the coherent spontaneostate of the particle leads to modulation of the beam density
emission when the radiation fields emitted by electrons arafter the interaction at the frequency of the stimulating wave
summed up coherently giving the® scaling. The coherent and its harmonic§11]. In stimulated processes the classical
spontaneous emission arising from the longitudinal spectrahodulation or bunching of the beam occurs if the particle
wave packet’s size Xx) is small enoughAx<<\ . In the
opposite case, the quantum modulation of the beam takes
*FAX: (3741 151-087. Email address: Avetissian@ysu.am place. The quantum modulated beam is the assembly of co-
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herently excited particles and can be used to produce supea- plane em wave in a medium at an arbitrary interaction
radiation in various schemes. This radiation is analogous tangle beyond the scope of the perturbation theory. In the
free-induction decay and photon-echo in atomic systemgresent paper the case of strong radiation field is considered.
[12]. The different radiation mechanisms of quantum-Using the resonance approximation for the above-mentioned
modulated beams have been investigated in the wdr&s t"l";) degenerattedbsigtes '? t"?‘ mopct)hchrg_matlc rad;.anon field
Quantum modulation of the particle beams at the imeracl[inva]éraor:/c()a?pf?erlgrszlm?ofnoouf '3{; OHiII-?ypelrae%Sathij)?ﬁémgB:

tion with a I_aser radiation at _the above opt_lcal f_requenme%ined. The multiphoton probabilities of free electrons’ co-
can be obtained through multiphoton transitions in the pre

Sh . .
; ) erent scattering on a strong monochromatic wave at the
ence of a “third body” (to realize the energy-momentum g g

Cherenkov resonance are calculated, taking into account the

exchange with the coherent field providing coherent superzpove_mentioned specificity of the induced Cherenkov pro-

positions ofN>1 particles’ quantum statesThe good can-  cesq17,1§ and spin-laser interaction as well. In the result of
didates for this goal may serve induced Cherenkov, Comphis resonant scattering the electron beam quantum modula-
ton, and undulator processes due to these above-mentionggn at high frequencies occurs that corresponds to the elec-
properties. For the stimulated Cherenkov process atdthe tron energy exchange at the coherent reflection from the
=0 interaction angle the possibility of quantum modulation“phase lattice” of the slowed wave in a medium. By the
at hard x-ray frequencies due to the particle “reflection” proper choice of electron-laser parameters one can achieve
from the laser puls§l4] has been studied in the wofk5].  the energy exchange corresponding to x-ray frequencies and
At the arbitrary interaction angle the exact solution of thewe can expect to have, in principle, a coherent x-ray source
problem is very complicated as the quantum equation of moin the induced Cherenkov process, since such a quantum
tion is reduced to the Matheu-type equation. An analysis usmodulated beam is a potential source of coherent super-
ing the perturbation theory has been done in the Wae. radiation.

In recent studie§17,18 it has been shown that coherent ~ This paper is organized as follows. In Sec. Il we consider
interaction of electrons with a plane monochromatic wave irthe Dirac equation for an electron in the strong em radiation
a dielectric medium can be described as a resonant scatterifigld in the medium and obtain a set of ordinary differential
of a particle on the “phase lattice” of a traveling wave simi- equations for transition amplitudes. In Sec. Il by the reso-
lar to the Bragg scattering of the particle on the crystal lat-hant approximation we obtain transition amplitudes and
tice. The latter is obvious in the frame of refered&®) of  probabilities of multiphoton emission or absorption. A sum-
rest of the wave. Since the index of refraction of a mediummary of results is given in Sec. IV, and implications for short
n>1 (n(w)=n as the wave is monochromatim this FR  wave super-radiation are discussed.
there is only a static periodic magnetic field and an elastic
scattering of a particle takes place. The law of conservation!!- NONLINEAR SOLUTION OF THE DIRAC EQUATION
for the Cherenkov process taking into account the quantum FOR THE ELECTRON IN STRONG EM RADIATION
recoil translates into the Bragg resonance condition between FIELD IN A MEDIUM

the de Broglie wave of the particle and this static periodic | this section we shall solve the Dirac equation for a

structure. Hence, in the induced Cherenkov process the ing,inor particle in the given radiation field in a medium
teraction resonantly connects two states of the particle,

which are degenerated over the longitudinal momentum with ) N .

