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Abstract
The results of the LLNL/UCLA inverse free electron

laser (IFEL) experiment are presented. A 500 mJ 120 fs
Ti:Saph laser pulse interacts with a short electron beam in
a planar undulator tapered both in magnetic field strength
and period to accelerate the electron beam. The tapering of
the undulator maintains resonant energy exchange between
the laser and electron beam while the electron beam’s en-
ergy increases. We observe an energy modulation from 77
MeV to 120 MeV. Through use of simulations that are con-
sistent with the observed data, we report a peak accelera-
tion gradient of at least 180 MeV/m.

INTRODUCTION
The growing expense of high energy electron accelera-

tors has produced a demand for increasingly compact, high
gradient accelerators than traditional rf accelerators. Be-
cause of breakdown which occurs at around 100 MeV/m
for traditional rf structures, shorter wavelengths must be
used to drive the acceleration. The inverse free elec-
tron laser (IFEL) [1] is a laser driven electron accelerating
scheme that has the advantage of taking place in vacuum.

In this acceleration scheme, a high intensity laser co-
propagates with a relativistic electron beam through an un-
dulator. As the electron beam oscillates in the periodic
magnetic field, it’s transverse velocity allows for coupling
to the laser’s transverse electric field. If the laser’s fre-
quency, electron beams energy, and the magnetic field’s
strength and period are set such that the electron beam slips
one laser wavelength per undulator period, energy is maxi-
mally transferred between the laser and the electron beam.
As the electron beam becomes accelerated by this period
averaged effect, the undulator must be tapered in order to
maintain the resonance condition and facilitate efficient en-
ergy exchange.

This concept was demonstrated at Neptune at UCLA [2],
as well as STELLA at Brookhaven National Lab
(BNL) [3]. Renewed interest in IFEL has allowed exper-
iments to be performed at Lawrence Livermore National
Lab and BNL. While BNL’s Rubicon [4] focused on use
of a helical undulator to give stronger coupling to a circu-
larly polarized CO2 laser at low rep rate (.05Hz), the LLNL
IFEL Project focuses on exploiting the high repetition rate
of TW class Titanium Sapphire laser systems (10 Hz) and
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achieving high gradient acceleration with a sub picosecond
driving laser. This paper covers the preliminary results of
the LLNL IFEL experiment.

THEORETICAL BACKGROUND
If we define a pondermotive phase as Ψ = (k + kw)z −

ωt − ΦG, we can use this phase as the coordinate of an
electron in the period averaged pondermotive field. Here k
and kw are the radiation wave number and undulator wave
number, respectively, and ω is the radiation frequency, and
ΦG is the Guoy phase shift.The electron’s conjugate mo-
mentum then can be described by γ, the electron’s energy
normalized by it’s rest energy. The longitudinal equations
of motion then can be described by:

dγ

dz
=

1

2γ
kKLKJJsinΨ (1)
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= kw − k
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2

2γ2
− 1

zr(1 + z
zr
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Where KL is the radiation parameter equal to
eE0/kmc

2 and E0 is the peak radiation electric field, m
is the electron mass, and c is the speed of light. K is the un-
dulator strength parameter and is equal to eBw/kwmc

2 and
Bw is the peak undulator magnetic field. JJ is the coupling
factor, which is a result of using a planar undulator. zr is
the Rayleigh range, and the final term in the pondermotive
phase evolution is due to the Guoy phase shift.

If we allow the left hand side of Eq. 2 to go to zero, this
gives the condition for which the pondermotive phase does
not evolve. γr is then resonant electron’s normalized en-
ergy. Plugging into Eq. 1 we have a description of evolution
of a resonant particle as it is accelerated with a stationary
phase. Expanding about the resonant phase,Ψr, we have a
pondermotive potential that goes like cosΨ + Ψsin(Ψr).
This potential creates a stable accelerating bucket whose
width in phase is dependent on the resonant phase. If the
resonant phase is near zero, the bucket is wide and traps
many particles at the cost of reduced accelerating gradient
whereas if the resonant phase is near π/2 then the gradi-
ent is maximum but only a single point in phase space can
be accelerated. If the laser intensity is not matched to the
design, the injected electrons can fall out of the pondermo-
tive bucket and resonant acceleration ceases. Non trapped
particles interaction increases the energy spread of the non-
captured distribution. Beyond the 1-D equations of motion,
the particle tracking code cbeam [5] was used together with
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Parmela [6]and Elegant[7] to model the evolution of the
electron beam in a start-to-end simulation. The results of
the integration of the equations of motion in the pondermo-
tive phase description matched the start-to-end simulation
well.

EXPERIMENTAL DESCRIPTION
A layout of the interaction area can be seen in Fig 1.

The electron beam approaches from the left of the diagram
after being accelerated to injection energy and acquiring
longitudinal chirp appropriate for compression. The elec-
tron beam is then compressed by the chicane and put on
axis for the final focus quadrupole magnets that focus that
electron beam at the center of the undulator to a spot size of
100 µm. The laser approaches from the right of the diagram
and Spatial overlap between the electron beam and laser is
achieved using DRZ fluorescent screens before and after
the undulator, as well as a finger at the center of the undu-
lator. Synchronicity to 2 ps between the electron beam and
laser pulse is achieved by observing the optical transition
radiation and laser in a streak camera. A micrometer on the
delay arm on the interaction laser is then slowly scanned
until electron beam modulation is observed. Experimental
parameters can be seen in Table 1.

Figure 1: CAD Model of IFEL Interaction Region.

