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We examine the feasibility of high power generation of visible radiation by a process of applying
an axial accelerating electric field on electrons trapped in the ponderomotive potential of a

Compton scattering free electron laser. We consider a scheme where the pump (wiggler) field is
produced by a high-power pulsed CO, laser and the signal wave is the radiation of a high-power
pulsed dye laser. We propose to use a hollow dielectric waveguide in order to overcome the pump

wave diffraction and obtain a long interaction length.

PACS numbers: 42.55. — f, 42.65.Cq, 52.35.Mw, 52.35.Py

Free electrons which propagate in a transverse electric
or magnetic periodic wiggler field can give rise to amplica-
tion of an electromagnetic wave by the process of stimulated
magnetic bremsstrahlung'~ or stimulated Compton scatter-
ing'®'? (free electron lasers). This radiative emission process
saturates by a trapping mechanism in which the electrons
are trapped in the troughs of the traveling longitudinal “pon-
deromotive potential” wave.'*'* Once an electron is fully
trapped by the trapping potential, which propagates with
constant phase velocity, it cannot further reduce its kinetic
energy and stops emitting radiation. However, further ener-
gy can be extracted if at this point an axial accelerating elec-
tric field is applied along the electron beam propagation di-
rection. Assuming this field is not strong enough to detrap
the electrons from their potential wells, then the electrons,
still trapped, will keep traversing with the constant axial
phase velocity of the trapping potential wave, and will do
work on the wave. The energy which is supplied by the dc
accelerating electric field source is then directly transformed
into radiation energy.'3~'7** The purpose of the present pa-
per is to examine the feasibility of realizing this scheme for
producing high-power visible radiation from trapped elec-
trons, utilizing high-power laser beam sources for the wig-
gler and signal fields.

The interaction scheme is shown schematically in Fig.
1. In this scheme the pump wave propagates in a hollow
dielectric or metallic waveguide'*~>" in which there is no dif-
fraction along the interaction region. Therefore a high-pow-
er density of the pump wave can be sustained along a long
interaction length. The higher frequency signal radiation
wave w, propagates from left to right in free space, and its
diffraction is assumed to be negligible within the interaction
length ¢ A high intensity relativistic electron beam is propa-
gated along the interaction region through the overlapping
cross-sectional area of the pump and signal waves. An axial
accelerating electric field is applied inductively to the
trapped electrons in a way similar to the accelerating fields in
induction Linacs.

The basic structure of the scheme in Fig. 1 is similar to
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that of a conventional single turn voltage transformer, where
the secondary coil has been replaced by the electron beam.
When the current intensity 7 is varied in the primary coil, an
axial electric field (potential drop) is induced on the “secon-
dary coil,” proportional tod[ /dr. In the conventional resisti-
vely loaded voltage transformer, the work done by the axial
field on the electrons in the secondary conductor is trans-
formed eventually to incoherent phonon energy (heat). In the
present arrangement, the work performed on the trapped
electrons is converted into coherent radiation.

In order to illustrate the basic principles of the device
operation and its design considerations, let us examine in a
simple model the axial interaction of a trapped electron with
the ponderomotive field and the dc accelerating field.

Assume that the pump and signal radiation fields are
given by

E,(rt) = ReE, (x,ple o *wztuia] (1)
E,(r,t) = ReE, (x,ple 1o+ kil 2)

where E, and E, are transverse fields. The axial force equa-
tion of an electron in these fields with zero transverse canoni-
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FIG. I. Schematic of FEL experiment utilizing high-power laser sources for
the wiggler and signal fields. The wiggler field propagates in a hollow dielec-
tric or metallic waveguide in which there is no diffraction along the interac-
tion region.
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cal momentum is derived in Appendix I and given by (M. K.
S. units)

dp, e 4 F:]
= — — —(A, +A,)V+e , 3
dt 2ym 82( F+ £¢ Gl
where
2 2 172
y=[1+2= + <A, +A2| .

mic | mic?
A, (rz)=Re(A e “w')and Ar,t)= Re(A,e ™) are the
vector potentials of the pump and signal waves. The associ-
ated electric field intensities are E,(r,) = Re(E, e ~ ) and
E,(r,) = Re(E,e “), where E, = iw, A, and

E = iwsKs. If we neglect space charge effects, the only con-
tribution to the scalar potential will be that of the axial accel-
erating field: ¢ = ¢,. = — J3 E,.(z')dZ".

