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Hybrid C erenkov mode in a resonant medium
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Energy stored in a resonant medium may be used to amplifyv émerRov radiation generated by a small
driving bunch. The hybrid eigenmode of the system is a combinatiorecérikov radiation and eigenmode of
the resonant medium. In the vicinity of the resonant frequency of the medium and vehenk@v condition is
satisfied, the eigenfrequency has an imaginary part. The latter occurs in a relatively limited range of energies
of the driving bunch and it depends on the guiding geometry and on the population inversion. Simulation
results of electron acceleration using this eigenmode are presented.

PACS numbses): 41.60.Bq, 42.50.Gy, 96.50.Pw, 41.75.

The present generation of accelerators is driven by microatom collision (in averagg the phenomenon was demon-
wave radiation that is injected either in cavities or in a peri-strated experimentally a long time af0]; the efficiency of
odic structure where they accelerate the particles. Requirdhe accumulative process is yet to be proven experimentally.
ments of a future system, namely, high-energy, compactneshjore recently, we have shown theoretica[1] that the
and cost, impose gradients that are at least one order of magake generated by &driving) bunch moving in an active
nitude higher than today’s gradients. This translates into &edium may be amplified by the medium and then used for
surface electric field approaching the 1-GV/m level that, inacceleration of another bunch that trails many wavelengths
turn, is very difficult to sustain without occurrence of break- behind. This mechanism has the advantage that the longitu-
down. dinal electric field is inherent to the excitation mode contrary

In order to overcome this limitation it was suggested toto the regular “vacuum” mode that its longitudinal electric
utilize a concept introduced first by Tajima and Daw$dh ~ field is limited by the Rayleigh diffraction length. This last
that is, to accelerate electrons by a space-charge wave thafoblem is partially solved in LWFA by generating plasma
propagates in plasma. The various schemes being invesghannels that facilitate focusing of the laser field over several
gated may be divided into several categories according to theayleigh length$2,3,5,9.
driver. The latter is the energy supplier: in the case of a laser Using an active medium for particle acceleration suggests
wake-field acceleratiofLWFA) [2—11] this is a short and that this mechanism may be conceived asitherse laser
intense laser pulse, for a plasma beat-wave accelerat@ffect. In the past, a variety of mechanisms, which in “natu-
(PBWA) [12] these are two long laser pulses oscillating atr@l” conditions generate radiation, were considered for ac-
slightly different frequencies, and in the case of plasmaceleration of particles. For example, Palni2g] suggested
wake-field acceleratiofPWFA) [13—16 the driver is an in- What is today known as the inverse free-electron laser
tense electron pulse. (I-FEL) [23]. A similar scheme was suggested by Pantell and

Another acceleration scheme that is related to that consicc0-workers 24] but in this case with €renkov radiation and
ered here, and to some extent to those previously discusseially, the Smith-Purcell effedi25] may be used to acceler-
is the Gerenkov wake-field acceleratiofCWFA). In this  ate particle$26]. An overview of many of the schemes men-
case a driving bunch is injected in a vacuum tunnel of dioned here may be found in ReR7].
dielectric loaded waveguide. Theaf@nkov radiation gener- In this study we analyze the hybrid eigenmode that leads
ated by this bunch may be used to accelefafd another to the amplification of @renkov radiation. This mode is used
bunch that trails behind. All the initial energy is initially for electron acceleration since inherenf8i] it has a longi-
stored in the driving bunch and is converted into an accelertudinal electric field; the characteristics of the acceleration
ating field by thepassivedielectric structure. are also investigated.

In the past we suggestéd8,19 to combine the concept Envision a gas that its dielectric characteristics may be
of a wake-field associated with a bunch moving in a dielecrepresented by the following frequency-dependent dielectric
tric medium with the principles that enable the operation of acoefficient:
laser. Its essence was to inject a bunch of charged particles in 2
an active medium and, in this way, energy stored in the E(w):1+2 Wp,v 1)
medium can be transferred directly to the moving particles. v wg'v—wer 2jwwy,’

