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Momentum exchange was observed between laser light and an electron beam using the inverse Cerenkov effect.
This interaction was accomplished by introducing a gas with an index of refraction which reduced the phase velocity
of the light wave to match the velocity of the electron. A 30-MW Nd:YAG 1.06-um laser intersected 102-MeV
electrons at an angle of 18 mrad in hydrogen gas. The beams overlapped in the interaction region for approximately
10° optical wavelengths. The energy exchange by the inverse Cerenkov effect was verified in two ways: First, a
change was observed in the electron energy distribution in the presence of the laser, and second, this change was
observed to be a function of the index of refraction, as determined by the pressure of the gas. A +=13% variation
about the pressure for optimum energy exchange reduced the interaction by one-half. The results of the experiment
agree with the predictions of a Monte Carlo computer simulation of the interaction. Methane gas was also
investigated as a phase-matching medium. Possible applications include laser-driven particle accelerators and
stimulated Cerenkov devices, such as optical klystrons and traveling wave tubes.

I. INTRODUCTION

The very high electric fields associated with
laser light has generated a considerable amount
of interest in the possibility of designing laser-
driven particle accelerators!-® Laser light can .
also be used to modulate the momentum of an
electron beam,’-'° generating electron bunches
separated by an optical wavelength. In-a manner
analogous to microwave devices, optical kly-
strons!!¥? or traveling wave tubes!®~!¢ could then
be devised, which would extract energy from the
bunched beam.” 18

In these devices, significant energy exchange
betweenlaser light and free electrons isnecessary.
This means a method of maintaining phase-match-
ing over sizable distances is required. The ex-
periment reported here used the inverse Ceren-
kov®!® effect to achieve energy exchange. In the
inverse Cerenkov effect, the phase velocity of a
light wave in a medium is v, = c¢/n, where c is the
velocity of light and # is the index of refraction
of the medium (see Fig. 1). An electron traveling
with velocity v, intersects the laser beam at an
angle 6. To insure the electron will remain in a
field of constant phase, the phase velocity com-
ponent of the light in the direction of the electron’s
velocity v, /cosf =c/n cosf, must equal the velocity
of the electron, Ac, where B=v,/c. This results
in the angle 6 =cos™ (1/nf), which is recognized
to be the Cerenkov condition associated with
Cerenkov radiation.

An earlier preliminary investigation® of the
inverse Cerenkov effect used a different experi-
mental system with helium gas as the phase-
matching medium; whereas in the present experi-
ment hydrogen and methane gases were used. The
small signal-to-noise measurements of the pre-
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vious work relied on spatial mismatch between

the two intersecting beams to verify the effect.

In the experiment reported here, there was posi-
tive demonstration of interaction between electrons
and laser light by the inverse Cerenkov mechanism.
It was demonstrated in two ways: First, a change
was observed in the electron energy distribution

in the presence of the laser and second, this

change was observed to be a function of the index
of refraction as determined by the Cerenkov
condition.

Assuming the laser beam to be a plane wave with
a Gaussian intensity variation, the effect of the
electric field on the electron’s momentum has
been calculated® For perfect phase-matching
and a single transit of the electron through the
laser beam, the maximum energy exchange is
given by
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FIG. 1. Inverse Cerenkov phase-matching scheme.
The phase velocity of the laser light propagating through
a medium with index of refractionn>1 is v ;=c/n,
where ¢ is the speed of light. An electron traveling
with velocity v, will remain in a field of constant phase
provided it intersects the laser beam at an angle 6=6,
=cos™ (1/np), where 6, is the Cerenkov angle and 8
=v,/c. The wavelength of the laser is A.
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AWy (keV) = 38.8 [P(MW)]!/2 | (1)

where AW,,, is the maximum possible change in
energy of the electron and P is the peak power of
the laser in megawatts. This maximum energy
exchange is independent of wavelength, electron
energy, laser waist size, and the Cerenkov angle.
The same result is obtained using a laser beam
synthesized by an angular summation of plane
waves forming a Gaussian waist.