When the fields (1, 2) are substituted in (3) and the qua-
dratic term is expanded, we find that out of all the resulting
terms, only the mixed “beating” term produces a wave
which has a phase velocity less than the speed of light. This
wave can interact with an electron and trap it. Keeping only
this term (the ponderomotive force wave) and the external
accelerating field £, , Eq. 3 reduces to the simple form

dp,
dt

wherew =w, —w, andk =k, + k, = (0, + w,)/c. The
ponderomotive field amplitude is

= —eE  4sinkz —wt)—eE,,, (4)

EPnnd = L(kw + ks)lzz 'Ks | (5)
2ym

It is most instructive to view the interaction in a frame
which is moving with the ponderomotive wave phase veloc-
ity v, = @/k <c. In this frame the ponderomotive wave is
stationary and (4) reduces to a simple pendulum equation

eE
~e¢'(z) = -——-ﬁoﬂ Cosk'z' -elE  1(2"-2])

with a constant force term:

i,pz' = —eE [ 4 sin (k'zZ)y—eE .. (6)
dt
The primes denote parameter values in the moving frame.
Assume an electron is traversing with an axial velocity
close to the phase velocity of the ponderomotive potential
wave v, ~v, . The velocity of such an electron when viewed
in the moving frame (v',) will be then very small and assumed
to be nonrelativistic. We can then multiply Eq. (6) by p;
= ¥'mdz'/dt’ and directly integrate it:
’2 ’
P eE pons cosk'z +eE! (2 —z])= &' = const.
2y'm k'
(7)

This relation simply states that the sum of the axial
kinetic and potential energy of the electron is constant in the
wave frame. The potential energy of the electron is com-
posed of the ponderomotive potential energy, and the axial
potential energy drop due to the accelerating dc field (see
Fig. 2).

If the accelerating field is not too high:

E, <<E; (8)

pond !
then the energy diagram of Fig. 2 will depict a slightly tilted
array of potential wells (traps, buckets), which can trap elec-
trons. A necessary condition for trapping is that the electron
in the wave frame will have a maximum axial kinetic energy
which is smaller than the height of the potential well:

pond i (9)

The electron will then oscillate back and forth inside the
potential well. In the laboratory frame the electron will be
closely in phase with the ponderomotive wave despite the
accelerating axial field. A fully trapped electron will have
zero kinetic energy in the moving frame, and will sit at the

g ------ 1 1 i 1
~egylz')=-elg  Hz'-2
2m7 ~
2w/k’
125 J. Appl. Phys,, Vol. 563, No. 1, January 1982

z'. 7!
1
T
FIG. 2. Plot of the ponderomotive poten-
0 tial with an applied accelerating dc elec-
1 ety g i ;
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bottom of the potential well. It will remain at constant phase
with respect to the ponderomotive wave at a value Wz which
corresponds to the location of the potential well minimum.

A third inequality which is required [in addition to
(Eqgs. 8, 9)] in order to keep the electrons trapped, and in
order to validate our simple single electron interaction mod-
el is:

en., ,
sc -, < <Ep0nd' (10)
€k

This simply states that the space charge field associated with
the spatial bunching of the trapped electrons should be negli-
gible in comparison to the ponderomotive field. The quanti-
ty n/,, is the average density of trapped electrons in the
moving frame.

The trapped electrons are seen in the laboratory frame
to be traversing at a constant phase velocity across the poten-
tial drop @,.(z,) — ¢..(z\) = — §7: E,.dz’ applied along the
interaction length, where E,. is a constant or slowly varying
(as a function of z) “accelerating” field. Since no kinetic ener-
gy has been added to the electrons, the full potential energy
which was released, e[@,.(z,) — @..(z,)] is transformed into
radiation field energy. The radiation process is, of course,
governed by the Maxwell equations, which provide the for-
mal justification for this conservation of energy argument.'’

The power generated by the “accelerated” trapped elec-
trons is therefore:

AP:P(ZZ)_P(ZI)ZIIrap [¢ac(zl)—¢uc(zl)]’ (11)

where I, is the current intensity of trapped electrons. This
radiative power generation scheme is quite different from
the normal operation of free electron lasers. In this scheme
the power for generating the radiation is supplied solely by
the source of the accelerating potential and not by the kinetic
energy of the electron beam. It is also instructive to point out
the analogy between this electric to optical power conversion
scheme and the electric to acoustic power conversion in the
acoustoelectric effect when operating at the trapped electron
mode.?!

