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It is shown that a bunch of electrons which move in an active medium can be accelerated. The acceleration
is proportional to the population inversion and the number of electrons in the bunch. As reference we compare
the acceleration force with the deceleration experienced by the same bunch as it traverses a dielectric and
metallic medium[S1063-651X96)08005-1

PACS numbgs): 41.60.Bq, 41.75-i, 52.75.Di

[. INTRODUCTION number of atoms in the excited state is larger than these in
the lower state, i.e., the population is inverfdd. From the
When an electron moves along a vacuum channel in aescription above, the acceleration force is a result of stimu-
dielectric material it may cause radiation to be emitted prodated radiation, therefore we call this scheme PASER, which
vided that its velocity is greater than the phase velocity of arstands for particle acceleration by stimulated emission of ra-
electromagnetic plane wave in the medium. This is the sodiation.
called Gerenkov radiation. What a remote observer measures Many of the advanced acceleration concepts have lasers
as electromagnetic energy comes at the expense of the pas their central component. The main schemes follGyv.
ticle’s kinetic energy or, in other words, the particle is decel-Beat-wave acceleratéBWA) in which two slightly different
erated. For a better understanding of the deceleration forcégser beams illuminate a plasma whose frequency equals the
one has to examine the field distribution in the vicinity of the difference of the two laser frequencies. The injected particles
particle. Ignoring for a moment the presence of the dielectricare accelerated by the resonant space charge wave which
a point charge generates in its rest frame of reference adevelops in the systemi2]. (ii) Wake-field acceleration
electrostatic field which transforms in the laboratory frame(WFA), suggested by Sprangét al.[3], is based on a large
into an infinite spectrum of evanescent waves. As thesvake field left after a very intense but short laser impulse
waves hit the discontinuity between the vacuum channel andhich propagates in plasméii) Inverse @renkov(4] relies
the dielectric, a so-called secondary field is generated. This isn the G&renkov effect to accelerate particles. These are in-
the reaction of the medium to the presence of the chargefgcted in a slow-wave environmefgas and illuminated at
particle. It is the action of this secondary field which decel-the Gerenkov angle by an adequate laser beam. A concept
erates the electron. In this study it will be shown that if, which is similar, but is based on a fast-wave interaction, is
instead of a passive dielectric medium, an active medium ishe(iv) inverse free electron laséFEL) [5]. In all the above
used, the action of this secondary field may cause the partickchemes the radiation is generated in the laser cavity, it is
to accelerate. Thus energy stored in the medium can be tranguided by optics to the interaction region, and then it is uti-
ferred to the moving electron. lized to accelerate the electrons in one way or another. In
An additional way to examine the proposed acceleratiorfact, in the last two cases we also use the inverse of a radia-
scheme is to consider the microscopic processes. In partiction process. The question which we asked originally was
lar, let us consider an ensemble of atoms of which each onehether one can directly use the “inverse laser” process for
is modeled by a two-level system. The number of atoms irparticle acceleration. According to the detailed calculation
which the electron is in the upper level is larger than thepresented here, the answer to this question is affirmative.
number of these in the lower level, i.e., the population is In the past, there were two schemes in which an active
inverted. As indicated above, attached to a moving chargenedium was suggested in order to support the acceleration
there is a broadband spectrum of evanescent waves, inclugrocesg6,7]. In both cases the active medium facilitates the
ing the resonance frequency corresponding to the two-levadeneration of solitons, extending the interaction region in
system. These waves can be conceived as a spectrum of vihis manner. To illustrate the role of the active medium let us
tual photons continuously emitted and absorbed by the eleconsider the wake-field acceleration scheme. It has been
tron. When a virtual photon corresponding to the resonancehown that high gradients may develop in the plasma; how-
frequency impinges upon an excited atom, its effect is idenever, the interaction with electrons alters the propagation
tical to that of a regular photon: it stimulates the atom andcharacteristics of the medium and the overlap of the elec-
two identical (phase correlatgdphotons are emitted. One trons with the laser beam is limited. Fisher and Tajifda
photon is identical with the initial and the second is a realhave shown that an active medium can be used in order to
photon. Since the two are phase correlated, the real photqreserve the radiation pulse shape, energy, and velocity. The
can be absorbed by the moving electron, causing the latterscheme relies partially on the self-induced transparency
acceleration. The inverse process is also possible: if the vitheory which was first developed by McCall and H4Bhin
tual photon encounters an atom in the ground state and eX969. Fisher and Tajima envision their system to use the
cites it, then the moving electron loses energy, i.e., it is beinguter shell electrons to form the plasma and the inner shell
slowed down. We may expect net acceleration only if theelectron resonant transition as the constituent of the active
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7 //////%/ > / Il. GENERAL FORMULATION
el i iati i i i -
/ The radiation emitted when a particle moves with a ve

