
Terahertz laser modulation of electron beams
J. G. Neumann,1,a� R. B. Fiorito,1 P. G. O’Shea,1,b� H. Loos,2,c� B. Sheehy,2 Y. Shen,2 and
Z. Wu2

1Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, Maryland
20742, USA
2National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973-5000, USA

�Received 9 August 2008; accepted 18 December 2008; published online 4 March 2009�

The study of modulated electron beams is important because they can be used to produce coherent
radiation, but the modulations can cause unwanted instabilities in some devices. Specifically, in a
free electron laser, proper prebunching at the desired emission frequency can enhance performance,
while bunching resulting from instabilities and bunch compression schemes can degrade
performance. In a photoinjector accelerator, tailoring the shape of the drive laser pulse could be used
as a technique to either enhance or mitigate the effect of these modulations. This work explores the
possibility of creating deeply modulated electron beams at the photocathode by using a modified
drive laser designed to produce multiple subpicosecond pulses repeated at terahertz frequencies.
Longitudinal space charge forces can strongly influence the evolution of modulations by converting
density modulations to energy modulations. Experiments at the Source Development Laboratory
electron accelerator at Brookhaven National Laboratory and PARMELA simulations are employed
to explore the dynamics of electron beams with varying charge and with varying initial modulation.
Finally, terahertz light generated by a transition radiator is used to confirm the structure of the
electron beam. © 2009 American Institute of Physics. �DOI: 10.1063/1.3075563�

I. INTRODUCTION

Modulated electron beams in particle accelerators can be
produced by design or unintentionally. The modulation may
be deliberately added when the generation of coherent radia-
tion at the modulation frequency is desirable.1,2 Conversely,
it may be preferred to suppress unwanted modulation in
cases where coherent synchrotron radiation �CSR� induced
beam degradation is a concern.3,4 In either case it is impor-
tant to understand and control the evolution of longitudinal
modulation in electron beams.

In electron photoinjectors, fluctuations in current result-
ing from the drive laser or space charge forces near the cath-
ode can be amplified and/or converted to energy spread as
the beam is accelerated.5 During subsequent beam manipu-
lation stages, such as injection bends or compression chi-
canes, these perturbations may result in coherent synchrotron
radiation �CSR�. Magnetic chicanes are often used to com-
press electron bunches thereby increasing the peak current
and the free electron laser �FEL� gain. However, CSR in-
creases in intensity as the bunch length decreases. CSR at
long �terahertz� wavelengths can directly degrade FEL per-
formance through two mechanisms: by direct degradation of
the electron beam quality �current, emittance, and energy
spread� and through generation of mirror heating and hence
distortion that can limit high power FEL oscillator
operation.6 Similarly, the longitudinal space charge instabil-
ity can amplify small oscillations in longitudinal beam den-

sity through space charge forces to create strongly distorted
longitudinal phase space at the end of the accelerator.7,8

Several solutions have been proposed for smoothing
small longitudinal electron beam modulations, including la-
ser heating to increase the uncorrelated energy spread of the
beam.2 This allows for Landau damping which can prevent
the development of instabilities while keeping the acceler-
ated beam within tolerance for proper FEL operation. An-
other potential solution includes the smoothing of the inci-
dent drive laser pulse.9 In this case, an acousto-optical
programmable dispersive filter is used to create a smooth UV
pulse profile. This method has produced a smoother electron
beam in longitudinal phase space, with reduced transverse
emittance, and matched slices over a larger part of the pulse.
An additional study used a pulse stacker to confirm the suit-
ability of such pulseshaping techniques �that is, confirming
prompt emission of electrons at the cathode� for producing
low emittance electron bunches.10

