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Observation of Energy Gain at the BNL Inverse Free-Electron-Laser Accelerator
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A 40 MeV electron beam, using the inverse free-electron-laser interaction, has been accelera
by DEyE  2.5% over a distance of 0.47 m. The electrons interact with a 1–2 GW CO2 laser
beam bounded by a 2.8 mm i.d. sapphire circular waveguide in the presence of a tapered wig
with Bmax ø 1 T, and a period2.89 # lw # 3.14 cm. The experimental results ofDEyE as a
function of electron energyE, peak magnetic fieldBw , and laser powerWl compare well with
analytical and 1D numerical simulations and permit scaling to higher laser power and electron ener
[S0031-9007(96)01273-2]

PACS numbers: 41.75.Lx, 41.60.Cr, 41.75.Ht, 52.75.Ms
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Since the inception of practicable lasers, laser-driven
celeration concepts have been intensively studied. Th
terest resides in the use of the very large electric fie
achievable by focusing the laser to very small spots. Th
fields are well in excess of the accelerating gradients
rently obtained in rf cavities. The study of the inver
free-electron laser (IFEL) as a potential mode of el
tron acceleration has been pursued at Brookhaven Nat
Laboratory (BNL) for a number of years [1–4]. Althoug
the concept has been studied theoretically in detail, the
experimental verification of the concept (l  1.65 mm)
was performed in 1992 [5]. In this Letter further expe
mental evidence of the IFEL interaction (l  10.6 mm) is
presented. The experiment used a 50 MeV electron be
a 1–5 GW CO2 laser beam provided by the BNL’s Acce
erator Test Facility (ATF) and a uniquely designed per
length tapered wiggler.

This wiggler is a fast excitation electromagnet w
stackable, geometrically and magnetically alternating s
stacks of vanadium permendur (VaP) ferromagnetic la
nations, periodically interspersed with conductive (C
nonmagnetic laminations, which act as eddy current
duced field reflectors [6,7]. Four current conducting ro
parallel to the wiggler axis, are connected at the end
the assembly, constituting the excitation loop that dri
the wiggler. The overall wiggler stack is easily asse
bled, is compressed by simple tie rods, and readily per
wiggler period length (lw) variation. Configured as a con
stant period wiggler,lw  3.75 cm andBmax  1 T, the
system has shown [7] an rms pole-to-pole field variat
of approximately 0.2%.

The CO2 laser beam is brought into the IFEL interacti
region by a low loss dielectric (sapphire) circular wav
guide. Two different guide configurations were tested, fi
a 1

4 l dielectric coating (germanium) deposited on the t
lateral walls of a rectangular cross-section metallic wa
guide [8] and then a sapphire (Al2O3) circular waveguide,
which showed very good transmission properties [9]
a high power CO2 laser beam. Extensive studies we
0031-9007y96y77(13)y2690(4)$10.00
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carried out to establish optimum coupling into the gu
and to measure the transmission loss of long (1.0 m)
truded single crystal sapphire guides. Also, becaus
the overmoded guide configuration (i.d. 2.8 mm), at-
tempts were made to determine the transverse mode s
trum. To this end various waveguide configurations w
tested at low laser beam power with the beam focu
to a Gaussian waist with adjustable radius at the entra
of the waveguide. The beam profile was measured u
a pyroelectric vidicon TV camera combined with digit
frame grabber. For the circular sapphire dielectric gu
a laser power attenuation factor of 0.2 dBym was mea-
sured. The laser beam profile within the guide was
ferred by measuring the beam diameter at the guide exi
various guide lengths. The results show that, comme
rate with the near constant beam profile within the gui
the mode structure is dominated by the guide fundam
tal mode only. This is in accord with the absence of mo
mixing reported in Ref. [9] for filamentary sapphire guid
for CO2 laser transport.

The laser power must be efficiently coupled into t
desired mode (HE11). To determine the transition regio
over which the mode becomes established, a serie
scalar diffraction calculations were performed to find
fields propagating from the coupling aperture. It w
found that the mode pattern transformed from the in

FIG. 1. Schematic of the experimental configuration.
© 1996 The American Physical Society
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Gaussian to a stable field distribution over a distan
comparable toZR, the Rayleigh length. For the waist size
employed here, after the mode has stabilized, the amplit
typically fluctuates by65% and the phase by60.05 rad.
These calculations suggest a 90% coupling efficien
into the desired mode, consistent with the experimen
observations reported below.

