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Coherent y radiation production by interaction between a relativistic electron
beam and two interfering laser fields
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A method is proposed for obtaining coherent y radiation through the interaction between

a relativistic electron beam and two interfering laser fields. The periodic structure associat-
ed with the interference fringes gives rise to coherent effects of the radiation emitted by
stimulated inverse Compton scattering, if suitable conditions are fulfilled.

I. INTRODUCTION

The possibility of producing radiation in the visi-
ble or shorter-wavelength region from electron
beams is well known, and is used, for example, in
synchrotron radiation. ' Recently, the interaction of
an electron beam and a suitable periodic magnetic
field has been used in so-called free electron -lasers
to obtain coherent radiation in the near-infrared or
visible regions. Shorter wavelengths in the y-ray
region in units of (MeV) have been obtained
through inverse Compton scattering of a visible
laser radiation onto an electron beam. We think
that this kind of interaction must be explored as a
possible mechanism in obtaining quasicoherent
sources of y radiation. In the following sections
we wish to discuss a particular interaction geometry
which should allow an increase in the production
cross section of y rays and provide a source of
quasicoherent radiation through a cooperative emis-
sion process.

The geometry which we intend to study is ob-
tained by making an electron beam cross a region
where two laser fields interfere, giving rise to a
periodic structure of interference fringes. The gen-
eral idea can be understood with reference to Fig. 1.
Two laser beams cross each other and produce a
fringe system in space in a region where an electron
beam is traveling. An electron of the beam, cross-

ing the region intersected by the two laser beams,
takes part in scattering processes in which a photon
from the laser beam 1 or 2 is scattered in some arbi-

trary direction.
With reference to Fig. 1 let us turn our attention

to a particular one of these scattering processes;
namely, that in which the scattered photon is travel-

ing along beam 2 but in the opposite direction
(backscattering). The scattered photon gains energy

in the process from the relativistic electron beam
and can find itself, in the laboratory frame, in the y
region (when the electron energy is sufficiently
high). We also have another backscattering process
in which a photon is scattered along beam 1. In
this case, of course, the photon loses energy.

We will show in this paper that these scattering
processes have the highest probability of occurring
in the space region where maxima of the intensity
fringes occur. When these backscatterings are con-
sidered, an interference between the scattered fields
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FIG. 1. Geometry for the production of y rays: (a) in

the laboratory frame and (b) in the electron rest frame.
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occurs which increases the scattering cross section
by a factor of 16 (if the two scattering beams have
equal intensity), with respect to the case in which
scattering from a single beam is considered (and a
factor of 4 if the single beam has an intensity which
is the sum of the intensity of the two laser beams).
We will show that if particular angular conditions
are fulfilled, the photons backscattered by each
fringe may add in phase as in a Bragg scattering, so
that the total scattered intensity is proportional to
E, where N is the total number of crossed fringes,
as it occurs in a coherent process.

Finally, we will show that the angular conditions
which allow these circumstances to take place are
not fulfilled in the case in which the two beams are
at 180 with respect to each other as it occurs in the
Weizsacher-Williams approximation of free-
electron lasers, so that our geometry has distinct ad-
vantages over this conventional structure.

The interaction length for our process is rather
short, being the region over which fringes are pro-
duced by laser beams of finite cross section, crossed
by an electron beam of finite cross section so the to-
tal number of scattered photons cannot be very
great; however, in our process a coherent effect is
produced in the scattering from different fringes
which is a way of producing a coherent or
quasicoherent beam of y rays.

We think that our discussion must be implement-
ed by more refined calculations, taking into account
the spread in energy of the electron beam, the
linewidth of the interfering lasers, and so on, but we
also think that the fundamental physics will not be
changed by these more refined calculations.

To study our problem we use a quantum descrip-
tion in which an inverse Compton scattering occurs
in the laboratory frame. In the electron rest frame,
due to the very small energy exhange, the scattering
can be considered quasielastic (we will call it Thom-
son scattering).