respect to the direction of the wave propagation. These are i—-=lalp—eA(n)}+pm]V, @
the states with the longitudinal momentyn (incident par-

ticle) andp,+ /7k (scattered particle as far as the conser- Where

vation law of this process i,|=|ps+ 7 %k| (/- number of 0 o 1 0
absorbed or radiated photons with a wave vektek,). The 2,:( ) . B= ) 2
latter is the same as the Bragg condition of the electron co- 0 0 -1

herent elastic scattering on crystal lattice. Therefore, in the . . . : :

stimulated Cherenkov process, no matter how weak the wava the Dirac matrices, with the P auli matricesm andeare

. . o . . fhe mass and charge of a particle, respectivhbre we set

field is, the usual perturbation theory is not applicable be- A T )

cause of such degeneration of the states. So, the interactifi- ¢=1), P=—1V is the operator of the generalized mo-

near the resonance is necessary to describe by the seculBfNtUM,A=A(t—nx) is the vector potential of a linearly

equation[17]. The latter, in particular, reveals zone structureF’Olaf'Zed plane wave propagating in teX direction in a

of the particle states in the field of the transverse electromaghedium,

netiq(em) wave in a dielectrig mediurﬁl?,'lﬂ. Note that the A={0Ay(7)cOgw7),0}, T=t—nXx. 3)

application of the perturbation theory ignoring the above-

mentioned degeneration in this process has reduced to essafle shall assume that the em wave is adiabatically switched

tially incorrect results that have been elucidated in the papeon at 7= —o and switched off atr= + o [A(7=F0)=0].

[19]. To solve the problem, it is more convenient to pass to the
Hence, to reveal the above-mentioned quantum propertieSR of the rest of the waveR frame moving with the velocity

of an electron state in the induced Cherenkov process, pa¥=1/n). As is noticed, in this FR there is only the static

ticularly those leading to quantum modulation effect for anmagnetic field that will be described according to E).by

electron beam, it is necessary to solve the Dirac equation ithe following vector potential:
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Ar={0,Aq(x")cosk’x’,0}, (4)
where
k'=w\n°—1. (5)

The wave function of a particle in the frame is connected
with the wave function in the laboratory frame by the
Lorentz transformation of the bispinors

V=5(9)Vg, (6)

where

S(9) = hﬂ hﬁ hﬁ—v—l 7
S(¥)=chz +axshs, thi=v=— ()

is the transformation operator. Fér; we have the following
equation:

e .. .
i——=[a{p’ —eAgr(X')}+Bm]|¥g.

: )
at

PHYSICAL REVIEW B5 016506

malized to one particle per unit volume. Since there is sym-
metry with respect to the directioky (the OY axis) we have
taken, without loss of generality, the vectpt in the XY
plane (,=0).

Substituting Eq(9) into Eqg. (8) then multiplying by the
Hermitian conjugate functions and taking into acco(i)
and (2) we obtain a set of differential equations for the un-
known functionsa;(x’). The equations foa,, a; anda,, a4
are separated and for these amplitudes we have the following
set of equations:

Jdag(x')
Px , :lepyAy(X,)al(X,)_eAy(Xl)
dx
X (px—ipy)ag(x’)exp —2ipyx’),
,da.3(X/) i ' ' ’
Xy :_lepyAy(X )ag(x )—eA),(X )

X(pytipylag(x)exp2ipx’).  (12)

A similar set of equations is also obtained for the amplitudes

Since the interaction Hamiltonian does not depend on th%z(x’) anda,(x’). For simplicity, we shall assume that be-
time and transverséo the direction of the wave propaga- fore the interaction there are only electrons with specified

tion) coordinates the eigenvalues of the operafd)’rsm . P
are conservedE’ = const, p)’,z const, p,=const and the so-

lution of Eq. (8) can be represented in the form of a linear
combination of free solutions of the Dirac equation with am-

plitudesa;(x’') depending only orx’:

4

WR(r' t')=2 a(x)¥. 9
=1
Here
P1,2
o E'+m| Y2 ’ ’
Vo= ; TxPx Tt oyPy
2E Eea— L )
E'+m
xexdi(pyx'+pyy —E'D)],
P12
o [E 172 , ,
\1,3,4: ; —oxPytoypy
2E EE—L
E'+m
Xexpli(—pyx' +pgy’ —E'D)], (10
where