This scheme was called particle acceleration by stimulated
emission of radiatiofPASER and it may be conceived as where wy, are the resonance frequencies of the medium,
the inverse of Frank-Hertz effect. For the regime corresponde, , is associated with the loss parameter in the medium and
ing to the Frank-Hertz experiment, namely, a single electronit is responsible to the attenuation of an electromagnetic
wave when the medium is not inverted. The numeratgy,
is the angular plasma frequency associated with the density
*On sabbatical from the Department of Electrical Engineering,0f atoms that have this specific resonafeg in the case of
Technion-IIT, Haifa 32000, Israel. an inverted mediumugyy is negative. Several comments are
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in place before we proceed: first, it is tacitly assumed in this 0.08
expression that the resonances are sufficiently apart from one 0.06
another, i.e.wy,>wq ,. Second, only linear effects are con-
sidered and third, the time dependence of the field is accord- 0.04
ing to €', As a typical medium we may consider the am- o= 0.02

monia that was the medium used for the first maser; it has a% 0.00
resonance at 23.87 GHz and its typical linewif28] is less El

than 10 kHz. In what follows it will be assumed that this gas = 002
fills uniformly an azimuthally symmetric waveguide of ra- -0.04
diusR. The assumption that the electromagnetic wave is con- -0.06

fined by a waveguide does not affect significantly the results
to be presented here but it simplifies the analysis. Conceptu-
ally similar results may be anticipated for gGargon, or R
neon. Moreover, the energy may be stored in a solid-state e-1B
medium and the driving bunch may move in vacuum, in the ) _
vicinity of the medium, and still the wake will be amplified; _ F'G- 1. Imaginary and real part of the eigenfrequency of each
thus eventually it may be used for acceleration. In fact th&n Of the four eigenmodes.
population inversion may be substantially easier in solid-
state systems with current diode-laser technology comparinghere ps are the zeros of the Bessel function of the zero
to flash-lamp or discharge excitation in the case of gaseousrder and first kind, i.eJo(ps)=0, w. s=cps/R is the cut-
medium. off angular frequency of thesth mode andg=wv/c. For

In the center of the cylindrical waveguide a chargedeyaluation of this expression we assume that the radius of the
bunch(q) is moving at a constant velocity. For simplicity  aveguide is chosen such that at the resonance frequency of
we shall assume that the size of the bunch is much smallghe medium there is only one propagating mode, $e.1. In
than the wavelength at resonance and smaller than the radidgition we assume that there is only one inverted stegp (

of the waveguide; therefore, the current density associategl ¢ system therefore the dielectric coefficient may be writ-
with its motion may be approximated ky(r,z,t)=—qd(z

-0.08
0.00 0.05 0.10 0.15 0.20

- ) n as
—vt)8(r)/2zrr. This current density generates an electro-
magnetic field that may be derived from the magnetic vector
potential given by 2
(0)=¢+ e 3
r e(w)=¢€, 2 2 - )
* 4‘]O< psﬁ) Wop,~ @ +2j Wy,

_ q
Adrzt)=g C co 2 32(ps)

1 e o o(t-210) Wheree,EEWt,,owg’M/(w(zm—w(Z)’VO) and we ignored losses
X{ﬂf do o (o) — U —w? ] at other resonant frequencies. In what follows we shall drop
- c.s the index of the resonant frequency. Based on these assump-
(2)  tions we may simplify the integral in E@2) to read

eTw’—2jww,— wg]?—
.

Va —1fwd e 1Fd
(D=5 . Y ole(w)-1pT—wl 2m)

. 3 2 2 w[2)+w(23 . wle w(ziw(z)
0*—2jw,03— 07 Wi+ ——= T2 —wt—
€ r €
4
1 (= 1 U,
=_— dwe = , 4
2 f—oc € z‘l w—0, )

wheree, = ¢, — 1182, Q,, are the four zeros of the polynomial zeros of the fourth-order polynomial at the denominator of
at the denominator, and U,=(02-2jQ,w; the integral that defines(7). .

— 03)/[Mysn(Qy— Q)] This expressiodEq. (4)] is one We shall focus here on the case when thezgDkov con-

of the important results of this analysis since it indicates thaglition is satisfied, i.e.¢,>1/82. Figure 1 illustrates the four
the eigenmodes of the system are a combinationesékov ~ complex eigenfrequencies as a function of trerébkov pa-
radiation and resonant mode. They are determined by thexmetere, for a radius ofR=1.5cm, resonant frequency of
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£-1/p2=0.15 FIG. 3. Left: Imaginary part of the eigenfrequency as a function
! of the “slippage” (e,=¢,— B 2). The corresponding population
5 n- inversion, expressed in terms of the plasma frequency, is a param-

eter. Note that for different population inversions, practically

does not change; however the growth rate does increase—as ex-
pected. An increase by a factor of 9 in the population inversion
density leads to an increase by a factor of 3 in the growth rate.
Right: Imaginary part of the eigenfrequency as a function of the

Amplitude [arb. units] 50
<

-5 . “slippage” (¢, =€, — B~ 2). The cutoff frequency of the waveguide
f =24 GHz U is a parameter. At large-waveguide radilmwv cutoff) the growth
0 rate is large and it occurs in a narrow range of velocities.
10 R=15cm
0.1 00 01 02 03 04 05 dium mode may grow in space. In other wordsrénhkov
Time [nsec] radiation may be amplified by the active medium. Using

