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Abstract tion of the IFEL as a high gradient, single-module, acceler-
ator cell as a first step toward a compact multi-module elec-

The theoretical study of Inverse Free Electron Lasers :
. tron accelerator of maximum electron energy of a few GeV.

(IFEL) as a potential mode of electron acceleration haﬁcfEL proof-of-principle experiments have been carried out

been pursued at Brookhaven National Laboratory(BNL) for A
a number of years. As part of this program a proof—of?lseWhere’ using a moderate power Claser source(7]

o . ) ) nd using a low power FEL with radiation wavelength of
principle experiment with a single module accelerator umil 65 mm as the driving beam [8]. More recently, experi-
has been recently successfully carried out. The IFEL accel: g ) Y, xp

. : mental results of a single module IFEL, operating with a 1-
erator made use of the 40 MeV linac beam and high pow . ; "
CO, laser beam of the Accelerator Test Facility (ATF), a GW CO, sapphire waveguide constrained laser beam and

. . . : o .~ uniquely designed tapered period wiggler were reported.[9]
BNL, in conjunction with a fast excitation , tapered period, . . X .
! junction wi xeltad P per The theoretical description of IFEL interaction has been

wiggler. Basic aspects of the design of this single mod-.
ule IFEL accelerator will be presented, together with thd'ven by a nur.nber' of authors.' Here, we follow the .ba-
experimental results oAE/E as a function of the IFEL sic formalism given in CPZ[4], with the further assumption

parameters. Comparison with analytical and 1,3-D nume}bat electron energy loss effect due to synchrotron radia-

ical simulations clearly establish the IFEL character of théIon emission IS taken to b_e zero and that thg laser beam
electron - EM wave energy exchange, permitting thereb ttenuation due to absorption by the accelerating electrons

scaling to higher laser power magnitude and accelerati negligible. The latter assumption is abandoned in further

gradients. In addition, planned near term IFEL accelerat er:?!egtgriagpfg:eﬂd’efong;’.v('):gs ;f)vtli][el(gl:ctsrilr:scggtsjlst;]e
development will be indicated, incorporating the use of th y Z equall

IFEL as a beam prebuncher preceding a Inverse Cherenk \9"5 eguaftltc))ntsh ffrDthe (;ns?th ||2§_r field ISt usgd, ltot.form
Accelerator, and the use of two IFEL modules in cascada® Pas!S ot both 1-D and - computer simuiations.

in order to more realistically test the feasibility of a muIti—”:'gl]_th.IS tlhe pacrja:netterf for thed, flrslt ex%erl_ln_whe?ntatl ph?hse,
module IFEL accelerator. single module test, were developed. is, together

with the parameterization of beam wiggler and {gide,
is given in section 2, below. First phase experimental re-
sults, together with IFEL simulation program results are

The Free Electron Laser (FEL) uses a beam of relativistR"eS€nted in section 3, and a discussion of near term IFEL
electrons passing through a transverse, periodic , magnefigcelerator objectives is given in section 4.

field (theundulato) to exchange energy with the coaxial

propagating EM radiation field.[1] The FEL operates in 2 |FEL EXPERIMENTAL ARRANGEMENT

such a manner that there is net energy transfer from the

electron beam to the radiation field. Alternatively, net enf\PProximate analytical expressions, as derived in CPZ, to-
ergy transfer from the radiation wave to the electrons igether with the results of the 1-D simulation, were used
similarly possible. This concept, of using the FEL mechto initially parameterize a single IFEL accelerator module.
anism to effectively accelerate electrons, now called thEhe parameters of the e- beam,[11] Claser beam[12]
Inverse-Free-Electron-Laser (IFEL) accelerator, is due @nd IFEL wiggler are summarized in Th.1; a schematic of
R. Palmer.[2] The basic principle of the IFEL accelerator i$he experimental configuration is given in Fig.1. For IFEL
identicalto that of the FEL, except that, in order to main-

tain resonance for optimum energy transtaperingof the

1 INTRODUCTION

undulator period length or its magnetic field is an adde Sapphire Circular
requirement. Early studies of IFEL[3, 4], clearly detailec CQ, Laser Guide, 2.8 mm ID
the beam energy limitations of the IFEL accelerator, mainl / hv Diagn,
related to synchrotron radiation energy loss at higher ele ..m. N — D S
tron beam energies, and also uncovered possible favoral By ﬁﬁ £
applications of the IFEL as a front end structure for alterne & ' ™
tive, non-conventional, accelerators. This has beenthea € ¢” Diagnostics
jective of recent BNL studies [5,6], aimed at the optimiza Fast Excitation

Variable Period Wiggler

*The authors wish to acknowledge the participation of J. Sandweis
M. Babzien, J-M. Fang, K. Kusche, R. Malone, |. Pogorelsky, X. Qiu, T.