The amount of power which can be transformed from
the dc accelerating potential source to the radiation field is
limited essentially only by the trapping conditions (Eqgs. 8-
10} and the practical interaction length ¢ The trapping con-
ditions (Egs. 8-10) can be expressed in terms of the laborato-
ry frame parameter values by making the standard relativis-
tic transformations. This results in the following
inequalities:

Ep < <Eppg = ——1k,, + k,)|A%-A,| (12)
2yom
12 J
Ew=(@) < <K 13
‘ E() Bozk pond ( )
AE €F 11y =2,[2B,, Vor € €l AR-A)' 7, (14

where 4 % is the beam axial energy spread in the laboratory
frame, and J,.,, is the current density of the trapped elec-
trons. See Appendix I for derivation of Eq. (14).

The basic experimental design considerations are deriv-
able from Eqs. 11-14. In order to obtain appreciable power
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generation, the trapped electron current I, . and the “accel-
erating” potential drop @,.(2,) — ¢..(2,) should be maxi-
mized. The amount of trapped current which can be used is
limited mainly by the total current which can be produced
by the electron beam and propagated through the interac-
tion region, as well as by the beam axial energy spread. If the
beam energy spread is small compared to the trapping ener-
gy (Eq. 14), most of the beam electrons can be trapped. In the
opposite case, only a portion of the electrons (roughly

# \ap/A % ) will be trapped. The untrapped electrons will be
freely accelerated within the interaction region and will not
contribute to increasing the radiative power. The magnitude
of the accelerating potential drop that can be applied to the
trapped electrons is limited by the interaction length

{=z, — z, and the maximum field which can be applied
without tilting the trapping potential wells to the point
where the potential barriers diminish and the trapped elec-
trons “spill out” (Eq. 12).

Bearing these considerations in mind, we note from
(Egs. 12, 14) that high initial field intensity of both the pump
and signal radiations are essential for obtaining appreciable
output radiation power in our scheme. This consideration
requires strong focusing of the high power pump and signal
laser beams to the smallest cross-section area through which
the electron beam can be focused and propagated. However,
unfortunately, when the longer-wavelength pump wave is
focused in free space, it also diffracts and its field intensity
falls off axially. This then permits only a short interaction
length ¢'through which condition (Eq. 12) is satisfied and
restricts the total potential drop ¢,.(z,) — ¢..(z,) along the
interaction length. If the pump wave diffracts freely in free
space, an optimal focusing condition can be found for ob-
taining maximum laser gain.”” Another approach, which is
proposed here, is to guide the pump radiation in a hollow
dielectric {metallic) waveguide (Fig. 1), which has relatively
small propagation losses when the waveguide cross-section
size is large compared to a wavelength.'®** This method per-
mits the pump field intensity to be kept high and unattenuat-
ed for a long interaction length.

Consider a case where the pump radiation is coupled to
the EH,, mode of a circular waveguide'®:

E=@amm@i) (15)
a

where 24 is the waveguide diameter, and # = 2.405 is the
first root of Bessel function J,,. The power attenuation of this
mode is

2 )
2a,,=2(L)2/1“' Re "+ U (16)
27/ a (V2 — 1)/2

where v is the complex index of refraction of the waveguide
material. We can see immediately that very low attenuation
can be obtained with an oversized waveguide (a/4,, > > 1).
Furthermore, it has been shown?® that the EH,, mode can be
excited in the waveguide end by an appropriately focused
Gaussian wave with very high efficiencies (98%).

Assuming that the signal wave diffraction is negligible,
the ponderomotive field and trapping potential will remain
constant along the interaction length. For simplicity we also
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assume that the ratio between the applied “accelerating”
field E,. and the ponderomotive field E,,,,; along the inter-
action length is constant.

ac

sinyg = =const < 1. (17)
pond

In this case the phase P of an electron fully trapped in the

trough of the potential well remains constant (see Fig. 2). The

maximum potential drop along the interaction length ¢is

then

Bac(22) — Bacl2)) = Eppa (0)sin . (18)

The ponderomotive field amplitude E,,, 4 (0) can be cal-
culated from (Eq. 5} using the values of the pump and signal
field intensities on the waveguide axis. The pump electric
field intensity of the EH,, mode E (0} is related to the mode
power P, by the relation,

2 172 2
P, =Jf(u)f;—(iﬂ) Eufolf = 0.1357a%(2) £, o).

o Ho
(19)

In considering specific examples we should, of course,
consider extremely powerful lasers for producing both the
pump and signal radiation. For producing high-power tu-
beable visible radiation an obvious choice for the pump wave
would be an intense pulsed CO, laser (4,, = 10.6um) and for
the signal wave an intense flash lamp pumped pulsed dye
laser.