In Sec. II we treat this elastic scattering in the
electron rest frame (ERF) by taking into account

I

the particular fringe structure of the light field. A
gain calculation is performed next, in Sec. III.

II. THOMSON SCATTERING
OF ELECTRONS BY TVfO INTERFERING

LASER FIELDS

We have already shown that the scattering of an
electron in an interference region (a fringe) has a
larger cross section than would be expected by as-
suming it as simply proportional to the square of
the classical intensity of the field. It increases by a
factor of 16.

This behavior is connected to a quantum descrip-
tion of the scattering process, which is of second or-
der in the perturbation theory. It is connected to
the uncertainty in the photon momentum in the
fringes, and it is due to the coherence of the radia-
tion fields. In the following we wish to study the
effect in the case of Thomson scattering by N
fringes for n, electrons, showing the conditions
under which the factor of 16 appears and the possi-
bility of obtaining coherent scattering by the E
fringes.

We turn our attention to the Thomson scattering
(elastic scattering) because for relativistic electrons
an elastic process occurs in the electron rest frame
when the energy of the photons is much smaller
than the rest energy of the electron. In the ERF the
scattering is therefore a nonrelativistic one. The
nonrelativistic interaction Hamiltonian for elastic
scattering is given by

2

Hmt(r, t)=
z A(r, t)A(r, t),

2mc

where e and m are the charge and mass of the elec-
tron, respectively, c is the light velocity, and A is
the usual vector potential of the electromagnetic
field. The scattering probability, for n, electrons, is
given by

f, dt' f dr '[(f'
~

A(r ', t')A(r ', t') ~i )](f"~i")
2mc 0

In our case the wave field is given by two interfering modes:

A(r, t)=A, (r, t)+Az(r ', t)

= [2 i exp( icoit+iKi r)a—&+A i exp(ice&t —iK, .r)a &]+[Azexp( icozt+iKz r)a—z
+Az exp(iNzt iKz r)az], —
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where
I

i') =
I Ro) =

I Roi & I Ro2 &, (4)
1/2

A= 2m''
NV

p(ri) —ipo r ti (rf) +ip j rf"I " = ~

where
I [Ro J ) are coherent states, and as final state

I&'&=
I Rf & I Rfi& I Rf&) ~

Ii") and
I
f") are the initial and final electron

states, given by

V is the normalization volume given by the super-
position volume of the two interfering waves.

The space-time integration is performed on a
time smaller than the coherence time of the fields,
and on a volume smaller than the coherence
volume. We put as initial state of the field

I

i")= p(r;)exp(iPo. r),
V

I
f")= ji(r j)exp( —iPj r),

V

p(r, )ji(rj)=5j .

From the momentum conservation we have

'2

P„,=g ' f dt'f dr'IMIi
I (RI IA,

' '(r', t')A +'(r', t') IRo)
Plc A 0

where the subscripts i and s refer to the incident and scattered fields.

By squaring and summing on the final states of the radiation field, we have
'2

"; f, «'f, '«"f,d-'f, dr" MIMI;I'
f

&&cos a[(Ro
I
A (r ",t")A, + (r ",t")

xA' '( ' t')A'+'( ' t')
I
R )]

By using the commutation rules and from Eq. (3) we have

e &e

mc

x f '« f dt"f dr ' f dr" Q IMj; I'

ycos~aI (Ro I
[A i (r ",t")+A2 (r t )lj

X [A',-'(-', t )+A,'-'(r', t )],[A"I-'(-r-, t-)+A"',-'(-r-, t-)],

y [A', +'(r ', t')+A', +'(r ', t')];
I
R, ) ]

where cos a =
I
E, .e; I, i.e., a is the angle between the polarization vectors of scattered and incident field.