Romano, J. Sheehan, J. Skaritka, X-J Wang as coinvestigators in the IFEL __ . . . .
accelerator development. Figure 1: Schematic of the experiment configuration.
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Table 1: IFEL first phase parameters. mission of the CQ radiation wave into the IFEL interac-
tion domain. The design benefited from the pronounced

e- beam | Injection Energy 40.0 MeV progress that has been made in recent years in the devel-
Exit Energy 42.3 MeV opment of waveguides for low loss transport of high power
<Accel.Field> 4.9 MV/m CO; laser beams. The type of guide adopted here for the
Current, nominal 5 mA objectives of the IFEL accelerator is the hollow-core di-
N(bunch) 10° e- electric guide, for which the core has a refraction index
I(max.) 30 A (vacuum, n=1) greater than the refraction index of the wall
AE/E(lo) +3 x 103 dielectric material(nciaa < ncore), resulting in solid fiber-
Emittance (one) 7 x 108 m rad like, low loss, behavior. As reported by Harrington and
Beam radius 0.3 mm Gregory[16], a particularly favorable dielectric, with <
Wiggler Wiggler Length 0.47 m 1, for hollow guide CQ transport isAl;Os, either in the
Section Length 0.6 m form of single crystal (SC) Sapphire or polycrystalline Alu-
Period Length),, 2.9-3.1 cm mina. As shown by Mercatelli and Schmeltzer(MS)[17],
Wiggler Gap 4 mm the attenuation constant, for the low order modes, is ap-
Field max. 10 kG proximated by :
Beam oscill.,al/2| 0.16-0.2 mm 912 0 3 9 9 1/2
CO, Laser | Power, W, (Laser) 109 Watts an = (u11/2m)"(A°/2a”) Re[(v" +1)/(v" = 1)7] (1)
Wavelength 10.6 pm whereq, the attenuation coefficient, is defined Byz) =
Max.Field, E, | 0.78 x 10% | MVIM | p(gy.~20= \, — 5, _ jk is the refractive index for the
Guide Lossex 0.05 m~ cladding material, [note, at0.6 um, n = 0.67 — 50.03],
Field Attenuation 0.26 dB/sect. 4 s the circular guide radiugs /) is the free space prop-
Pulse,(FWHM) 220 ps agation constant and, ,,, is the modal constant. For the
Ao 1.53 x 10° m~ fundamental mode, EH, u; 1 = 2.406. For the next low
ro (Lu/2) 1.0 mm order mode Ehb, the modal constant equals 5.52, imply-

o o ] ing significantly greater attenuation for the €@ansport
acceleration, it is necessary to maintain synchro_msm bﬁ'er unit guide length , hence reduced mode mixing, which
tween the propagating electron beam and radiation wavigfavorable for the present application. Various guide con-
hence it is necessary taperthe wiggler. This can be ac- fig rations were tested at low laser beam power with the
complished by varying either the wiggler parameter,K peam focused to a Gaussian waist with adjustable radius
the period lengthj,, or the maximum wiggler field, B 4t the entrance to the guide. For the 2.8 mm ID guide a
. The choice is restricted by the maximum practical Wigiaser power attenuation factor was measured of 0.2 dB/m.
gler field and the minimum wiggler period length. It hasrys is |arger than predicted by the MS theory, but satis-
been shown that, at low energy, maximum rate of accelefactory for the IFEL accelerator application. Optimization
ation, averaged over the full accelerator length, is obtaingg ihe coupling of the Gaussian mode laser beam into the
for a constant wiggler field accelerator.[5] Hence, for th‘?jesired EH, propagating mode in the sapphire dielectric
IFEL accelerator.of relevance here, the use of a periggl;ide was done with the adoption of a entry matching cone
length tapered wiggler has been adopted. Although sugfhg variation of the laser beam entry diameter. For opti-
a wiggler structure could be constructed using permanegfym laser power transfer, a beam to guide aperture ratio of
magnets, the requirement of a specific period length tapgr74 is indicated theoretically[18] and was found to be valid
would be costly and also difficult to subsequently Chang%xperimentally. The C@laser beam is directed through a
in case higher laser power becomes available. Instead, ¥9f5e window into the coaxidly — e—system, propagating
the present objective, a novel design fast excitation elegs 5 free-space mode, to the circular dielectric waveguide.
tromagnetic wiggler has been adopted|[13, 14] which peujith geliberation, the dielectric guide was taken to be 0.6
mits ready variation of the wiggler period length tapery, in |ength, whereas the accelerator module length ( wig-
This wiggler consists of stackable, geometrically alterna@er length ) was set at 0.47 m. This was done, together
ing substacks of identical ferromagnetic (Vanadium Petgith the use of the guide entry cone, to approximate a mode

mandur [VaP]) laminations, iné_f) thickness substacks, matching section, enhancing thereby the mode purity in the
separated by nonmagnetic laminations. Maximum achieyrg| module proper.