The work reported here focuses instead on deep current
modulation imposed on the electron beam at the photocath-
ode, specifically at terahertz frequencies, and on how such a
bunch train propagates through a linear accelerator to rela-
tivistic energy. This modulation is imposed on the drive laser
and is designed to produce multiple subpicosecond micro-
pulses repeated at terahertz frequencies on the initial laser
pulse. Similar studies have also been conducted at much
lower energies; for example, the 10 keV University of Mary-
land electron ring was used to explore space charge domi-
nated beam physics and employed a laser switch to generate
gigahertz frequency density modulation on combined thermi-
onic and photoemitted electron beams.11–13 Short single
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bunch studies have also been conducted at the Source Devel-
opment Laboratory �SDL� in order to generate intense
single-cycle terahertz pulses.14

Deep longitudinal density modulation in an electron
beam is an important condition for radiation in many de-
vices, including klystrons, magnetrons, and free electron la-
sers. In general, the total radiation emitted by a group of
particles from any mechanism can be described by Eq.
�1�,15,16

d2W

d�d�
=

d2W1

d�d�
�Ne + Ne�Ne − 1�f���� , �1�

where d2W1 /d�d� is the energy emitted by one electron, Ne

is the number of electrons in the bunch, and f��� is the
bunch form factor. The form factor f��� is related to the
Fourier transform of the charge density and is given by16,17

f��� = �� dr�S�r��ei��/c�n̂·r��2

, �2�

where S�r�� is the mean particle distribution of the beam nor-
malized by the number of electrons, � is the angular fre-
quency of the emitted light, and c is the speed of light. Often,
Eq. �2� is separated into longitudinal and transverse compo-
nents. In our analysis we assume that the transverse profile of
the beam is Gaussian, and the longitudinal component of the
form factor is evaluated numerically. Given this formulation,
the amount of light produced by a modulated electron beam
is a function of both the total bunch charge and the charge
density modulation of the electron beam, as shown by
Rosenzweig et al.18 Figure 1 shows how the form factor of a
smooth beam is affected when it becomes bunched. While
the form factor is useful for calculating the amount of radia-
tion that would be generated by the beam, it is also useful for
characterizing the degree of beam bunching. Techniques for
measuring electron beam bunch length using coherent tran-
sition radiation �CTR� relating to this form factor have been
demonstrated by Rule et al.19

A beam with the profile shown in Fig. 1 could be used to
generate radiation directly, such as in a transition radiator.
Alternatively, this beam could be used as an input to a device
such as a free electron laser, where the interaction between
the electrons and radiated energy cases the beam to become
more tightly bunched. Using such a prebunched beam is po-
tentially quite beneficial in this case; the resonant wave-
length can be excited without a drive signal and the radiation
can grow faster than exponential.20 Coupling the prebunch-

ing mechanism at the cathode with a short wiggler could
yield a compact accelerator-based high power terahertz
source, but the space charge forces near the gun may cause
debunching prior to reaching the wiggler, making it impos-
sible to quickly realize saturation. To assess the severity of
the problem in a simple way, the plasma frequency of the
beam using the longitudinal relativistic mass is considered,21

�p =� q2n

�0�3m
, �3�

where q is the electron charge, n is the charge density, �0 is
the permittivity of free space, and �3m is the relativistic lon-
gitudinal mass of the electron. Assuming a constant acceler-
ating electric field of 85 MV/m, a final beam energy of 38
MeV, a beam length of 5 ps �1.5 mm�, and a 250 �m radius,
the plasma frequency and transit time were computed as a
function of position. These parameters are similar to those
seen in the experiment conducted at the Brookhaven SDL.
The total number of plasma oscillations in the beam can be
computed from fptr, where the transit time tr=�vz

−1dz, evalu-
ated from z=0 to the z-coordinate at which the number of
plasma oscillations is desired to be computed. In the case of
maximum beam energy of 38 MeV, this corresponds to ap-
proximately 45 cm. Space charge effects can be neglected
when the number of plasma oscillations is smaller than 1.
The cumulative total number of plasma oscillations as a
function of the z-coordinate for total charge between 1 pC
and 1 nC is shown in Fig. 2. The number of plasma oscilla-
tions approaches 1 when the beam has a total charge of 5 pC.
At the SDL deep ultraviolet �DUV�-FEL, beams with deep
modulation densities at repetition rates between 0.5 and 1.6
THz could be generated with total charge varying between
20 and 200 pC. Based on the assumptions in Fig. 2, the
experiment probes a transition region between space charge
and emittance dominated regimes, where space charge ef-
fects play a role but might not destroy density modulation
imposed at the cathode.