The efficiency of momentum exchange is re-
duced by electron-beam divergence and collisions
within the medium. Owing to divergence, only a
portion of the electrons in the beam will intersect
the laser at the Cerenkov angle; the others will
slip in phase with respect to the electromagnetic
wave. Electrons will still experience a significant
amount of energy exchange if their directions of
motion are within an angular range equal to the
laser divergence (in this experiment, ~0.5 mrad).
Collisions generate random energy loss and also
alter the direction of the electrons, causing them
to lose phase-matching within the interaction
region. These effects do not change ‘the value of
AW, but rather reduce the number of electrons
that experience this large energy change. A Monte
Carlo computer simulation, which was developed
to study tl/ne interaction process, incorporates the
effects of collisions, electron- and laser-beam
divergences, electron energy distributions, and
electron- and laser-beam widths. The computer
results will be presented and compared with the
experimental data.

THE ELECTRONS

II. EXPERIMENTAL METHOD

Figure 2 is a simplified schematic depicting the
topview of the experimental system. The electrons,
generated by Stanford’ s Superconducting Accele-
rator (SCA), entered the evacuated beamline pipe
from the left. Various steering magnets and a
set of focusing quadrupole magnets were used to
position and focus the beam into the gas cell on
the right where the inverse Cerenkov interaction
occurred.

The laser system was situated on a table below
the beamline with the light guided and focused into
the interaction region by a series of mirrors and
lenses. The Nd:YAG oscillator and amplifier
delivered 30 MW of 8-nsec pulsed 1.06-um radi-
ation to the gas cell, which corresponded to a
peak electric field of ~ 10° V/cm or a peak ac-
celeration gradient of ~2 MeV/m. Substitution
into (1) with P=30 MW, shows that the maximum
energy exchange possible was, AWpx=213 keV.
The same number was calculated by a more accu-
rate laser-field representation and integral pro-
cedure in the Monte Carlo computer simulation.

The laser and electron beams were focused to
~1.2 mm (diameter) and~ 1.6 mm (diameter)
respectively, at the center of the gas cell. The
laser beam entered the gas filled interaction region
through a quartz disc window tilted at Brewster’s
angle. In these windows, 1.6-mm holes were
covered with 0.025-mm thick beryllium foil, allow-
ing the electrons to enter and exit the gas cell
with a minimal amount of scattering. Constraints
in the present window design limited the inter-
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FIG. 2. Simplified schematic depicting the topview of the experimental system. The electrons enter the beamline
from the left, interact with the laser in the gas cell on the right, and are detected at the end of the system. The entire

experiment is remotely controlled.
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TABLE I. System parameters.

Electron Beam

Source: Stanford’s Superconducting Linear Accelerator (SCA)

Beam energy: 101.8 MeV

Intrinsic energy spread: = 15 keV
Width of electron bunches: 9 psec
Bunch separation: 798 psec

Beam spill length: 3 msec

Beam average current (during beam spill): 60 pA

Repetition rate: 10 Hz.

Beam divergence (half-angle) in interaction region: =~1.0 mrad
Focused spot size at interaction region: =~1,6-mm diameter

Laser Beam

Laser type: Nd:YAG unstable resonator configuration

Wavelength: 1.064 ym
@-switched pulse length: 8 nsec

Power delivered to interaction region: 30 MW

Beam divergence (half-angle): 0.56 mrad.

Focused spot size at interaction region: 1.2-mm diameter

Linewidth: 0.4 cm~!
Multimode operation

Interaction Region (Gas Cell)

Phase-matching mediums: Hydrogen gas (99.999% pure), Methane gas (99.97% pure)

Interaction angle: 18+1 mrad
Temperature: 19.5°C
Length of gas cell: 41 cm

Length of electron/laser beam overlap: ~7 cm

action angle of the beams to slightly greater than

15 mrad. The electron and laser beams overlapped

for about7 c¢m, which corresponds to approximately
10° optical wavelengths. System parameters are
given in Table I.