1 0
O) , 2= ( 1)- (11

The solution of Eq.(8) in the form (9) corresponds to an

p),(:(EIZ_p)/IZ_mZ)l/Z' 0=

expansion of the wave function in a complete set of the wave

longitudinal momentum and spin state, i.e.,

lai(==)|?=1, |ag(+=)|?=0, [ay(—=)|?=0,

|ag(+)[?=0. (13

From the condition of conservation of the norm we have

laz(x)|?—Jag(x")|*=const (14)
and the probability of reflection ig; 4 —)|?.
Application of the unitarian transformation
: o] 1 € [ 0
a(x")=by(x")exg i —= [ Ay(mdy—i—-|,
Py 7=
.epglx x' O
az(x’")=bs(x")exp —i— Ay(n)dn+i—-
pe /= 2
(15

simplifies Eqg.(12). Here 9’ is the angle between the mo-
mentum of electron and the direction of the wave propaga-
tion in the R frame. The new amplitudds;(x’) andbs(x’)
satisfy the same initial conditionstb,(—=)|?=1, |bs
(+2)|2=0, according to Eq(13).

From Egs.(12) and (15) for the b;(x") and b(x’) we
obtain the following set of equations:

functions of an electron with certain energy and transverse

momentum py, [with longitudinal momenta+ (E > p;,z
—m?)Y2 and spin projection$,= +1]. The latter are nor-

db1(>’< )=—f(x’)b3(x’),
dx

dby(x’
50D e (g, 16
dx
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where dng)(X’)
eA/(Dp’ 2ep) —oo —fsexdioxpPe). (@2
f(x")= Ay—,pexp( —2ip)’<x’—i—,pny Ay(n)dn),
Px Px J-= This resonant approximation is valid for the slowly varying

functionsb{®(x’) andb{(x’), i.e., by the condition

p'=\py?+p’. (17

Using the following expansion by the Bessel functions db(f)3(x’)

X/

<|bEY(x")|K". (23

exp(—iasink’x")= In(a@)exp(—iNKk'x"), .
K N:E—oo N K At first we shall solve the case of exact resonanég=0).
According to the boundary conditior{$4) we have the fol-

we can reduce Eq16) to the form lowing solutions for the amplitudes:
db,(x") ”
=— fyexd —i(2p,— Nk’ )x']bs(x"), o %
dx’ W2, Tnexi—i(2p = NK)x Tbs(x') ch /fsdn} shjlfsdn}
i) S i R
; —— > fuexdi(2p,—NK)X by (x"), Chf fsdn} chf fsdn}
X’ N=—ox —0 —o0
(18 (24)
where and for the reflection coefficient
! m p, (9 — 1h( — oo [2— +h2 ,
fN:p—/Nk’JN 2§—,p—f), g=eAm. (19 RI=1b3(—o)[F=thTfAX'], (25)
2 v py k

where Ax’ is the coherent interaction length. The reflection

coefficient in the laboratory frame of reference is the prob-

ability of absorption aty<1/n or emission atv>1/n. The

latter can be obtained by expressing the quantifiesind
Because of conservation of particle energy and transverseé X' by the quantities in this frame since the reflection coef-

momentum(in R frame the real transitions in the field will ficient is Lorentz invariant. So

occur from ap,, state to the- p, one and, consequently, the

Ill. RESONANT APPROXIMATION FOR TRANSITION
AMPLITUDES

(8) =th?
probabilities of multiphoton scattering will have maximal RE=thFAT], (26)
values for the resonant transitions where
2py=sk’ (s==x1,x2...). (20
. 1—nv cos¥)? vz
The latter expresses the condition of exact resonance be- Fo= (Z—)Jrvzsinzﬂ
tween the electron de Broglie wave and the incident “wave n“—1

lattice.” In the A frame, inelastic scattering takes place and

Eq. (20) corresponds to the well-known Cherenkov conser- % S‘f’ J (5 2my sind ) (27)
vation law 2v sind "%\ ° w(1—nv cosd)
2E(1—nv cosd) and A 7 for actual cases is the laser pulse duration inAhe
=Sw, (21 frame. The condition of applicability of this resonant ap-

(n?-1) proximation(23) is equivalent to the condition

where ¥ is the angle between the electron momentum and
the wave propagation direction in the frame (the Cheren- |Fol<w, (28

kov angle, v andE are the electron velocity and energy. ) ) . .
So, we can utilize the resonant approximation keepin hich restricts as the intensity of the wave as well as the

only resonant terms in the Eq18). Generally, in this ap- hereniov' angle. Besidches, to satisfy the cofndr:mﬁa) we
proximation, at detuning of resonand@,|=|2p;—sk| ?USt tal 3 mr:o account t ef;ery slefnsmv_lty of t egarameEter
<k’ , we have the following set of equations for the certain'_s [0Wards the argument of Bessel function, according to £q.