Performing the time integration over a long time (but shorter than the coherence time of the fields) and us-

ing the statistical independence between scattered and incident fields,
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2s' e
~tot — stet

N1C
f dr 'f dr" g ~Mf; ~

cos a(A, ) (A;)
f

~ +II ~ ~ g ~It ~ + /

X5(&f E~ ), — (9)

where A, =A; =(2m.Pic /co V)'~ for elastic scattering. If we study a backscattering process we have cos a =1
and therefore

r

nr f dr'f dr" Q~Mf ~

(A ) (A ) (e " (a]a] )+e' ~ ' '
(a a )

f

—iK~i r" ~K2i+ e e (a ]'ai') )f](@f E') (10)

The field-operator average is made on coherent
states for a time smaller than the coherent time of
the field: the interference terms of the incident
field are not zero. ' Moreover, by using the uncer-
tainty in the modes we have

(a];a];)=(a2;a2;) =(a2;a];)=(a];ay;) =
~

a;
~

Generally, the interference terms of the scattered
field are zero, but if the emitted field is a coherent
field it is possible to have

(a],a2, ) =(az,a],)+0,

I

with

(see Refs. 5 and 6).
If backscattering is considered, we can assume

that the backscattered fields along directions 1 and
2 also interfere. In this case both the incident and
scattered photon momenta are undetermined, and
the momentum conservation writes

AK,.+ =6K, +
fi ' A'

The scattering probability in modes 1s and 2s be-
comes
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2v
Pt.t = tn,

'2
2

(&;)'(&, )
~
a;

~

'(1+
~
a,

~

2)
NlC

iK» r" —iK&; r", —iK& r' —tK2. r' g(K2 —K& ) ~ r" iK

—iKls r' i(K» —K») r"
+e '* e ' '

)

From Eq. (11)we have also

2
2

(~;)'(&,)'( ~a; ~')(I+ ~a, ~')
PlC

X r' rt~ ~ 2 e &s e
' li

fs

&& [(e " +e "
) (e " " +1)]5(Ef—E;) (12)

By making Mf; explicit, Eq. (12) becomes

2 2

tn, 2 (Ai) (Ag) ~a;
~

(I+ ~a,
~

)
mC2 p2

i[(PO—Pf) r'/s], iK 2
r—' iK&, ~ —r'„ iK2, ~ r' iK&; r'

X d r'e (e +e ' joe
p

V
f

—i[(PO—Pf)/fg] r" i K& r" —i K»
dr e ' e

~ ~ ~

V

&& [(e ' " +1)(e " " + 1)]5(Ef—E,. )

If we s« ~ =po~&+Kji —pg/4 —K~„h;=K2; —K», which is the spatial periodicity of the fringes in the in-
cident field, and b, =K2, —K», which is the spatial periodicity of the fringes in the scattered field, we have

n, t (2;) (3, ) ia;i (1+ ia, i
) 2

yf d~~ ca r'(1+ ' 2s is '
)(1+

' 2i &i ')
V

f

X dr "e ' ' (1+e ~ "
) (1+e " "

) 5(E E)—
V

+e

If we take into account the fact that in the case of backscattering K2, ———K2;, K&, ———K&;, or b, ; =Z„Eq.
(14) becomes
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P„,= n,t, (A;)'(A, )'~ag ~'(1+ ~a, I')tOt $ e 2 l S l p2

t'

X g f dr'e' ''(1+e' ' ' )(1+e' ' '
)f dr "e ' '"(1+e ' ' ' )(1+e ' ' '

) 5(EI E;—) .
Pf

Equation (15) can be written also as

T

2%
Ptot Ple (A;)(A, ) ~a;~ (1+~a,

~
)

PlC V2

~
~
~tS . --„2f dr "(2+2e ' )e ' '' 5(EI E;), —

V
f

(16)

i.e.,

Xg 2f dre ' ' +2f dre ' ' 5(E E). —
f

(17)