A crucial parameter in the experiment was the
angle the electron and laser beams intersected
each other. To determine this, the angle between
the laser and the straight-line trajectory through
the holes in the windows was measured and found
to be 18+1 mrad. A HeNe laser (located on the
far left of Fig. 2) was used to align the holes in

the windows and thus defined the central trajectory

of the electron beam through the gas cell.

The modulation of the electron’ s momentum was

measured with a 90° spectrometer magnet and
position detector. The detector consisted of 18
scintillation wafers, each 0.25 mm thick, sand-

wiched together facing the electron beam edgewise.

This detector obtained a pulse-to-pulse energy
spectrum with 10.5 keV resolution per wafer.
Figure 3 shows the temporal relationship be-
tween the laser pulses, the electron-beam pulses,
and the detector sampling gate. The laser emits

light every other electron-beam spill; so alternate

energy profiles represent modulated and unmodu-
lated electron momentum spectra. A difference

profile is obtained by subtracting unmodulated
energy spectra from modulated spectra. This

" process is illustrated in Fig. 4. The energy spec-

trum of the electron beam is approximately
Gaussian [Fig. 4(a)] without the laser interaction,
and becomes flat and broad in the presence of the
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FIG. 3. Temporal relationship between the electron-
beam pulses, detector sampling gate, and laser pulses.
Not shown in the diagram is the train of 9-psec-long
electron bunches, separated by 798 psec, contained
within the 3-msec-long beam spill. Thus the 8-nsec
laser pulse intersected ~10 bunches; however, the de-
tector gate sampled ~90 bunches which reduced the
signal-to-noise ratio.
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FIG. 4. Schematic of electron energy spectrums. (a)
With no laser interaction, the unmodulated electron
energy spectrum is approximately Gaussian. (b) With
laser interaction, the modulated electron energy spec-
trum becomes flat and broad. (c) Subtracting the spec-
trum in (a) from (b) produces a difference spectrum.

laser [Fig. 4(b)]. Subtracting these two spectra
generates a difference spectrum [Fig. 4(c)]. The
negative central region of this spectrum gives an
indication of the number of electrons modulated,
and the positive sidelobes indicate the maximum
momentum change in the electrons.

A difference spectrum is a sensitive experimental
measure of the interaction, since much of the
systematic sources of error are cancelled. Syste-
matic errors arise from the electronic components
of the laser and the electron accelerator, and

from the high background radiation. In addition,
the difference spectrum cancels long-term fluc-
tuations in electron-beam current and spectro-
meter magnet current. Only a fraction of the elec-
trons in the beam spill receive substantial modu-
lation, as most arrive at the wrong time (see
Fig. 3) or with the wrong phase space to be properly
matched to the laser light.

III. EXPERIMENTAL RESULTS

An unmodulated electron energy spectrum is
shown in Fig. 5, for electrons passing through the
gas cell filled with hydrogen at 1.28 atm. The full
width at half-maximum (FWHM) of the spectrum is
approximately 50 keV. The solid curveinFig. 5 is
the unmodulated spectrum produced by the computer
simulation program using the same experimental
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FIG. 5. Unmodulated electron energy spectrum. The
dashed curve represents the data taken using hydrogen
under the conditions listed in Table I. The electron-
beam energy was 101.8 MeV. The solid curve was pro-
duced by the Monte Carlo computer simulation using the
same parameters as the experiment; the peak was scaled
to fit the data. Each data point represents an average
of 2500 samples. '