— locity which exceeds the phase velocity of the electromag-
D cent waves) netic wave in the medium comes at the expense of its kinetic
energy. In order to understand the source of this force we
have to realize that the field of a moving particle consists of
a superposition of evanescent waves. As the particle moves
in a vacuum channel of radil® surrounded by a dielectric
medium ¢, , the evanescent waves hit the discontinuity at
r=R and they are partially reflected and partially
transmitted—see Fig. 1. It is the reflected waves which act

FIG. 1. The schematic of the system used to examine the gradback on the electron, decelerating it. In this section we shall
ent which acts on a bunch of electrons as they move in a vacuurexamine this process for a scalar dielectric coefficient which
channel bored in a dielectric medium. The latter can be complexn principle can be complex and frequency dependent.
and frequency dependent. Consider a point chargey] moving at a constant velocity

V whose current density is described by

medium. As previously indicated, in this study it will be 1

shown that the active medium can be utilized not only to J,(r,z,;t)=—qV =— 8(r)8(z— V), (D)

preserve the laser pulse shape but also to directly accelerate 2r

the electrons; in fact, no plasma is required in the PASER,_ . .. .. .
and its time Fourier transform by

scheme.

Another acceleration scheme which is under investigation q
and has some resemblance to the scheme proposed here is J(r,z,0)=— ——— &(r)e @NV)z, 2
the dielectric wake-field acceleratddWFA), demonstrated (2m)%r
in 1988 by Gaiet al. [9]. It relies on the injection of an
intense electron pulse, of low voltage high current, into
dielectrically loaded waveguide. The wak@erenkov radia-
tion) left by the driving pulse accelerates another bunch A (r<R,z )
which trails and it is characterized by high voltage and low -
current. The approach was originally considered by Voss and _ < oy ;L -
Weiland[10] except that the structure was periodic and the —Zw,uof_xdz jo dr'r'G(r.zr’,z") (.2, @)
driving beam was annular. In the PASER scheme the energy
is initially stored in the medium and it is stimulated by the * i
accelera%ed bunch itself—thus eliminating the need foyr syn- + f,xdk o(kye ¥ o(T'r) &)
chronization of the two bunches.

This paper is organized as follows: in the next section weand
present a general formulation of the force which acts on an
electron as it moves in a vacuum channel bored in a dielec-
tric material. After this general formulation we present two
simple cases of a passive dielectric medium and lossy mate-

The magnetic vector potential, in the frequency domain, de-
%ermined by this current density is given by

AZ(r>R,z,w)=fm dk r(k)e K%K o(Ar), (4)

rial. This is followed by analysis of the motion in an active where  I'’=k?*—(w/c)?,  A?=k®’-¢,(w/c)?>,  and
medium. G(r’,z'|r,z) is the boundless Green'’s function, i.e.,
|
1 % . [ To(Tr)Ko(I'r") for O<r<r’'<ow
1t — ~jk(z=2")] ' 0 0
G(r'z'|r,2) (2m)2 f,wdk € [KO(Fr)IO(Fr’) for 0<r’<r<oo (5)

The amplitudep and 7 represent the reflected and transmit- where
ted waves correspondingly. In order to determine these am-
plitudes we have to impose the boundary conditions=aR.