Equation (17) contains a first term, which
represents the scattering by the whole interaction
region, and a second term which represents the
scattering contribution due to the periodic distribu-
tion of the fringes. In the second term the momen-
tum conservation requires that both interfering
beams contribute to the scattering in a fixed photon
and electron final state, but it needs a "'periodic vec-
tor" (b;) to assure it. Coherent effects can be
shown to exist if some periodicity condition is ful-
filled, or if

e
—iZ r (18)

is a periodic function.
We consider what happens along the plane in

which fringes are produced, g being the coordinate
along the fringes. Through the use of a Fourier ex-
pansion, we can write

Aa ———f f(g)e ' dq

e ' "e 'dg
p

—i(6+5; )P—1

i (6+b,;)— (19)

From Eq. (19) we obtain

f(ri) =e ' "=+Age,

with 5; =2m/P; P being the fringe periodicity, and
with

lf(r)')i~=f(n)=f n+ ~
1

—i(h, +h,;)P
e ' —1

i(b+bq)— (20)

=QA„exp(2minri/I')

ih, , g=+A a. e
Now, we introduce Eq. (20) into Eq. (17), which be-

comes
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Ptot
2

2

(~, )'(~, )'~a, ~'(1+ ~a, ~')
mc' L2

—i(h, +4; )I'
ih,;g"

P i(b,—+b, )
t

—i(h+d, t
)I'

f e ' e '" dpi" 5(&g)5(&g) 5(Ef Ei) ~

a P —i(b+b„)
(21)

g and g being the other two Cartesian coordinates of the photon beams. Setting (e /mc )=r 0,

P„,= n, tro(A;) (A, )
~
a;

~

(1+
~
a,

~
)

where

Now,

ih;L

Xg 2f(P) +2f(P)L 5(bg)5(bg) 5(Ef E;), —
Pg

ih;

—i(h, +6,;)P

P i(b, +5; )—
i

(22)

hgL =hgPN= PN=2mN .

If N is an integer number, then

e ' —1=0;
therefore, by observing that ga ——g~ =N, Eq. (22) becomes

(23)

(24)

z z z
N& sin [(b,+5;)P/2]

P„,=16n, tro(A;) (A, ) (1+ ia,
i

) ia; i g z 5(hg)5(hg)5(Ef E;) . —
p P (2+6;)

(25)

Equation (25) represents the contribution to the scattering by each fringe, with a cooperative effect shown by
the term N .

In the limit in which P~ 00, the function

sin [(b,+6;)P/2]
~5((&+&;)q) .

P'(6+6, )'

2
=n, 16 rii(A;) (A, ) (1+ ~a,

~
) ~a; ~

gN ' 'z5(bg)5(hg)5(Ef E;), —
p (hP +2n).Ptot

(26)

Since P=A, '/2sino' the condition P~ac becomes an "angle" condition, i.e., sin8'~O(A, '=A/y). Now we
observe that, by using the relation b, ; =2m/P, we can wr. ite Eq. (25) as

AP
sin

which has a maximum f'or

hP
2 2

'

or

(26')
2

It can easily be seen that

b, =b,co /c,

(27)
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(28)

III. GAIN QF THE SYSTEM

Now we study the gain in the system discussed in
the previous sect1on in which an electron beam trav-
els through the interference fringes produced by two
crossing beams.

We suppose that the laser sources are equal, i.e.,
we consider two monochromatic plane waves (with
the same polarization} crossing each other at a
small angle [Fig. 1(a)]. In the ERF [Fig. 1(b)]
fringes are produced along the g axis with periodi-
city

2sin8' ' '
y

(29)

Electrons traveling along the x axis are scattered by
the photons in the beams. For relativistic electrons
(y»1) the scattering, in ERF, as already noted is
practically an elastic scattering (stimulated Thom-
son effect).