conditions as the datacurve. The electronbeam from
the SCA has an intrinsic energy spread of ~ 30 keV
(FWHM). Resolution limits of the spectrometer
magnet introduces ~ 40 keV of uncertainty. Finally,
the energy spread due to inelastic collisions with
the windows and gas in the interaction region is
~4 keV. Therefore, the total resolution is ~ 50 keV.
A difference spectrum, generated by subtracting
an unmodulated spectrum from a modulated spec-
trum, is shown in Fig. 6. The pressure was set
to maximize the difference spectrum, i.e., this
corresponded to the Cerenkov angle equaling the
electron-laser intersection angle. The negative
dip in the curve represents an ~ 7% reduction in
the number of electrons in the central channels of
the modulated spectrum. Allowing for the temporal
overlap mismatch, ~ 60% of the electrons are re-
moved by the laser pulse from the center of the
spectrum.

The error bars represent one standard devia-
tion assuming a normal distribution. A large noise
source was electron-beam current fluctuations.
Intensity fluctuations of the beam were caused by
variations in the pulse-to-pulse current and spatial
instability that resulted in the beam being clipped
as it traversed through the windows in the gas cell.
Other noise sources were laser and accelerator
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FIG. 6. Difference electron energy spectrum. The
dashed curve is the data for hydrogen under the condi-
tions given in Table I. The hydrogen pressure was
1.28 atm and corresponded to the Cerenkov angle
equaling the electron-laser intersection angle. The
solid curve represents the computer simulation for the
same experimental conditions; the peak was scaled to
fit the data.
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FIG. 7. Pressure dependence of interaction for hydro-
gen. Plotted is the average of the peak two channels of
the difference spectra at each pressure. The pressure
range AP shown on the bottom of the graph corresponds
to an 18 +1-mrad intersection angle as determined by
the Cerenkov condition. The solid curve is the com-
puter simulation of the dependence; the peak was scaled
to fit the data. The electron-beam energy was 101.8
MeV,

electronic noise, and background radiation.

The solid curve in Fig. 6 is the difference spec-
trum generated by the computer program. The
positive sidelobes of the experimental data are
not clearly discernable due to noise, although the
positive sidelobes of the Monte Carlo computer
simulation predict the maximum energy exchange
is ~ 213 keV. This corresponds to a net average
acceleration gradient of~ 3 MeV/m over 7 cm.
To verify that the interaction is the result of the
inverse Cerenkov effect, the Cerenkov condition
must be varied from the optimal condition
0= cos }(1/nB). This was done experimentally by
varying the pressure and therefore the index of
refraction.

Figure 7 shows the peak of the difference spec-
trum, obtained from an average of the peak two
channels in the spectrum, as a function of pres-
sure. Each data point was normalized to the beam
current, and represents between 500 and 1500
samples. The dashed curve was obtained by a
five-point least-squares parabolic fit to the data.

Similar results for the methane gas are shown
in Fig. 8, plotted in the same manner as for hydro-
gen gas. The error bars are larger because the
signal was weaker (due to more scattering and
high background noise) and only 500 samples were
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FIG. 8. Pressure dependence of interaction for
methane. This was plotted in the same manner as Fig.

7. The pressure range AP indicated on the bottom of

the graph corresponds to an 18 +1-mrad intersection
angle as determined by the Cerenkov condition. The
computer simulation of the dependence is given by the
solid curve; the peak was scaled to fit the data. The
electron-beam energy was 101.8 MeV,
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taken at each data point. Diminished energy ex-
change was expected as electron scattering is
more severe for the higher average atomic charge
of the methane molecule.

A strong indication that the observed effects
were from the inverse Cerenkov interaction was
that the peak dip in the hydrogen pressure curve
occurred at 1.28+0.04 atm, corresponding to a
Cerenkov angle of 17.4+ 0.3 mrad. This agreed,
within experimental uncertainty, with the geo-
metrically measured intersection angle of 18+1
mrad. Also, the peak dip in the methane pressure
curve occurred at 0.45+0.03 atm, corresponding
to a Cerenkov angle of 17.7+0.6 mrad; again this
agreed, within experimental error, with the
Cerenkov condition.