In the IFEL accelerator, the electron beam is acce
ated by the interaction with the laser radiation wave
the medium of a periodic wiggler field. The theoretic
description of the interaction has been given by a nu
ber of authors [2,10]. Approximate analytical expre
sions derived in Ref. [2] were used to parametrize a sin
acceleration stage. Subsequently, 1D and 3D simula
programs were written solving the self-consistent syst
of Lorentz equations for the electrons and the wave eq
tions for the input laser field as discussed in Ref. [10]. T
1D program has been used to determine the self-consis
wiggler period length and its taper for given values of ele
tron beam energy and laser power and to calculate
bucket acceptance and bucket leakage for a single- or m
timodule accelerator.

Extensive IFEL simulation studies were carried out bo
for a single IFEL accelerator module and for a sequen
of IFEL modules. The objective of the present experime
was a proof of principle performance of a single IFEL un
incorporated in beam line II of the ATF. A schematic la
out is shown in Fig. 1. Beam transport downstream fro
the nominal 50 MeV linac is so dimensioned as to yie
a dispersion free IFEL interaction region. The electr
beam, at the IFEL location, is matched vertically to t
natural wiggler betatron amplitudeby  0.17 m, ay 
0.0 and to a horizontal amplitudebx  0.3 m, ax  0.0.
Downstream of the IFEL interaction region the optical sy
tem is configured as a momentum spectrometer with
justable dispersion magnitudes0.0 , hp , 3.0 md at a
diagnostic endstation; there the beam momentum dis
sion is measured by means of a phosphor screen-vid
TV camera-Spiracon frame grabber. Also shown schem
ically in Fig. 1 is the CO2 laser beam entry into the interac
tion region vacuum envelope through a ZnSe window, a
its propagation as a free-space mode, to the sapphire
electric waveguide entry. With deliberation, the dielect
guide was taken to be 0.6 m in length, whereas the ac
erator module length (wiggler length) was set at 0.47
This was done to approximate a mode matching sect
enhancing thereby the mode purity in the IFEL modu
proper.

The design parameters used in this IFEL accelerator
periment are listed in Table I. With optimized overlap
the electron and CO2 laser beams, both spatially and tim
wise, and the interleaving of the lower repetition rate C2
laser pulses with the higher repetition rate electron be
pulses, the IFEL electron beam acceleration could rea
be established. Electron acceleration was measured
the spectrometer at the diagnostic screen. An exampl
the momentum spectrum of the unaccelerated and acc
ce
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ated electrons is given in Fig. 2, where the beam intensi
distribution is shown versus

p
bxex 1 hpsDpypd, with

the spectrometer optics adjusted so thathpsDpypd ¿p
bxex . Optimization of the IFEL effect and exploration

of parameter space, with variation of the electron bea
injection energy, CO2 laser power, and wiggler maximum
magnetic field magnitude was carried out in several co
secutive runs, establishing the unambiguous signature
the IFEL acceleration. This is illustrated in Figs. 3, 4, an
5 wheresDEyEdIFEL is shown both as given by the 1D
model simulations and as obtained experimentally. Fig
ure 3 shows the relative energy gain forBw andWl con-
stant; in Fig. 4 the plot ofsDEyEdIFEL vs Bw is given
and in Fig. 5 the relative energy gain versus the las
power Wl is plotted. Although not shown in the fig-
ures, a maximum ofDEyE  2.5% was measured with
E  40 MeV, Bw  1 T, andWl  1 GW.

The approximate IFEL design equations [2] are

dg

dz


AKfsKd
g

sinC whereC  sk 1 kwdz 2 kct ,

(1)

where the normalized laser electric field isA  seymc2d 3

spWlZ0d1y2yR0, K  eBwlwy2pmc ø 2.7 is the wiggler
parameter,fsKd ø 0.38 is a correction factor due to the
linear polarization of the wiggler,Z0  377 V andk, kw

TABLE I. Design parameters of the IFEL accelerator.