For this purpose it is convenient to write the solution of the quo w
magnetic vector potential off axis as a(k)=— 2m? S| k— v/ (7

A(0<r<R,z,)

ol e From the continuity of the longitudinal electric fiel&f) we
:j7 dk e o (k)lo(I'r)+a(k)Ko(I'r)], (6) conclude that
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2 [ 2 Substituting the explicit expression for, using the integral
o |2 k?|[e(K)1o(TR) + a(k)Ko(TR)] over the Diracs function, and defining= wR/cBy, we ob-
tain
CZ 2
= e, 2 k2| HKK(AR) 8 E r=0z=Vt1)
jwsr Er C2 7! 0 . z ” ’
In a similar way the continuity of the azimuthal magnetic —iq J’ dx LOOK(|x]) —Ko([x]) (13
field implies T (2m)2%eoR? X001 (XD +|o(|X|)

FLe (1 (TR) = a(k)Ky(TR)]= = Ar(K)Ky(TR). (O) 5 yhic point it is convenient to define the normalized field

At this stage we introduce tH@ormalized impedances ratio Which acts on the particle as

1 A Ko(AR) o - -1
= o T Kl(AR), ( ) Ca(=EZ(I'—0,Z—Vt,t) W
by whose means the amplitudes of the reflected waves are 2 (= 1 Z(x)K(]x]) = Ko(|x])
=— - (14
i 200t +1o(Ix])

{K1(IR)—Ky(T'R)
T TR +14(TR) (1
IR +16(TR) Clearly from this representation we observe that for a non-
The only nonzero field on axis is the longitudinal electric 2810 force to act on the particle the impedance réatias to
field and only the waves “reflected” from the radial discon- P& complex since the argument of the modified Bessel func-

tinuity contribute to the force which acts on the particle, 1ONS is real. o
therefore We can make one step further and simplify this expres-

sion by defining

w 2 [ 2
Ez(r=0,z=Vt,t)=Jiwda) dkj_w ?—kz} L(X)=]L(x)|e ™), (15)
X 0(w,k)el @ kIt (120  and usingKy(x)1(x) + K, (X)1o(x)=1/x, we obtain
|
%:_J dx | £(x)|sing(x)
: 1500+ [ZCOP1E00 + 2] ¢ () [To(X) T1(x) cosp(x)
j Im[£(x)] 16)
{lo(X)+R€[§(X)]| ()} +H{IMLZ0O T ()}

We shall use this expression to evaluate the force which actily short (compare to the radiliswavelengths contribute,
on a moving charge for three cases; in the next section fore., (wR/c)\e,— B~ 2>1, hence

the CGerenkov radiation case, followed by the log§hmic
medium, and then by the active medium. Y
{0)=] — Ve B7-1. (18)
~ r

Ill. C ERENKOV FORCE

Since subject to this assumptiah==/2 and|{| is constant

In order to evaluate the integral if16) for a dielectric
we can evaluate,

medium and a particle whose velocifgc is larger than
c/\Je,, we go back to the expression for the normalized im- - 20|
pedance i10) which now reads == f (19)

X 1
1500+ 100 P1E(X)
Y —— Ko(jxyVe £2—1)
X)=] — e, B—1 . 1 i - fi >1. ibuti
{(X)=]j o V B Kol ixy o BP=1) (A7) for two regimes: first whet¢|>1, i.e.,y>1, the contribution

to the integral is primarily from small values &f thus

With this explicit expression the integral for the normalized

- - o 2 (= ld 4=
gradient can be calculated numerically and the result is illus- o=~"1 dx = J du =2. (20)
trated in the two frames of Fig. 2. Analytic expressions can 7 Jo I+[¢[x*4 1+u

be found if we assume that the main contribution occurs for
large arguments of the Bessel function, implying that prima-The same integral at the other extrefh#<1) reads
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FIG. 2. The normalized gradient which acts on the bunch as it 0 2 4 6 8 10
moves in a lossless dielectric medium. The left frame illustrates the o

force at low energies and the right frame at high energies.
FIG. 3. The normalized gradient experienced by a bunch of