II. DESCRIPTION AND SETUP OF THE DUV-FEL
FACILITY

This experiment exploring electron beam density modu-
lation used only parts of the DUV-FEL facility22 with some
slight modifications from typical usage. At the time of this

FIG. 1. �Left� Unmodulated �dashed� and modulated �solid� input beam
profile. �Right� Calculated form factor for unmodulated �dashed� and modu-
lated �solid� electron beams

FIG. 2. �Color online� Cumulative plasma oscillations through acceleration
to 38 MeV as a function of z-coordinate and total charge.
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experiment, the accelerator itself was based on a 1.6 cell
S-band radio frequency photoinjector, an associated drive la-
ser, and an accelerating linac comprised of four accelerating
sections. The drive laser pulse was coded with terahertz
modulations in order to serve as a switch at the photocath-
ode. Since photoemission from copper is prompt
�subfemtosecond�,23 the laser beam time profile will closely
resemble the form of the resulting electron beam in the ab-
sence of space charge forces. The diagnostics at the DUV-
FEL facility were used to measure the longitudinal phase
space of the resultant electron beam after acceleration. A 2
cm aluminum mirror oriented at 45° was available for inser-
tion into the beamline to generate backward transition radia-
tion. This light is directed out of the beamline through a z-cut
crystalline quartz window and measured with a single ele-
ment bolometer. A block diagram of the facility setup used in
this experiment is shown in Fig. 3. For this experiment, the
laser input point, the time profile diagnostics, the transition
radiator, and the long wavelength �terahertz� diagnostics are
of primary interest.

A. Drive laser

Generally, when this facility is used as a FEL, the fre-
quency tripled Ti:sapphire drive laser produces a 5–10 ps
long pulse at 266 nm. This generates an electron bunch of
similar length after reaching the copper photocathode. The
drive laser system exploits the high bandwidth inherent to
the Ti:sapphire laser to generate a pulse of appropriate length
and energy. In this case, a stretcher based on dispersion in-
troduced by a diffraction grating lengthens the 100 fs pulse
from the oscillator to 	200 ps. This allows the pulse to be
amplified to a higher energy than might otherwise be pos-
sible since the extended pulse length keeps the energy den-
sity low. After amplification, the pulse is recompressed to the
appropriate length for the application, in this case near 10 ps,
at which point it can be efficiently converted to the third
harmonic, 266 nm, a wavelength of sufficient energy to over-
come the work function of copper. This type of amplification
technique is generally referred to as a chirped-pulse amplifi-
cation system.24

The method employed in this experiment to modulate
the drive laser relies on the fact that the original 100 fs drive
laser pulse is only partially recompressed, and after fre-
quency tripling results in an 	5 ps pulse. This leaves a fre-
quency correlation with time known as a chirp. A Fabry–
Pérot interferometer �comb filter� is used after the laser is

converted to the ultraviolet to remove some frequency com-
ponents in a periodic way. Given the presence of the chirp,
this generates a modulated laser pulse.

A photograph and simple model for the Fabry–Pérot in-
terferometer is shown in Fig. 4. It is considered as a three-
layer system, namely, two dielectric plates separated by an
air gap.