The LLNL BLDG 194 beamline consists of a
SLAC/UCLA/BNL 1.6 Cell S-Band photogun, accelera-
tion by three 3 m SLAC style accelerating sections, chirped
for compression by a final accelerating section compressed
through a chicane, and focused into the undulator. With the
radius of 1 mm a 120 fs laser pulse applied to the cathode,
the electron beam is produced in the photoinjector blowout
regime, in which the electron beam expands nonlinearly
into a near uniformly filled ellipsoid, helping to preserve
transverse and longitudinal emittance during initial accel-
eration.

The KIAE-2p hybrid planar undulator was used in this
experiment. Built by the Kurchatov Institute and origi-
nally designed for the UCLA Neptune IFEL experiment[2],
the aggressively tapered undulator was designed for a 3.5
cm Rayleigh Range. It is nonlinearly tapered in both field
strength and undulator period.

The Ti:Saph laser was purchased from Amplitude Tech-
nologies [8]. The laser consists of an SHG fiber oscillator,
a regenerative amplifier 4 pass amplifier, and compressor.
The spot size which is larger than the diffraction limited
case, is a result of higher order modes acquired in the main
amplifier, resulting in an M2 value of approximately 1.3.

The laser waist parameters shown in Table 1 were mea-
sured by attenuating it at low power and putting it directly
into a CCD camera. The camera was moved along a linear
stage and the Rayleigh range, minimum spot and a degree
of astigmatism were measured.

Determination of energy modulation for the high gradi-
ent IFEL requires a broadband spectrometer. The spec-
trometer was made by placing a DRZ fluorescent pop-in
within the tank of the dipole magnet. Such a broadband
spectrometer has a nonlinear calibration, which was deter-
mined by sweeping the magnetic field for a fixed momen-
tum electron beam and determining the various bend radii.
A simple geometrical model was developed to ensure ac-
curacy of the spectrometer. The method of calibration data
was well matched with the model.

Table 1: IFEL Experimental Parameters

Beam Parameters

Average Injection Energy 55-77 MeV
Charge 50 pC

Undulator Parameters

K0 0.2
Kf 2.8
λw0 1.5 cm
λwf 5.0 cm
Lw 50 cm

Laser Parameters

λ 785 nm
τ 150 fs
Pulse Energy 500 mJ
zr 12 cm
w0 200 µm

EXPERIMENTAL RESULTS

Figure 2: 57 MeV IFEL Interaction Results. a. Electron
beam without laser. b. Electron beam with laser applied,
IFEL interaction. c. 2D histogram binning of compara-
ble simulation results. Horizontal Scale is Energy in MeV,
measured data has nonlinear scaling.

We placed the waist of the laser approximately 2 cm up-
stream of the center of the undulator and used 57 MeV in-
jection energy into the IFEL. Placing the waist further up-
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stream allows for capture earlier in the undulator at the cost
of dropping off of the resonant energy curve faster. The en-
ergy modulation can be seen in Fig. 2. For both sets the
images data has a nonlinear scale by nature of the spec-
trometer while the simulation data has a linear scale.

We then placed the waist at the center of the undula-
tor and injected at 77 MeV, the highest energy our chicane
compressor will allow, injecting into the undulator at above
initial resonant energy. The results from this interaction can
be seen on Fig. 3. In both cases simulations were run with
the measured laser waist parameters. The simulation spec-
tra matched the observed spectra fairly well, justifying the
examination of the simulation data as acceleration occurs
in the undulator.

Figure 4 shows the average energy evolution for the par-
ticles gaining the most energy in three simulations: the de-
sign case with a 3.5 cm Rayleigh range 100 µm laser waist
is used, and the two cases for our measured waist param-
eters at the two observed energies. The lower bound en-
ergy cuts were 180, 110 and 70 MeV for the design, 77 and
57 MeV cases, respectively. The peak gradient of the 77
MeV injected energy curve shows a maximum gradient of
180 MeV/m. While the design curve shows resonant gain
throughout the undulator, the 77 and 57 MeV cases show
the electron beam accelerated up to a point where there is
a sharp change in slope as the electrons fall out of the pon-
dermotive bucket in the first half of the undulator. After
the electrons fall out of the pondermotive bucket nonreso-
nant energy modulation occurs to further increase the en-
ergy spread, showing mild gain based upon the selection of
the highest energy particles.

Figure 3: 77 MeV IFEL Interaction Results.a. Electron
beam without laser. b. Electron beam with laser applied,
IFEL interaction. c. 2D histogram binning of compara-
ble simulation results. Horizontal Scale is Energy in MeV,
measured data has nonlinear scaling.

CONCLUSION AND FURTHER STUDY
The IFEL interaction has been demonstrated and has

produced high peak gradient acceleration (180 MeV/m)
and a record maximum energy produced by the IFEL ac-
celeration mechanism of 120 MeV. Further improvement of
the laser waist should yield a higher gradient over the en-
tire undulator with acceleration to the design energy. The
short pulse nature of the Ti:Sapphire IFEL is planned to be
investigated over the next few months with an electrooptic

Figure 4: Acceleration curves for the design laser and in-
jection at 50 MeV, The 57 MeV case, and the 77 MeV case.

sampling based time of arrival diagnostic discussed in pre-
vious work.[9]. The electrooptic sampling diagnostic will
allow for relative time of arrival measurements to be corre-
lated with the observed energy modulation so that the time
of arrival jitter can be unfolded from the temporal overlap
tolerance.
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