2 * 1 electrons as it moves in a vacuum channel bored in a lossy medium.
&= - 2] 0 dx Ig(x) =0.871¢], (22) The parameter is defined bya=/(y8)% o noR.
and overall 1 Lo
(=72 \1+i(vB)* . (24)
0 for p<1/\e, 1=jolx X
o [o g2_1 < [c 32— . e . .
£=4 0.871yJe,f7=1le;,  for y<e Ve =1 In this expressionr= o 7R/yB which for typical metals
2 for y>e, /\e B2—1. andR~1 cm is on the order of 0yg, thus for any practical

(22)  purposes>1. Hence

merical result illustrated in Fig. 2. It is interesting to note that
for ultrarelativistic electrons the deceleratingrénkov force
reaches an asymptotic value which is independeny ahd
the dielectric coefficient, ; it is given byE=q/2meoR*. For  Note that the phase of the normalized impedanag-i8m/4.
what follows it is important to observe that the value of the sypstituting this expression if16) we obtain
normalized impedancg) determines the force that the point
charge experiences in the intermediary regime.

2 fxd a\/;

E=— X ,

™ Jo T [1o0) = axI () 1P+ [ ayx15(x)]?

These two expressions are in good agreement with the nu-
[~ 7/5'6]3”’4\[;—- (25

V. OHMIC FORCE
. - 26
If in the Cerenkov case the electron has to exceed a cer- 26

tain velocity in order to generate radiation and therefore to o

experience a decelerating force, then in the case of a lossyhere a=(yB)*/anoR. This integral was evaluated nu-
medium the moving electron experiences a decelerating'erically and the result of” as a function ofx is plotted in
force starting from vanishingly small velocity. This is be- Fig. 3. The integral can be evaluated analytically for two
cause it induces currents in the surrounding walls and as @xtreme regimes: in the first case tirormalized momen-
result power is dissipated—which is equivalent to the emittum of the particle is assumed to be much smaller than the
ted power in the @renkov case. The source of this power ishormalized conductivity term, i.e(y8)°<a7oR thus a<L,

the J-E term which infers the existence of a deceleratingin Which case

force acting on the electron. In order to evaluate this force

we use the formulation developed in Sec. Il only that in this 243 (= WX
case the dielectric coefficient is complex and it is given by F=a Y X 1200 =0.764%. (27
0 0
.o
g=1-] —, (23 Th . R .
gow e second case corresponds to a highly relativistic particle,

i.e., (yB)*>amnoR, which, using the previous notation, means
where o is the (finite) conductivity of the surrounding me- a>1. In this regime the main contribution to the integral is
dium. It is convenient to use the same notation as abovdrom the small values o, a fact which justifies the expan-
therefore the normalized impedangdrom (18) is replaced sion of the modified Bessel functions in Taylor series. De-
by fining y?=a?x%/2 we have
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1 population difference—subscript 1 represents the lower en-
gig fo dym ergy state a_nd subscript 2 the higher one. Changes_in the
population difference due to energy transfer are considered
~2. (28)  here through the saturation terif=(E/Ey)’; E is the am-
plitude of the acting electric field and the saturation field is
Therefore given byE,=#/u+/7T, whereris the characteristic time in
which the population reaches its equilibrium state. Note that
X:[O'764‘“ for a<1 (29 the background dielectric coefficient is assumed to be unity,
) for a>1 excluding in this way the possibility of generation oé@n-
. kov radiation.
As in the Gerenkov case, it indicates that for ultrarelativistic  For the analytic evaluation of the integral it is convenient
particles the decelerating force is independeny ahd of the  to further simplify the model which describes the medium.
material. However, the threshold fgrin this regime is much  Examining the dielectric coefficient i(82) we observe that
higher. In both cases the particle is decelerated by a forcgs real part is unity at resonance and off resonance
which corresponds to goositive image charge located at a [Re(g, —1)], is antisymmetric relative to resonance, and van-
distanceR/v2 behind the electron. ishes far away from this point. Consequently, we approxi-
In the low energy regime the decelerating force increasefate the dielectric coefficient with one whose real part is
rapidly with the momentum of the particle. The square rootynity at all frequencies and its imaginary part is constant in a
of the conductivity indicates that this is a “skin-depth” ef- window of frequencies around resonance. The width of this
fect. A clearer interpretation of this statement is obtained ifwindow is determined by the linewidth and is determined
we define the characteristic frequeney=2c/R(y8)°> by  such that the area of this window is identical with that cal-