Cauchy residue theorem and bearing in mind that causality
FIG. 2. The electromagnetic field as a function of the delayimplies that there is no electromagnetic signal in front of the
parametefr) with e, as a parameter; the wake grows exponentially particle we obtain
when the imaginary part of the eigenfrequency has a negative com-

ponent. In all three cases the population is inverted, yet only in one q 2 2 r'
specific cgndition is thg €&enkov radiation amplified; this corre- ALr,7=t=2lv)= 47750?rR2 J1(py) Jo( le)
sponds toe, =0.1 (see Fig. L

4
24 GHz, and the absolute value o_f the_ pI_asma frequency is % 2 R jU&™7h(7), (5)
f,=1 GHz (recall that the population is inverted th n=1

<0). We observe that there is a region where the eigenfre-

guencies have both positive and negative imaginary compo~xhereh(r) is the step function. Figure 2 illustrates this last
nents(solid lines; therefore the “hybrid mode” that is a quantity as a function of the delayed time variable=t
combination of the @renkov radiation and the active me- —z/v) with'¢, as a parameter; the wake grows exponentially
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0.06 0.5 TABLE |. Parameters for the simulation.
5 005 0.4 Number of electrons in the bunch Np=10
g Radius of the bunch R,=1 mm
E 0.04 03 Simulation duration {max=200
E 003 3 Intial phase distribution |xi— 7| <Ax/2= /36
§ ) 02 % Number of macroparticles in the N,= 1000
£ 002 simulation
E ol Accelerating gradient E,=100 MV/m, 1 GV/m
0.01 E —0.1GV/ ’ Initial electrons energy &=100MeV, 1 GeV
. ‘ z 1‘ m Driving bunch energy &Eq=10MeV 20 MeV
0.00 0.0 Resonant frequency fr=24 GHz
0.0 1.0 20 3.0 40
0.06 5.0 E.(r,z,;t)=Eqcod wr(t—2/cBq)],
= 0.05 140 1 [wg
£ ' Ei(r.z,t)=— 55| I |EosiMwgr(t—2/cBq)],
£ 2Bq4
g 0.04
£ 30 ™
& 003 3 1 [or
Hy(r,zt)=— 5| —r|—{si t—z/c
§ 20 ‘_% qS( ) 284 ( ) { il wg( Ba)l
£ 002
E —ocod wgr(t—2z/cBq) ]}, (6)
" om 1.0
where wg, is the real part of the eigenfrequency correspond-
0.00 0.0 ing to the growing wave an@y is the normalized velocity of
0.0 1.0 2.0 3.0 4.0 the driVing bunCh; 70=\ ,lL0/60, o= (O] /(l)R
z[m] +w?/(2€, 0 0g), andw, is the imaginary part of the eigen-

frequency.

FIG. 4. The emittance and the average energy of the bunch . .
We may now determine the dynamics of electrons as they
along the interaction region. The parameters of the simulation are . . .
ove in an active medium,

presented in the Table I. Note the dependence on the energy of th8
driving bunch in 4 m of interaction length. d 1

. . . — P, X
when the imaginary part of the eigenfrequency has a nega- d¢ *' 25g '
tive component. In all three cases the population is inverted,

( 1—6 PZ’i)sin -+eﬁacos -
B i Xi r y, Xi

yet only in a specific regimee{=0.1), indicated by Fig. 1 iy CX( z.)
that the frequency has an imaginary part, treredkov ra- s <Pz,/y, vl
diation is indeed amplified.

The two frames in Fig. 3 illustrate the dependence of the d 1 P.i
imaginary part of the eigenfrequency as a functior,ofvith d¢ Pyi=5 ,B_d_ T " Sln)(I +e—— " SCOoSsy;
the cutoff frequency and the population inversion density as
a parameter. The former shifts the velocity where maximum ey ( Z|)
growth occurs—the higher the cutoff frequency, the higher scil (Pz./% v |
the particle’s velocity required. Varying the population in-
version, amplification may occur for a wider range of ener- Xi+Y
gies of the driving particle: when the population inversion is d_gpz,i: — &gl cOSY; — B4 SINX; |,
small, the growth rate is both narrow and low; its increase
causes both larger growth in a wider range of driving bunch d 1P,
energies. Xi= )

After presenting the main characteristics of a wake field dZ Ba i
as it propagates in an active medium, we shall examine the
interaction of a bunch of particles that are accelerated by i :& iY-:M iz:ﬁ @
such a wake field. Specifically we examine the acceleraton dZ""' vy ' dZ ' » ' dZ™ vy '

process, emittance variations, and phase-space distribution.