To calculate the electron beam energy required for the
interaction we use the synchronism (resonance} condition
(0, — w,)/(k; + k,)=v,,, or

w

=1+ B, ) Ve (20)
A,
For4, =106 umand A, = 0.5 um we get v, ~y, = 2.3
(£ = (Yo — 1) mc* = 665 Kev). We assume for the pump
power P, = 10 GW and for the signal power P, = 10 MW.
These waves are launched into a 2¢ = 8-mm-diam copper
tube. The pump wave is focused appropriately to exicte the
EH,, mode (Eq. 15). The signal wave is assumed to be a freely
diffracting Gaussian wave,?” which is focused to a 2w,, = 4-
mm beam waist size. This corresponds to a Rayleigh length
2z, = 27wl /A, = 50 m which justifies the neglect of the
signal wave diffraction along the interaction length. The
Gaussian beam field on axis is related to the beam power
through the relation

_ ﬂwgs & 172 . 2
r= T (2) k0 21

0

This equation and Eq. 19 give for the signal and wiggler
fields on axis |E, (0)| = 3.46 X 10" v/m and |E, (0)|
= 7.46 X 10° v/m. Using (Eq. 5) we find E,,,, 4 (0)
= 9.26 X 10° v/m and assuming an interaction length
¢=10 m and sin ¥ = 1/2 we obtain from (Eq. 18) @,.(z,)
— @, (z2)) =463 KV,

The trapping potential energy for this case (Eq. 14) is
& wap(0)/(yo — 1) mc®> = 58X 1074 (&, (0) = 383 eV). If
we assume [, .. = 1 KA, we find for this case AP~46.3
MW, 4P /P = 4.63.

The power attenuation of the pump wave due to losses
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in the waveguide walls are found to be sufficiently small for
the parameters of this example. Assuming v = 14.2 — i64.5
for a copper tube,?* Eq. (16) results in a power attenuation
constant 2a,, = 3.65X 107 m ™', which for the /= 10-m
length will reduce the pump power by 4P, /P, (z,) = 3.6%.
The power dissipation on the waveguide walls is 1.45 X 10°
W/cm?, which for a pulse duration of say 300 nsec, corre-
sponds to an acceptable energy dissipation level of 1.37
J/cm?.

The example given above does not necessarily represent
the optimal or the easiest configuration to realize the pro-
posed dc to visible power conversion scheme. It merely dem-
onstrates the potential as well as difficulties which should be
expected in an experimental realization of such a scheme.

Perhaps the most difficult restriction in the above ex-
ample is the low values of energy spread required of the elec-
tron beam. These values would require improvements in the
state of the art beam emittance values, and the prevention of
space charge potential depression inside a non-neutralized
beam by means of Brillouin flow?® or other techniques.

It is apparent from inequalities (Eq. 12-14) that very
high-power densities of both the pump and signal waves are
desirable in order to increase the ponderomotive field inten-
sity E,,.q and the trapping potential depth &, so that
high optical power generation can be realized. Small in-
creases in the ponderomotive field and the trapping potential
depth occur along the interaction length ¢due to the signal
wave amplification. This effect, which was neglected in the
example will not, however, relax the design constraints sig-
nificantly. One way in which the power densities in the inter-
action region can be increased without increasing the power
input into the pump and signal lasers, is by incorporating the
interation set up (Fig. 1) inside the cavity of the pump or
signal lasers, or both. If high Q cavities are employed it is
possible to build up the laser power densities in the interac-
tion region to extremely high levels prior to the injection of
the electron beam. This alternative scheme will be limited by
the absorption losses and power handling capabilities of exis-
tent mirrors and optical components.

High-input radiation power levels associated with both
the pump and signal waves are possible with short pulse op-
eration. However, it should be noticed that the pump radi-
ation pulse duration 7, should be long enough to fill up the
interaction region for as long as it takes the signal radiation
pulse (of 7, duration) to traverse the interaction region
(7, >2¢7c + 7.} A possible mode of operation is one in
which the “free electron laser” is operating as an “energy
amplifier” or “pulse train oscillator.” In this mode of oper-
ation a very high-power (P,) short-duration (r,) signal pulse
is injected into the interaction region and partly reflected
back (after amplification) into the interaction region by
means of a Fabri-Perot cavity of length ¢,. The initial signal
pulse will then produce a train of N pulses (N = cr,, /24,). If
the pump wave pulse can be kept long enough in the cavity,
appreciable energy gain A% /(P,7,)~NAP_/P, can be ob-
tained even if the single pass power gain AP, /P, is small.