whose means culated from(32). Explicitly &,(w)=1—jo(w) and
2
_ _ — (1 for |o—wo|To<m/2
6=1/ : (30) = o2
O oWwo o(w)=0ogX 0 for |w—wo|To>m/2, (33
and wherego=x/(1+).
0.545/R  for 6<R With this definition the normalized impedance reads
':[2 for 6>R. 3D 1
, , X)=——— J1+] 20 (x
In the framework of this notation we observe that the char- £) 1-jo(x) J(yB) ox)
acteristic frequency is low for very relativistic electrons and . —
if the the skin depth is much larger than the radius then all < Ko[xv1+j(yB) ‘T_(X)] (34)
the bulk material “participates” in the deceleration process. K[ xvV1+j(yB)2o(x)]

On the other hand, if the frequency is high, then the skin
depth is smal(comparing to the radigsand only a thin layer We consider the relativistic case such thaiB)doq>1;
dissipates power, therefore the loss is proportionad.téi-  moreover, at the typical frequencies of interest we assume
nally, if the conductivity of the material is negative, this is to that w,R| |4 c<1. Consequently, the normalized imped-
say that we have an active medium, then5n/4 and the ance function is
force is accelerating, which means that energy can be trans-
ferred from the medium to the electron. This topic will be LX) =[xy’ (X). (35)
discussed next.

This implies thai|=xy?|o| and the phase aof is given by

V. FORCE IN ACTIVE MEDIUM

The interaction of a moving “macroparticle” with a sta- /2 for ﬁ>o
tionary two-state quantum system which consists of either y=40 for oo=0 (36)
atoms or molecules is considered here within the framework _ —
/2 for 0y<0,

of the macroscopid¢and scaldr dielectric coefficient. This

coefficient is given by where we assumed that]<1, thus =(m/2)sgn(o). The

(0—wg)To+] normalized gradient according {@6) is
(32

o) = X T 0?12

—
g 2 f Xy o(X) @7

and it is tacitly assumed that the transients at the microscopic 500 + X2y % (X)15(X)
level are negligible. The macroparticle moves along a

vacuum channel “bored” in an otherwise infinite dielectric From this last expression we observe that the contribution of
medium.wy/27 is the resonant frequency of the mediufy, the largex is small because of the exponential decay associ-
is the spectral linewidthy=u?ANT,/eq# is the normalized ated with the modified Bessel functions. Furthermore, if we
population inversiorfand it is negative in this cageu is the  assume that the particle is sufficiently relativistic and bearing
atom’s dipole momentAN=N;—N, is the density of the in mind that in practice the integrand is nonzero only in a
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frequency domain determined K§3) then we can determine This expression illustrates in an analytic form the fact that if
that if wgR/c<y then we can approximaté,(x)=1 and the population is inverted then the gradient is negative cor-