Electron beam

Injection energy (MeV) 40.0
Exit energy (MeV) 42.3
Mean accelerator field (MVym) 4.9
Current, nominal (mA) 5
N (bunch) 109

Imax sAd 30
DEyEs1sd 63 3 1023

rms emittance (m rad) 7 3 1028

Beam radius (mm) 0.3

Wiggler

Lw smd 0.47
Section length (m) 0.6
Periodlw scmd 2.89–3.14
Gap (mm) 4
Bmax

w sTd 1.0–1.024
Beam oscillationa1y2 smmd 0.16–0.19

Laser beam

PowerWl sGWd 1
Wavelengthl smmd 10.6
Maximum fieldE0 sMVymd a 0.78 3 103

Guide lossa sm21d 0.05
Field attenuation (dBysection) 0.26
t, FWHM (ps) 200–300
Normal fieldA sm21d 1.53 3 103

Beam waistr0sLwy2d smmd 1.0
aE0  spWlZ0d1y2yR0, Z0  377 V, andR0  2.8 mm wave-
guide radius.
2691
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FIG. 2(color). Momentum spectrum of the unaccelerated
IFEL accelerated electron beam.E slinacd  40 MeV, Bw 
10 kG, lw  2.9 3.1 cm, Wl  1 GW.

are the radiation and wiggler wave vectors, respectiv
The resonance condition leads to

l  slwy2g2d s1 1 K2y2d . (2)

The relative energy gain of the electron beam in a wigg
of lengthLw is

Dg

g


µ
Dp
p

∂
IFEL


AKfsKd

g2
sinCrLw . (3)

HereCr is the resonance phase (45± for optimum bucket
size).

In Fig. 3 the solid line shows the results of t
numerical simulations with laser powerWl  1 GW and
Bw  10 kG normalized to the maximum experimen
value. The agreement of the simulations with the exp
2692
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FIG. 3. Relative energy gainDEyE vs E with Bw , Wl
constant.

mental results are good. Similarly, in Fig. 4 experimen
results are compared with the simulations for 35 a
40 MeV; in both cases the agreement is good. The m
mum sDpypdIFEL for initial electron energy of 35 MeV
leads to a value of the magnetic fieldBw  8.35 kG, to
be compared with the experimental value of8.44 kG, and
for E  40 MeV, the calculatedBw is 9.98 kG and the
experimental value wasBw  9.96 kG.

Figure 5 shows the relative energy gain as a func
of the square root of the laser power; the scattering
data points reflect the typical laser power pulse to p
variation; as a consequence, every set of experime

FIG. 4. Relative energy gain vsBw with E andWl constant.
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FIG. 5. Relative energy gain vsWl with E andBw constant.

data needs to be normalized to
p

Wl . With the presen
spectrometer, the energy gain could be measured with
accuracy due to the sharp intensity falloff of the h
energy edge of the nonaccelerated particles. A quantita
intensity ratio of accelerated to unaccelerated beam c
not be obtained due to the extended low energy edge o
unaccelerated beam. This limited the ability to meas
the bucket size and leakage for comparison with mo
predictions and therefore, the value of the synchron
phase angleCr could not be unambiguously establishe
Analytically, Cr andDgyg as function of laser powerWl

and wiggler parameters are given by

sincr 
3

16

µ
k

kw

∂
K

AfsKdLw

Ωµ
lwsLd
lws0d

∂2

2 1

æ
,

(4)
Dg

g
 2

s
KfsKdA

ks1 1 K2y2d
GsCr d .

Equation (4) permits one to calculate the moving buc
[10] parameterGsCr d and its maximum energy exte
Dgyg. For the experimental valuesDgygdIFEL  2.5%,
we find Cr  34± in reasonable agreement with the op
mal 45± and a laser power ofWl  2.7 GW which is larger
than1 GW estimated experimentally.

In conclusion, the IFEL acceleration of a 40 MeV ele
tron beam byDEyE  2.5% with a 1 GW CO2 laser and
a tapered wiggler with peak field on axis of 10 kG h
been confirmed. Agreement with the model prediction
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satisfactory, permitting the scaling of anticipated results
higher laser power.

Present IFEL operation is limited to a maximum las
power of #2 GW. With enhanced vacuum pump-ou
capability of the IFEL interaction region and shorter las
pulse, operation at a laser power of 5 GW is plann
which would enable close to 10% energy gain. W
the upgrading of the ATF CO2 laser to the 1 TW level
as presently underway, the IFEL acceleration gradien
100 MeVym might become achievable. On this regard
limitations on energy gain may arise from at least tw
sources [11]: first, the damage threshold of the sapp
waveguide and the consequent potential decrease of
power transmission; second, the decrease of the elec
beam intensity associated with self-field interaction due
the small aperture of the guide. These problems will
addressed in our next experimental runs.
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