The indices of refraction for the dielectric plates are set
such that the proper reflectance and transmittance are
achieved at each interface for a given wavelength. For this
specific electron accelerator related application, the reflec-
tance was chosen to be near 50%, as a compromise between
finesse and transmitted energy. Typical analysis of a Fabry–
Pérot system assumes that the incident pulse is cw, which is
not appropriate in this case because the pulse length is on the
order of the cavity spacing. Assuming normal incidence, the
frequency dependent transmission coefficient can be calcu-
lated for the entire structure using the method of impedance
transformation25 and is given by

��k2� =
2Z3��k2�

Z3��k2� + Z1
, �4�

where Zm is the impedance of the mth region �assuming the
relative permeability of the optical media is 1, Zm=Z0 /nm,
where Z0 is the impedance of free space and nm is the index
of refraction of the optical media in the mth region�, km is
2���0 /nm� in the mth region, and Z3� is given by

FIG. 5. Cross-correlation measurement of a typical unmodulated drive laser
pulse intensity.

FIG. 3. �Color online� �Color Online� Block diagram of DUV-FEL facility.

FIG. 4. �Color online� �Left� Photograph and �right� schematic model of
Fabry–Pérot interferometer.
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Z3��k2� = Z2
Z3 cos k2l + iZ2 sin k2l

Z2 cos k2l + iZ3 sin k2l
� , �5�

where l is the cavity spacing of the Fabry–Pérot interferom-
eter. This transfer function, multiplied by the Fourier trans-
form of the laser pulse, yields the output of the interferom-
eter system. The laser pulse can be modeled with the
following expression:26

E�t� =
1

	�2�
exp
 − t2

2	2�exp�i�0t + i
t2� . �6�

Equation �6� describes a pulse with a linear chirp that has a
Gaussian envelope with standard deviation 	. The instanta-
neous frequency of this pulse is given by

�i�t� =
d��t�

dt
= �0 + 2
t , �7�

and so 
 is the parameter that describes the linear chirp.
Computing the Fourier transform of the laser pulse, multi-
plying by the transmission coefficient, and taking the inverse
Fourier transform yields the electric field of the laser pulse as
a function of time after emerging from the interferometer.

A scanning cross correlator27 and a spectrometer were
used to measure the laser pulse during the experiment. The

scanning cross correlator gives the time profile of the laser
beam with 250 fs resolution. A typical example of an un-
modulated laser pulse is shown in Fig. 5 �although the pulse
does not exhibit a smooth profile�.

The chirp parameter for the model, 
, was determined
by minimizing the mean square error between the measured
unmodulated laser pulse and the result of the model. Figure 6
compares the measured and modeled spectrum of this un-
modulated pulse.

Inserting the Fabry–Pérot interferometer into the laser
pulse generated a subpicosecond pulse train. Figure 7 shows
the experimental and calculated intensities for two different
pulse trains, with the cavity spacings estimated at 260 and
207 �m, respectively. In this case, the interferometer is op-
erating in a “direct frequency to time” mode, where the spec-
trum looks similar to the time profile of the laser pulse as a
result of the linear chirp.

It is clear from Fig. 7 that the frequency of the laser
modulation can be tuned by changing the cavity spacing of
the Fabry–Pérot interferometer. The power spectral density
of the laser pulse gives a clear picture of the modulation
frequency, and this is shown for various pulses in Fig. 8. This

FIG. 6. �Color online� Input laser spectrum �blue� compared with calcula-
tion based on model �black�.

FIG. 7. �Color online� Cross-correlation measurement of modulated laser intensity �blue� compared with theory �black� for a cavity spacing of 260 �m �left�
and 207 �m �right�.

FIG. 8. Power spectral density of drive laser pulse for various Fabry–Pérot
cavity spacings.
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system was used to successfully modulate the laser pulse at
frequencies between 0.5 and 1.6 THz.

The tunability and simplicity of the Fabry–Pérot system
enabled a system well suited to creating a modulated electron
beam in the linear accelerator. One convenient advantage
that the Fabry–Pérot system offered over other modulation
schemes, such as a pulse splitter-delay line combination, is
that the output of the system depends mostly on the self-
alignment of the interferometer mirrors rather than its align-
ment with respect to the rest of the laser system. While there
is a cos��� term that appears when the beam is not at normal
incidence, this essentially changes the effective cavity spac-
ing and does not cause the device to operate in an unaccept-
able way �it still produces laser modulation�. While still re-
quiring care, this made insertion and removal of this device
into the laser system more convenient.