[1(x)=x/2, thus responding to an accelerating force. If the population is not
— inverted the force slows down the electrons.
o E f“ dx xy“oy (39) For completeness let us now consider the other extreme
Tl 1+ (x%2al2)% where woR|og|¥c>1 but still for a relativistic particle,

thus (yB)?|oo/>1. The normalized impedance function is
wherex. =R(wqo* 7/2T,)/cBy. The integral can be evalu-
ated analytically and the result is

{)=Njy*o(x). (41)

2
&= —
T

1__ 1__
arctars e el arctaré > o0y X>

5 . (39

This implies thaiZ|=+{o["? and the phase af is given by
Substituting the explicit expression far. and assuming that
o (wyR/0)?><1, we can approximate the inverse trigonometric

function with its argument, thus /4 for ﬁ>0
) ) ) y=10 for oo=0 (42)
P | A | RN S —al4  for 74<0,
w127 7%\ cBy 0" 2T, o 21,
:2U—O(ﬂ R) i (40 Where we assumed th$F|'<§1, thus_¢=(w/4)sgn(cr_). The
c cTy normalized gradient according {@6) is
L2 ) fmd oo 2 w3
£=— sgnog X — — .
m x= o) + 1) y[@ol /212 +[11(x) y V[ ool /2]
|
As in the previous cases, for highly relativistic particles, i.e., 1 45/R for 6<R
woR/Cc<vy, the main contribution to the integral comes from E=sgn o) —— 2 s (47)
the small values ok, therefore we use the asymptotic ex- @oT2 [4(R/9) for >R.
pression for the modified Bessel functiofig(x)=1 and .
| ,(x)=x/2] to write This expression is smaller than(the asymptotic €renkov
valueg for most cases of interest, thus we should aim to avoid
2 o y\[ool/2 competition with the @renkov process since the latter is
&= —sgnoyg) dx T —. (44)  expected to be stronger.
™ x- 1+ y*oo|x¥ 4+ xy V| 0|12 Our efforts so far aimed to develop analytic expression

) ) ~ for the reaction force of a medium as a relativistic electron
The integral can be evaluated analytically and the result is traverses it. The effect, however, is not limited to relativistic

o electrons but it may occur also in the case of nonrelativistic
4 _ flogl R ™ icles. For thi | idad he limi
g':; sgr(ao)[arctar{ 20 - <w0+ f) particles. For this purpose let us consid@4) at the limit

2

(yB?log/<1, in which case the normalized impedance is

_ given by
Vel
—arctan \/ —5— — 5= (-
2 c | ¥ 2T, - 1 Ko(X) s
X)=———
1- K '
Assuming that the frequency linewidth is relatively narrow Jo(x) Katx)
(woT,>1) and also thaioy|(woR/C)®>1, we can approxi- _ _ ,
mate (45) with if we further assume thdtro|<1 then the normalized gradi-
ent is given by
, R\ [wo |\ 7% sgo)
g:4(—)(— R) ——, (46) 2 (x
cT,/\ c NESIZ L=0y, = f Tdx XK o(X)K1(X). (49
X_

It is now instructive to summarize these two res{{ts),
(46)] from the perspective of one framework. For this The integrand has a peak value fo0.4, therefore in order
purpose we use the definition of the skin depth(80) to achieve maximum gradient it will be necessary that the
with the conductivity defined aso=|c[wyey, thus & integration domain X_,x,) will be around this value. In
= \2[[o|(we/c)?. With this definition we get other words,
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FIG. 4. Accelerating gradient at low energies. There is an opti-

mal initial energy for which the gradient has a maximum value. FIG. 5. Accelerating gradient at high energies. The real part of

the refraction coefficient is assumed to be one.