able wiggler field, B, results from using conductive ma- gegm transport from the exit of the linac to the e-

terial for the nonmagnetic laminations, so that the i”duce&ﬁagnostic flag is designed to yield a dispersion free

fields from the eddy currents uncouple the wigglpfield  |£g| interaction region with a vertical betatron amplitude
from thedownfield. Thesdield reflectorssignificantly en- equal to the natural wiggler betatron amplitudefof =

hance the maximum achievable field on axis. 0.17m. The IFEL e-acceleration is measured by means of

A significant step towards design simplification of thea momentum spectrometer with adjustable local dispersion
single module IFEL accelerator, is the use of an extrudemagnitude(0.0 < 7, < 3.0m), using a phosphor screen-
single crystal dielectric circular waveguide for the transvidicon camera-spiracon frame grabber.
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3 IFEL EXPERIMENTAL RESULTS field magnitude was carried out in several consecutive runs,

. ) the results of which established the unambiguous signature
In order to establish unambiguously correct overlap, bot and

time wise and spatially, of the 300 ps ¢@nd 5 ps €

beams, an observable interaction effect is an experime

tal necessity. To this end, therefore, the IFEL 1-D simula 2%
tion code was used to yield the e- momentum distributio

Simulation, norm. [By=10 kG]
- - -0 Experimental Data [B,=9.5 kG

for the case of pronounced phase incoherence. The rest ol [%]
suggested that, also in that case, the photoimgeraction ' ke
would be measurable, so that synchronization could be € (Ap/P)rec /

tablished. With optimized matching of the e- beam ani |,
laser on 0.8

0471,

R 39 41 3 45
E(e’) [MeV]
" 3\ with IFELe” || Figure 3: Relative energy gaif\p/p. vs. E with B,, W,
- 1'\7 P acceleration ﬁXed.
IH E(e)=40 MeV
e )= (]
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Figure 2: Momentum spectrum of the unaccelerated ar 029
IFEL accelerated beam. E(e34.2 MeV, B,=0.82 T,\ =
2.9 — 3.1cm, W, =0.8 GW,Ap/p = 2.2 %. 0.0 | | ' — By [kG] ‘
CO, laser beam to the IFEL interaction region, optimiza: 5 6 7 8 9 10 11

tion of the time synchronization of both beams, and correct

interlacing of the lower repetition rate GQaser pulse with  Figure 4: Relative energy gain vs,,Bvith E and W fixed.

the higher repetition rate e- beam pulses, e- IFEL accelera-

tion was established. An example of the momentum sped: In Fig.3 the relative energy gail\p/p)irg1L Vs elec-

trum of the unaccelerated and accelerated electrons is givigon beam energy E for B and W constant, is shown,

in Fig.2, where the beam intensity distribution is showrboth as derived from the 1-D model simulations and as ob-

versus/f3,€, + 1, Ap/p, with the spectrometer optics ad- tained experimentally, and in Fig.4 the relative energy gain

justed so thaty, Ap/p >> /Bz€s. vs B, for three beam energy values and ¥onstant, is
Optimization of the IFEL effect and exploration of pa-plotted. Although not shown in these figures, a maximum

rameter space, with variation of the electron beam injectioof Ap/p = 2.5% was measured with the parametersE

energy, CQ laser power and wiggler maximum magnetic40 MeV, B, = 10 kG and W= 1 GW.
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The approximate IFEL design equation[4] is:

Table 2: IFEL two-module accelerator.