For the purpose of this model, several assumptions are iHere y=[1+PZ;+P; +PZ "2 &=eE/mcog, ¢
place: first, we ignore the accelerated particles effect on thes wgt, the Iocatlon Ki ,yl ,z) of each particle is normalized
local electromagnetic field. Second, the bunch is small orio the radiation wavelengtiX;= wgx;/c, Y;=wgy;/c, and
scale of one wavelength and variations of the field due to th&;= wgrz;/c. The dc space-charge effect is taken into consid-
active medium at the location of the accelerated bunch areration assuming a bunch of radiRg and current; hence
negligible; therefore, the electromagnetic field component€s=elny/2rmc®(wgRy/c)? and ignoring the medium.

are given by Figure 4 illustrates results from a numerical solution of
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0.5 T 2
Ed =10 MeV Ed =20 MeV
Eg =0.1GV/m
b= = 1
) ) FIG. 5. Transverse phase
-0.5 2
1.0 0.0 1.0 05 0.0 0.5 space at the output for the four
' cases illustrated in Fig. 4. Note
X [mm] x [mm] that for a given driver energy
(&y), the shape of the phase space
5 T 20 : is conserved but the scale differs.
E =10MeV E =20 MeV When changing the energy of the
E =1GV/m driving bunch, both the shape and
8 the scale vary.
b »
= T or 1
-5 : -20 :
-1.0 0.0 1.0 -0.5 0.0 0.5
x [mm] X [mm]

this set of equations. We calculate the emittance and theegion, the emittance is virtually independent of the initial
average energy of the bunch along the interaction region; thenergy of the accelerated particles. However, a 100% in-
parameters of the simulation are presented in Table I. At therease in the energy of the driving buncf), from 10 to 20
input, the gradientd) is either 0.1 or 1.0 GV/m and it is MeV, causes a 20% increase in the emittance namely, from
assumed that the emittance is vanishingly small. As the in©.057 to 0.06= mm mrad. This fact was also observed when
teraction progresses we observe that beyond a “build-up’examining the transverse phase spagg; (X;) at the output

500 T 1000 T
Ed= 10 MeV Ed=20 MeV

E,=0.1GV/m . E =0.1GV/m

g 400 F 1 & 00k 1
% 
FIG. 6. Longitudinal phase
space at the output for the four
300 ; 800 , cases illustrated in Fig. 4. For a
0.20 0.25 0.30 0.75 0.80 0.85 given driver energy, the shape of
yn wn the phase space is conserved but
the scale differs. When changing
5000 : 10000 : the energy of the driving bunch,
E =20 MeV both the shape and the scale vary.
d The deceleration revealed by Fig.
E =1GV/m 4 at low driver energy is readily
understood here while observing
4000 F 1 g 9000+ | the phase slippage of the bunch.
3000 * 8000 .
0.20 0.25 0.30 0.75 0.80 0.85

X/ x/r
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in all four cases—Fig. 5. For a given energy of the drivingdriving bunch. It is shown that for a given resonant fre-
bunch €,), the phase space is virtually identical, if the mo- quency, this amplification occurs in a relatively limited range
mentum of each particle is divided by . In the case of a of the driving beam energies; it is dependent on the guiding
given gradient £), but for different driving bunch energy geometry and on the population inversion. A small test
(&q), there is a significant change in the phase space: dowunch is injected in the medium at a location where the
bling £, causes an increase by a factor of 10 in the transversgmplified radiation has reached values on the order of 100
momentum of the particles. MV/m (or 1 GV/m) for the accelerating field. The emittance
The longitudinal phase space, Fig. 6, reveals the reasoggriation was examined, along the interaction of a 4-m-long
that the average energy of the bunéfig. 4), for a driving  section and for a beam of 1 nm radius. We found that starting
bunch of 10 MeV, peaks after 2.5 m and afterwards dropsirom zero, it may increase to 0.650.067 mm mrad inde-
when &;=10MeV the particles slip out of phase more rap- nendent of the initial energy of the test bunch and slowly
idly and at the end of the mtergctlon region their phase IYependent on the energy of the driving bunch. Simulation
0.257. That means that the particles are decelerated by thgnows that the phase slip-page of the test bunch is signifi-

field. In the same distance the average phase of the accel%ranﬂy dependent on the energy of the driving bunch.
ated bunch §,=20 MeV) has an average phase of©-8in

both cases the initial average phase of the particles was 1.0  This study was supported by the U.S. Department of En-
In conclusion, energy stored in an resonant medium i®rgy and by the Technion V.P.R. Fund—I. Goldberg Fund for
used to amplify the €renkov radiation generated by a small Electronics Research.
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