“o R~0.48. (50 In order to examine the feasibility of the method in a
¢ realistic medium we shall consider a gas whose molecules
buncH'® assumed to have three resonai(fmes-level systemand
nly in one or at the most two, the population is inverted.
he remainder serve as a model for the background refrac-
tion coefficient of the medium. Explicitly, the dielectric co-
refficient of the medium is assumed to have the form

In Fig. 4 we illustrate the gradient which acts on a 10°

of electrons moving in a 0.2 mm channel bored in an activ

medium whose resonance isxgt=10 mm and the linewidth

is determined byw,T,=100; we also assume that=1, y=

—0.1, andé=0.1. Note that for these parameters a bunc

which has an initial energy of 4.5 keV experiences a peak )

acceleration gradient of about 11 kV/m. If we now assume (0—wgj) Ty +]j

that the refraction coefficient is not unity bot=2 then the er(w)= 1_20 X 15 &4 (0—wg)) 212,

shape of the curve is similar but the peak value occurs at an ' ’

initial energy of 3.1 keV and the gradient is one order of 2

magnitude smaller, namely, 1 kV/m. Thus even in the ab- 21_20 oi(w), (52

sence of @renkov radiation the background refraction coef- -

ficient has a decremental effect. The maximum gradient in -

this case is achieved when the linewidth is very large, i'e.\'/vhere, similarly to(33),

X_~0 andx~« (corresponding tavyT,~1). The normal-

ized gradient in this case is given by @) =70 1 for |o—wg,|To<ml2 53
' 0710 for |w— wgj| Ty >m/2

p=X (51)
T and oo = xi/(1+ &%). The parameters are as in the previous
case, with the exception of the following, the three reso-
Let us now examine the gradient at higher energies bubances are chosen ®§=0.8 um, \;=1.0 um, and\,=1.3
also with much more energy stored in the medium. In othel,m_ The linewidth in each case satisfiesT ,;=100. From

words, let us consider a medium whosg=1 um, the cases we examined we chose to present here six:
woT,~100, andn=1. For effective interaction the radius of

the channel has to be on the order of the radiation wave- ; _ _ _
i =0.00, =—-0.10, =0.00,
length: in this case we chos&=1 um. The other parameters ) xo X1 X2

areN=10%, o,=—0.1, andn=1. Figure 5 illustrates the gra- (i) x0=0.00,  x;=-0.10, x,=-0.05,
dient which acts on the particle as a function of its initial (i)  x0=0.05, x;=-0.10, x»=0.00,
energy. For energies on the order of a few tens of MeV the (54

gradient a bunch of fOparticles experiences is on the order (V) X%0=0.05,  x;=-0.10, x,=0.10,

of GV/m. One can therefore envision a system in which a (V)  x0=0.06, x1=—0.10, x,=0.01,

bunch of electrons is injected into a chamber filled with ac- (Vi) xo=—0.10, x;=-0.02, x,=0.10.

tive gas. At these energies the mean free path, even at high

pressure, is much longer than the practical length of a typical

acceleration modul€¢1-10 n. In spite of these promising These six cases are illustrated in Fig. 6. For reference to the
gradients there still remains the problem of competition fromprevious discussion casg) is identical with Fig. 5. The
the Gerenkov effect. other two curves in the left frame illustrate the deceleration
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is slowed down from virtually zero velocity. The important
result of this study is the proof that when the medium is
active the reaction field switches its phase and it accelerates
the moving bunch. In other words, the bunch may receive
energy initially stored in the medium. The process occurs at
low as well as at high energies. In the latter case probably
only the gas medium is relevant to the acceleration process
due to the existence of a substantial refraction coefficient, in
which case the motion is dominated byi@nkov decelera-
tion.