i . (8)for (S) /1y - (27). For the wave intensities whén,A =1, the reflection
S-photon transition amplitudels;”(x") andbs™(x"): coefficient is of the order of unit that can occur for a large

db(s)(x’) number of photons>1 for the argument of Bessel function
L foexd —i o' 1b(x"), Z~s>1in Eq.(27) [according to the asymptotic behavior of
dx’ Bessel functionly(Z) atZ=s>1].
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Let us estimate the reflection coefficient of an electronunit for the intensities whef A 7~1, which can be satis-
from the laser pulse or the most probable number ofiied for the moderate intensities of the laser radiation of the
absorbed/emitted photons due to resonance interaction in theder of 13° W/cn?.
induced Cherenkov process. For the typical values of experi-
mental parameters of this process in the gaseous medium
with the index of refractiom—1~10*, at the initial elec-

tron energy E~50 MeV and Cherenkov angled ) i )
~1 mrad, during the “Bragg reflection” from the neody- So far we have dealt with a one particle problem. It is
mium laser pulsegA 7~ 1%, Aw=1.17 eV) with an inten- clear that for the monochromatic beam we will have density

sity 10 W/en? (¢~10"%) the electron absorbs or emits modulation on a spatial harmonic defi_ned by E;'fq1). For
about 16 photons. the actual e]ectr_on beam the fate of th|§ .modulat|on depends
For the off resonant solution, whef#0, but f2> 62/4 on the coll_lmatlon and monochromat|(_:|ty of the eleqtron
from Eq. (22), we obtain the following expressionsfdﬁ(g)' beam. So, in actual cases the modulation produced will not
' ' ' be pure in the sense that it will contain all integer multiples
of the laser frequency. However, the laser field strengths and
duration can be chosen in such a manner as to maximize the
contribution from the higher harmonics. Due to angular
(A¥9) and energeticA¢) spreads of the electron beam, the
modulation will persist for a distance of ordekg

=\/(sA,,) following the electron beam—laser interaction,
where Q= \/f52—552/4, which has the same behavior as inhere "

the case of exact resonance . In opposite case V\ﬂjen
< 62/4 the reflection coefficient is an oscillating function on
interaction length.

As has been mentioned in the Introduction, during the
coherent interaction with em wave the quantum modulation
of particle beam density occurs. From E€3). and (26) for

the electron wave function after the reflection from the wave , .
pulse we have the superposition of incident and reflectedf the Cherenkov resonance width. For distances larger than

IV. DISCUSSION

2 sh[QAX]

a2 2 '
QS S

2 ’
1+ Q_§Sh [QAX]

RS =

(29

Ae
Ay,.= max|—2,tgﬁA i}]
ey

electron wavesin the R frame

Vrp=ay(—2) PP +ag(—=) v (30)

and in the result the probability densityz=V;V¥g is
modulated at the x-ray frequencies

s
E'2

p=1+thyfAx']+2 th[ fAX']

X cogsk'x' — ¢q), (31

where
sind’
sl
E'2
In the laboratory frame of reference from Eqg) and (30)
we have

S|n(P0:

pS= (1+th?[FA 7]+ 2th[FA r]cogsoT—9'),

(32

Jn°—1

where it is taken into account that actualkw|<E. As is

L4 the modulation washes out quickly as a result of Doppler
dephasing. The grating structure is not lost, howdasrthe
guantum modulation is a single particle effedf the elec-
trons interact with a second laser field, the various spatial
harmonics will rephase at different distances following the
interaction with the second fielghis scheme is analogous to
echo techniques for atomic systems

Once the modulated beam is created the question remains
as to how to use the modulation at some distaheel 4
from the electron beam-—laser interaction zone to produce
super-radiation. TypicallyA, . is of order of 108-10°6
and we have_4~1-1F cm (for different harmonics The
most direct scheme is to employ the Compton or undulator
interaction scheme immediately following the electron
beam-—Ilaser interaction. Due to the modulation of the elec-
tron beam, we will have a macroscopic transition current and
without any initial seeding power such a beam will produce
radiation that will scale ap?, that is, super-radiation. This
scheme is analogous to free-induction decay in coherent
transient spectroscopy for atomic systeha].

In summary, we have outlined a method for generating
and detecting the density modulated electron beam having
space period./s (s>1) using optical fields with wavelength
\. Higher harmonics with shorter periods can be produced
by a proper choice of electron-laser parameters.
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