In the ERF the incident frequencies are given by

where h~; is the linewidth of the incident radiation
from (26') and (27} we derive a condition for the an-

gle 8' (in ERF)

It is possible to consider the scattering as a stimu-
lated process because the emitted photons travel in
the opposite direction with respect to the incident
photons, therefore they can produce stimulated
emission of photons while crossing other fringes.
Moreover, we remember that the presence of the X
term in the scattering probability means a coopera-
tive effect by the N fringes.

In the following we calculate the gain for photons
emitted in the direction opposite to the photons of
beam 2 (see Fig. 1). The rate equation for the gain
1s

dns'
=Gn, c=(G"—6'"')cn„

dt
(34)

(in analogy to the Sukhatme and Wolff calculation)
where 6"is the gain for the backscattering process
between the electrons and photons 2; 6' ' refers to
scattering processes between the scattered photons
and electrons, i.e., the scattering process which ab-
sorb useful high-energy photons to accelerate elec-
trons. The quasielastic scattering in the ERF, due
to the recoil of the electrons, assures the gain. We
write

coi ——ycoi(1 —P cosfi ),
Nz =Qcoz(1+Pcos1Pz),

(30)

(31)

(a) oe ~ dns6 a

n, g dt
(35)

where 1( ~
——pz ——90'—8.

To obtain stable fringes in ERF it is necessary
that

where n, is the electron density, and

=f d'Pof(Pox@(Poy +(Po.)

1.e.,

co [(1 Pcosy) ) =coz( 1 —+P cosqz) . (32) (36)

We observe that for small 0 in the laboratory frame
we have co]-co2.

In the laboratory frame (LF) we study back-
scattering. The scattered frequencies are given by

co~, ——y ~(1—pcosl(~)(1+pcosp, "),
~z, ——y co(1+p cosl(z)(1+pcospz'),

fl =20'+Ps,
4z'= Pz—

ro(2n. )6"'=16n,n c 4X — I,
COms

where from Eq. (26)

(37)

where we have integrated over the incoming elec-
tron momentum distribution f(Po„) and summed
over the final electron momentum.

We analyze the gain along the x direction, in the
case in which there is interference in the scattered
fields. If we put no ——(n;/v)c we have



26 COHERENT y RADIATION PRODUCTION BY INTERACTION. . . 3195

I=16fdpp+(po„) f dPf„

~ps
sin +Ep„—

~p~
+Ep„— —E~ 2Lf +2m

$((P2 2 2 4)1/2 ~ (p2 2 2 4)1/2 ~) (38)

where Lf =P~/2 is the fringe dimension, in the LF
along the x direction.

The gain G"' is obtained in the LF. N in Eq.
(37) is the fringe number along the x direction. In
Eq. (38}we have used the relation

fx

The first integral in Eq. (38) can now be resolved by
using the 5-function properties.

In the same way it is possible to obtain the re-
verse gain G' '. The difference between G' ' and
G" lies in the inversion between the initial and fi-
nal photon-electron states, with a frequency shift in
the final state with respect to the initial photon
state of the forward process, which gives the G"
gain.

After some algebra and setting

Vp
PO Pox ~

C

~,—co

CO +CO

1~~ =&o—&o yo =
(1 P2)l/2

F'(Pp) is asymptotically equal to the derivative of
the electron distribution function, and we get the
difference between G" and G' ' which gives the to-
tal gain

)& ( I+P cosg'2) . (40)

In the opposite limit (bP &2m. /K, Lf) the max-
imuin gain becomes (in cm ')

21+pcosl(2 Ace, EpG,„=16ro
I+pcosf2 hE &&

X(2n. ) npn, i,;A, , (41)

i.e., the gain does not depend on N .
The condition having EP&(2'/K, Lf) becomes

an "angle condition"; in fact,

ILf- . , 8=——$2 ~Lf
4sin8 '

2 4 COS$2

K, = = y (1+pcosg2)(1+ pcosg2'),-2~=2"

but cosg2 ——c s(o/i2r—8)=sin8 and

I

widths of the sine function (2'/K, Lf) and the
width bP of the electron velocity distribution. In
fact, when bP&(2'/K, Lf) we are in the "large-
cavity limit, " and the maximum gain is given by (in
cm-')