At low energies the electrons can also be accelerated and
according to Fig. 4 there is clearly an optimal input energy
for a given geometry and a given medium. In contrast to the
highly relativistic case where high frequencies are preferable,

the nonrelativistic regime operates with relatively low fre-
FIG. 6. Accelerating gradient in a system where three transition quencde.yS'E[e.mSa.?.l,) m:;eDSThe ?[ffe:[Ct ogthe frequerrl]cy gnth
are possible. The normalized population inversions correspondinH..‘e gradient IS set by two opposite trends. on on€ hand, the
to each case are presented ) igher the frequency, the larger the energy stored in the me-
’ dium and thus the larger the gradient. On the other hand, the
process associated with two resonances whose population §§adient of an evanescent wave decays exponentially from

not inverted. The effect of shorter wavelength is, as exihe particle’s location to the wall of the vacuum channel.
’ tAll the examples presented above assumed that

pected, more pronounced and in this case the acceleration a a . X
high energies is very small. In the right frame we observe® 12~100, which is typically orders of magnitude smaller
that if the population inversion is not sufficiently high com- than actually used iicw) lasers. Consequently the medium

paring to the other two transitions then the bunch is actually*S€d for coherent generation of radiation is not necessarily
decelerated—se&v). Even if the population inversion of adequate for acceleration. In fact, we should realize that

one transition is larger than the other two, acceleration is nofere is a trade-off between choosing the conditions for the
guaranteed at high energies as revealed(\by However, shortestT, possible in order to increase the gradient and a
proper excitation of the material may ensure acceleration 4P"9 T2 Which will allow enough time between the excitation

high energies although at low energies theré@kov process of the medium and the passage of the bunch. This condition
is dominant—as revealed hyi). may become less stringent if a train of bunches is injected at

the resonance of the medium.
Finally, as in the cases of passive dielectric or lossy me-
dium at high energies the gradient is independent of the ki-

In this study we examined the force which acts on a smalnetic energy of the particles.
bunch of electrons as it moves along a vacuum channel
bored in a medium. It was shown that the reaction of the
medium to the presence of the bunch depends strongly on the
characteristics of the medium. In the dielectric case the me- The author benefited from discussions with Professor
dium is inert if the velocity of the electron is below the Norman M. Kroll. This study was supported by the United
Cerenkov condition. As the particle exceeds this limit it is States Department of Energy and the Binational United
decelerated. When the medium is a lossy material, the bunchtates—Israel Science Foundation.

VI. DISCUSSION

ACKNOWLEDGMENTS

[6] K. Mima, T. Ohsuga, H. Takabe, K. Nishihara, T. Tajima, E.
Zaidman, and W. Horton, Phys. Rev. L&, 1421(1986.

[7] D. L. Fisher and T. Tajima, Phys. Rev. Leftl, 4338(1993.

[8] S. L. McCall and E. L. Hahn, Phys. Ret83 457 (1969.

[9] W. Gai, P. Schoessow, B. Cole, R. Konecny, J. Norem, J.
Rosenzweig, and J. Simpson, Phys. Rev. 164t2756(1988.

[10] G. A. Voss and T. Weiland, DESY Report No. 82-10, 1982

(unpublishegl See also, G. A. Voss and T. Weiland, DESY

Report No. 82-074 198unpublishedl For a more recent re-

view of the subject see the article of P. WilsonHigh Bright-

ness Acceleratorsvol. 178 of NATO Advanced Study Insti-

tute, Series B: Physicedited by A. K. Hyder, M. F. Rose, and

A. H. GuenthernPlenum, New York, 1988 p. 129.

[1] L. Schazhter, Phys. Lett. 205 355 (1995.

[2] T. Tajima and J. M. Dawson, Phys. Rev. Lel8 267(1979.
For recent developments see C. Joshal, in Advanced Ac-
celerator Conceptsedited by J. S. Wurtele, AIP Conf. Proc.
No. 279(AIP, New York, 1993, p. 379.

[3] P. Sprangle, E. Esarey, and A. Ting, Phys. Rev4}A 4463
(1990.

[4] W. D. Kimuraet al,, IEEE J. Quantum ElectrofQE-18, 239
(1982. See also J. R. Fontana and R. H. Pantell, J. Appl. Phys.
54, 4285(1983.

[5] A. Fisheret al,, in Advanced Accelerator Conceptgdited by
J. S. Wurtele, AIP Conf. Proc. No. 27QIP, New York,
1993, p. 299.