B. Electron beam diagnostics

The accelerator diagnostics previously developed at the
DUV-FEL are well suited to study of the longitudinal elec-
tron beam phase space. Preliminary experiments at this facil-
ity used an implementation of the rf zero-phasing technique
to make longitudinal measurements.28 In this case, an energy
chirp that creates a correlation between time and energy is
placed on the beam. This chirp is generated by using a rf
accelerating section set at “zero-phase” relative to the elec-
tron beam, such that the head of the beam gains energy,
while the tail of the beam loses energy �or vice versa�. The
beam is then passed through a spectrometer �magnetic di-
pole�. The correlation between energy and time can be used
to create a longitudinal electron beam profile measurement.
However, depending on the phase space characteristics of the
incident electron beam, the results of this measurement can
be ambiguous. For example, two rf zero-phasing energy
spectra are shown in Fig. 9. These measurements were made
under significantly different circumstances. The beam in Fig.
9�a� has 200 pC total charge, is initially unmodulated, accel-
erated to 110 MeV, and compressed in a magnetic chicane
prior to measurement. The beam in Fig. 9�b� is initially
modulated by the drive laser switch, has 125 pC total charge,
is accelerated to 73 MeV, and is not compressed in the mag-
netic chicane. It is interesting that the energy spectra look
qualitatively similar; however, the actual structure shown in
Fig. 9�a� has been shown to be dominated by energy modu-
lation and caused by the longitudinal space charge
instability,4 while the structure in Fig. 9�b� is shown, by these
experiments, to exhibit significant fluctuations in the electron
beam density profile.

This ambiguity can be mitigated by measuring the entire
longitudinal phase space; this can be done with tomographic
reconstruction techniques.29,30 This reconstruction is formed
by taking several projections of the two dimensional longi-
tudinal phase space. The projections are formed by placing
an energy chirp on the beam, similar to the rf zero-phasing
technique. Rather than being used at a single zero phase and
a fixed amplitude, the phase of the second accelerating struc-
ture is varied about its crest phase to impart different
amounts of chirp on the electron beam. In the case of these

measurements, the beam was accelerated to 38 MeV in the
first accelerating structure and up to 73 MeV at crest phase in
the second. The projection of the longitudinal phase space
onto the energy axis is accomplished with an electron spec-
trometer �magnetic dipole�, located after the accelerating sec-
tions. The longitudinal phase space at the entrance of the
second structure at 38 MeV can be recovered from these
projections. A projection of the longitudinal phase space
onto the position coordinate reveals the physical density
distribution.

C. Terahertz diagnostics

Any density modulation present on an electron beam
will affect the nature of radiation it produces. If some mecha-
nism causes a single electron to emit a specific wavelength
of light, a bunch train of electrons separated by that wave-
length would emit in such a way that their electric fields
would add in phase. The result would be enhanced emission
at that wavelength, with the resultant electric field propor-
tional to the square of the number of electrons in the beam. If
on the other hand, all of the electrons were randomly distrib-
uted throughout the beam, the electric fields would add in-
coherently, and the resultant electric field would be directly
proportional to the number of electrons in the beam. The
coherent emission could serve as a source of light, an elec-
tron beam diagnostic, or cause unwanted effects on the beam
depending on the particular machine.

FIG. 9. �Left� rf zero-phase measurement of initially unmodulated com-
pressed electron beam; �right� rf zero-phase measurement of deeply modu-
lated uncompressed electron beam.

FIG. 10. �Color online� FTIR characterization of terahertz filters.
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As described above a mirror can be inserted into the
beam. CTR is expected to be observed from this mirror at
terahertz wavelengths due to the modulation imposed on the
electron beam. The CTR is detected by a single element
bolometer that was equipped with several band-pass filters.
Recording the amount of energy measured with each filter in
place gives an idea of how much energy falls into each band
from the modulated electron beam.