D AE by siny @) M [ M

ez ebeam | Einmrar 40 767 | MeV
with v = (k + kyw)z — ket and where the normal- E.pit 76.7 106.3 MeV
ized laser electric field ist = (e/mc?)(1/Ro)vV7TWiZ,, | Wiggler Length 0.51 0.47 m
K = (eBywy)/(2mme) = 2.7 is the wiggler parame- Aw 3.12-4.72| 4.72-5.79| cm
ter, f(K) =~ 0.38 is a correction factor due to the lin- B, 1 1 T
ear polarization of the wigglerZ, = 377Q, R, is the |CO, laser Power 100 100 GW
waveguide radius and k,kare the radiation and wiggler pulse 10 10 ps
wavevectors, respectively. The resonance condition leafs Synchr.¢, 50 50 °
to: A = 0.5\, /7%(1 + K2/2). The relative energy gain of Emax 7.8 7.8 GV/m

the electron beam in a wiggler of length, lis:

_ _ 2 -
Av/y = (Ap/phrer = AK/y ) f(K)singrLuw  (3)  gradient acceleration, high GOaser power will be em-

where,. is the resonance phase. The experimental rgployed, initially at the 100 MW level, but with a longer
sults, as shown in Fig.3, agree well with the results odierm objective of 1 TW laser power. Hence, laser power
tained from the numerical simulations, with laser poweflamage to the dielectric guide wall is of concern. Assumed
W, = 1 GW and the maximum wiggler field B= 10 kG, parameters are Y\= 1 TW, Effective Guide Cross Section

in (Ap/p) magnitude normalized to the maximum exper= 5.210~%m?, or P/area- 2.10'*W/cm?. Assuming low-
imental value. The experimental results given in Fig.4st order mode transport only with the radial power density
also are in good agreement with precalculated values udistribution approximated by a cosine function, and coaxial
ing the resonance condition, i.e. the observedvRlues correct guide entry and transport, P/area at the guide wall
for (Ap/p)max are B, = 9.2 kG (40 MeV), 7.7 kG (35 is a factor of10° smaller, hence the power density at the
MeV), 6.0 kG (30 MeV), yielding the\,, values 3.06 cm, wall equals~ 210"W/cm?. For the present parameters, in
3.05 cm and 3.11 cm, respectively, well within the desig pulsed operating mode, this is a tolerable power density
taper of the actual wiggler &.89 > )\, > 3.14cm. With  for the sapphire dielectric.

the present spectrometer, the energy gain could be meaNear term further development of the IFEL accelerator
sured with good accuracy due to the sharp intensity fall-offoncept will incorporate two approachésirst, the con-

of the high energy edge of the non-accelerated particles. #ruction of a second VaP fast excitation wiggler - sapphire
guantitative intensity ratio of the accelerated to unacceleguide IFEL interaction region, for incorporation into a two
ated beam could not be obtained due to the extended |@ecelerator modules IFEL accelerator, to test realistically a
energy edge of the unaccelerated beam. This limited tigynchronized multi-module IFEL accelerator sequence and
ability to measure the bucket size and leakage for compaaim, with the above cited CQlaser developments, at a
ison with model predictions and therefore, the value of th#00 MeV IFEL linac. The conceptual layout of this ac-
synchronous phase angle could not be unambiguously celerator is shown in Fig.5 and the preliminary parameters
established. Analyticallyy),. and A/~ as a function of are given in Tb2. Early results of IFEL particle transport
laser power Wand wiggler parameters are given by: simulation is given in Fig.6. Clearly, structure phase syn-
chronization and minimization of bunch dilution in the in-

: _ _3k K Aw (L) . . . . .
siny, = T6kw AF(K)Lw [( Mo (0) )? — 1} ter cavity drift space demand appropriate, high resulution,
bunch time measurement. The beam bunching factor pro-
Kf(K)A
A’}//’Y =2 k(li(KQ)/i) INCER (4)

duced by the IFEL interaction was measured using Coher-

These equations permit to calculate the moving bucket{16t Transition Radiation (CTR).[18econd in a joint de-
parameter(14,) and its maximum energy extenty/y. Velopmental approach with the STI Inverse Cherenkov Ac-
For the experimental valuAy/y = 2.5%, it is found : celerator (ICA) experiment[20], use of the IFEL accelera-
¥, = 34° in reasonable agreement with the optimat  tor as a synchronized prebuncher for the IC accelerator in
and a laser power of YW= 2.7 GW which is larger than the an IFEL-ICA buncher-accelerator sequence. Particle IFEL
1 GW estimated experimentally. In conclusion, the IFELransport simulation has also been carried out for this ap-
acceleration of a 40 MeV electron beamAy/E = 2.5%  Plication, as givenin Fig.7, clearly evidencing the potential
with a 1 GW CQ laser and a tapered wiggler with peakof the IFEL system to serve as a prebuncher for alternative
field on axis of 10 kG has been confirmed. Agreement witfodes of particle acceleration.

the model predictions is satisfactory, permitting the scaling

of anticipated results to higher laser power. 5 ACKNOWLEDGEMENTS
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Figure 5: IFEL two-module accelerator.
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Figure 7: Prebuncher simulation for the combined IFEL-
ICA experiment. E=35 MeV, W0.1 GW.
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