Hydrogen was also investigated at a different
electron-beam energy of 86.5 MeV, and at a
slightly different intersection angle of 18.3 + 1 mrad.
Optimum energy exchange occurred at a pressure
of 1.56+ 0,04 atm, corresponding to a Cerenkov
angle of 19+0.3 mrad. Within experimental un-
certainty, this again agreed with the measured in-
tersection angle.

For hydrogen, at an electron beam energy of
101.8 MeV, a +13% (+0.16 atm) change in the gas
pressure around the optimal pressure, reduced
the interaction by one-half. The width of the
pressure curve is largely determined by the elec-
tron- and laser-beam divergences, and to a lesser
degree, by the electron energy spread and beam
width. The solid curve shown in Fig. 7 is the
computer simulation of the pressure dependence
using the parameters listed in Table I. Although
the simulation predicts a narrower dependence
curve, this can be attributed to an uncertainty in
the electron-beam divergence and width,

It was much more difficult to accurately deter-
mine the width of the methane pressure curve be-
cause of the substantial error bars. Approxi-
mately + 8% (+ 0.04 atm) change in the gas pressure
around the optimal pressure reduced the interaction
by one-half. This variationcould beaslowas +3%
or as high as +12% and be within the error bars.
The solid curve represents the computer simulation
of the pressure dependence for methane. Again,
differences between the simulation and data can
be attributed to uncertainties in the electron-
beam quality.

IV. DISCUSSION

The inverse Cerenkov effect is an alternative
method to the free electron laser (FEL)? for
energy exchange between relativistic electrons
and laser light. Bunching of the electrons as a
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FIG. 9. Computer simulation of the electron-beam
spatial harmonics as a result of laser-induced momen-
tum modulation. Neglected in this idealized simulation
were the effects of collisions, electron-beam width and
divergence, and electron-beam energy spread. The
first four harmonics of the beam are plotted normalized
to the beam current and as a function of the distance
from the center of the interaction region.

result of momentum modulation can occur, with
the bunched beam containing spatial harmonics at
integral multiples of the laser frequency. Figure
9 shows the spatial harmonic components varying
as a function of distance from the center of the
interaction region; this was produced by the Monte
Carlo computer simulation using the parameters
of this experiment but neglecting collisions, elec-
tron-beam width and beam divergence, and elec-
tron energy spread. Plotted vertically is the in-
tensity of each harmonic component normalized to
the beam current. Optimum bunching at the laser
wavelength occurs ~ 47 cm downstream from the
interaction. At the peak, the harmonic component
is 1.2 times the beam current, the second harmonic
is 1.0 times, and the third harmonic is 0.7 times.

A bunched beam in a medium with the proper
index of refraction will radiate electromagnetic
energy in the form of enhanced Cerenkov light at
the harmonic frequencies?*2? This would create
the optical analog of a microwave klystron.
Stimulated Cerenkov emission can be produced
from the bunched beam, providing a high-gain
medium at the laser harmonics.

Considering the possibility of laser-induced
particle accelerators, for the parameters of this
experiment, the maximum energy exchange is
=~200 keV. Thisisfora single transit of the elec-
tron beam through the laser beam. Multiple pass-
es will increase the amount of maximum energy
exchange in proportion to the number of transits,
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assuming phase stability between passes.

In conclusion, the inverse Cerenkov effect was
demonstrated between a free electron beam and
laser light. Changes in the electron energy and the
pressure dependence of the interaction were
measured using different phase-matching gases.
The inverse Cerenkov effect was demonstrated
and supported experimentally in two ways. First,
the change in the electron energy spectrum was
the greatest when the Cerenkov condition was
satisfied. Second, the effect was a function of the
index of refraction but independent of other para-
meters of the medium, as demonstrated with the
use of two very different gases.
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