Finally, we point out some of the limitations of the theo-
retical model assumed in the proposed scheme. The neglect
of the nonsynchronous driving terms during the derivation
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of Eq. (4) from Eq. (3) is a very good approximation. Even
though the electromagnetic fields of the pump and signal
waves apply transverse forces on the electrons in the first-
order solution of the force Eq. (3), the oscillations due to
these forces (at frequencies w,,w,,) are very fast, and conse-
quently the amplitude of these oscillations is found to be
negligible. In a Fabri-Perot resonator oscillator structure
one gets in second order also axial ponderomotive forces due
to the beating of the right- and left-going pump waves or
right- and left-going signal waves or right-going pump wave
with left-going signal wave. The first two pairs produce stat-
ic periodic ponderomotive potentials {in the laboratory
frame of reference) and the third pair produces a travelling
potential which propagates to the left with velocity
~(—uv,,)and frequency @, — @,. All these fields produce
axial oscillation of negligible amplitude. They could in prin-
ciple also be completely eliminated in a ring laser structure.

Other theoretical concerns which require further con-
sideration and are beyond the scope of the present article are
the effects of sideband instability** and finite monochroma-
ticity or finite coherence of the pump and signal waves.*®

This research is supported in part by the U. S. Air Force
Office of Scientific Research under Grant No. AFOSR 80-
0073.

APPENDIX I.

The longitudinal force Eq. (3) is derived directly from
the Lorenz force equation

dp/dt = — e(E + vXB), (I-1)

and the definitions of the electric scalar potential ¢ and mag-
netic vector potential A

B =VxA, (I-2)
E= —V¢— Cj?—? {I-3)
The electron velocity is given in general by
v=(p, + eA)/ym, (I-4)
where p, is the canonical momentum and
= [1+(p. +eA])/(m’c?)"2. (I-5)

Substltutmg (I-2) to (I-4) in (I-1) for the particular case
of zero transverse canonical momentum {p., = 0) gives for
the axial component

d, oA
. _ 98 oA —[i I (AV)AZ]. (I-6)
dt 9z ot 2 gz

For a purely transverse vector potential 4, =0

d 2

a. _ 9% _ _e iAZ, (I-7)

dt 9z 2ym B8z

2
where y = |1 + i -pl + —i—7A2]‘/2.
m’c* mc*

APPENDIX Il.

In this appendix we will derive the trapping condition in
the laboratory frame, Eq. (14), from the trapping condition
in the frame moving at the phase velocity of the ponderomo-
tive wave, Eq. (9). The allowable energy spread in the moving
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frame is the same as the full depth (trough to peak) of the
ponderomotive potential well (Eq. 9)

P’ 1 s :
= __mC- ;- < < %/’ ra
2¥'m 2 vB frap
E’ 2
- 2 pond = e IAV*-AU' J,
k’ my"
(I1-1)
where k' = (kw + kaVphJ Von = {1— ih)AIm; andﬂph is

the phase velocity of the ponderomotive wave. It is assumed
that this velocity is equal to the average velocity of the elec-
tron beam B, = Bo,, Vo = Veou-

In the moving frame the maximum allowable velocity
of the trapped electrons is

- ( 2 ?{1 (’I’dp )
mc*y’
To find the corresponding energy spread in the labora-

tory frame we use the Lorentz transformation for the energy

(11-2)

vd

— =yme =y, (y'me+ Boup:)

Y =vm? (1 £ 8,181 (IL-3)

For |3 ;| = O this equation results the identity ¥ = 7,/%.,-

With - We find that the deviation in labora-
tory frame beam energy which corresponds to condition (II-
2)is

Z;p{rdp

147 =17 — 7ol = VB =] (I1-4)
y'me

Deﬁning

) trap T 2tA7/|mC ’ (II-S)

and substituting Eqs. (I1-4), (II-1) and B,n = Lo, sVen = Yo
we get the trapping condition in the laboratory frame

4% << ég)trap = szyozﬁozce \/ ,X: 'Zs ' (11'6)
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