16M ro fico, Ep

(I+p cosit 2) bE bE

16& &pnpc (2ir) ~gf($2 $2)
Gtot

ccoco, yoLmc

P+cosl(2
coal//2' ——+COS( —

QP )= 1+ cos
(42)

sin(K, b,P Lf )
X fdPoF (Pp) (39)

where Eq. (42) is a result of the "relativistic aberra-
tion formula. " With Eq. (42), K, becomes

where f($2,$2) is a function which contains the in-

terference angle contribution.
The integral appearing in the gain expression de-

pends critically upon a comparison between the

K, = y'(1+ p)(1+cosg2},

and we have

(43}
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bP=1—CO —CO

CO +CO CO+@)

2

1+y (1+Pcosg2)(1+P cosg2')

2

1+y (1+P)( 1+cosg2)

which, after some algebra gives

cost('2 «P i

1.e.)

(44)

(45)

By assuming an interaction length L=1 cm, we

have %=33. We also have co=1.7)&10' Hz and
E=51.1 MeV, while 5~/~-10 2 and DE=105
eV, (F/b, = 10 eV). The scattered beam has

co, =3.10' Hz and A,s =2.6&10 em. By assum-

ing n, /V=10" electrons per cm ' and no/V=10
photons per cm we have a total gain of
G -0.4—4 cm '. If we take 0=5' which still
fulfills conditions (46) and (28) we have p =6.10
cm, X= 100, and G~ -4.40 cm

The number of scattered photons n, is easily cal-

culated from the relation

sin8«P ~8&&m/2 .
LGP; V

cAAco
(47)

Relation (45} must be fulfilled together with Fq.
(28), from which we have that (in the LF)

Agog

y &P. (46)

IV. CONCLUSIONS

We have discussed a particular geometry for the
interaction between a relativistic electron beam and
two crossed laser fields which allows us to obtain
coherent y photons.

The main results of our calculations are expressed
by Eqs. (26), (28), (40), (41), and (46). Equation (26)
gives the total probability of production of y pho-
tons, while Eqs. (40) and (41) are the total gain in
ease of large-cavity or small-cavity limits respec-
tively Equa.tions (28) and (46) are two conditions
which must be fulfilled by the angle and frequency
widths of interfering laser beams to have the
cooperative effect described by Eq. (26} and to be in
the condition of the large-cavity limit. Some nu-
merical examples may now give a hint to the possi-
bility of a real experiment.

Let us assume we have a relativistic electron
beam with y=10, or P=(1—1/y )'
=9.9995X10 '. To have conditions (45) and (46)
fulfilled in the I.F we may take 0-1'. If one of the
two laser beams is a CO2 (A, =10.6 pm), we have

P=/2sin9=3)&10 cm .

where P; is the incident laser power V the interac-

tion volume, A the laser-beam cross section and %co

is the energy of the incident laser photons.
A comparison of relation (47) with the number of

photons obtained in ADONE experiment can be
useful. In this case the number of scattered photons

per second and per unit frequency is given by

dn, do.p 1 1 4X,pro

dcos
'

do)s o.g 2mR S,fico

where X, is the number of electrons circulating in
the storage ring, S, is the average cross section of
the electron beam, and R is the average radius of
the equilibrium orbit.

By using the ADONE experimental values

N, =2X10" which gives n, =N, /2vrRS, =10
cm, S,=10 cm, R=1670 cm, y=3y10,
P; =250 W, k; =4.9)& 10 cm, fiw =2.5A' eV,
A =10 cm, 4y ro-10 ' cm, we have from Eq.
(48)

n, =—n, =10 —10 secs L s—

and from Eq. (47)

n, =10 —10' sec

with G-5)&10 ' cm ', E/6=10, and %=3000
fringes.

This comparison shows in an impressive way the
advantage of our geometry.