The design of the terahertz filters was based on ideas
developed for microwave applications.31 More recently,
these types of filters were used for terahertz applications.32

The filters are constructed from a perforated metal sheet,
with either Cartesian or hexagonal symmetry. The finite
thickness of the sheet results in the filter having resonance
and waveguidelike characteristics. Light at wavelengths
much smaller than the hole will transmit through the mesh,
while light with large wavelengths will be reflected, resulting
in a high pass filter. The frequency characteristics of these
filters are dependent on the hole size, the spacing between
the holes, and the thickness of the material. A reasonable
model for this filter type is given by Chen,31 and this model
was used as a guide when purchasing materials. The filters
were characterized on a Fourier transform infrared �FTIR�
system, and the results are shown in Fig. 10.

The degree of correlation between the measurements and
the theory is about the same as that seen by Winnewisser
et al.32 The peak transmissions of each of the filters are lo-
cated at 0.703, 0.967, and 1.56 THz.

III. RESULTS

The goal of this effort was to determine how a particular
deep modulation imposed on an electron beam at the cathode
is modified by forces experienced during the process of ac-
celeration, including space charge. A combination of
PARMELA33 simulation results, electron beam tomographic
reconstructions, and terahertz radiation measurements to-
gether form a picture of the electron beam dynamics in the
parameter space of this work. The laser modulation fre-
quency was tuned from 0.5 to 1.6 THz as described above,
while the charge was varied experimentally between 20 and
200 pC. The PARMELA simulations explored much lower
and higher charge levels as well. The general trends for the
results hold for all settings of the modulation frequency; that
is, increasing charge causes a reduction in the peak value of
the form factor and also a reduction in the frequency at
which the peak of the form factor is located. This behavior
corresponds to debunching of the beam. The detailed results
from one particular laser profile input, as shown in Fig. 11,
are presented here.

The modulation peak of the laser profile in Fig. 11 is at
0.5 THz. PARMELA simulation results in Fig. 12 show the
electron beam longitudinal density after acceleration to 38
MeV at the entrance to the second accelerating tank for 20
and 200 pC beam. These simulation results can be compared
to experimental results based on the longitudinal phase space
reconstructions, which represent state of the electron beam at
the same location and energy.

It is clear from Fig. 12 that the modulation does not
change much in the case of low charge, but in the case of
high charge, almost all of the contrast in the density modu-
lation is gone. The debunching can also be characterized by
calculating the longitudinal form factor as a function of fre-
quency and total charge, as shown in Fig. 13.

FIG. 11. Input laser intensity measured with cross correlation.

FIG. 12. �Left� Electron beam longitudinal profile for a 20 pC beam; �right� electron beam longitudinal profile for a 200 pC beam; �inset� initial laser pulse.
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It is interesting to note how the peak of the form factor
falls, as well as the frequency of modulation at the peak of
the form factor, as shown in Fig. 14. In Fig. 14, the fre-
quency peak starts initially above that of the initial laser
pulse due to the rf compression at the low charge levels;34,35

this is consistent with results typically seen in this accelera-
tor at the bunch charge used. However, as the amount of
charge increases and space charge plays a larger role, this
peak frequency drops below the initial modulation frequency
of the laser. Figure 15 shows how the peak of the form factor
varies as a function of the accelerator z-coordinate as well as
total charge.

Figure 2 indicated that the plasma oscillations should
slow as the beam is accelerated, and so it is not surprising
that the falling form factor should be arrested after the beam
reaches sufficient energy. The specific way in which the
beam debunches is illuminated through the measurements
made with the tomographic reconstruction technique. Ex-
amples of several longitudinal phase space reconstructions
for total charge ranging between 20 and 200 pC, for the
initial laser pulse shown in Fig. 11, are displayed in Fig. 16.

In Fig. 17, the projection of the longitudinal phase space
onto the time coordinate is shown for a total bunch charge
ranging from 20 to 200 pC. These results are compared with
the PARMELA simulations, which maintain some qualitative
agreement.

Washout of the density modulation occurs because the
phase space of each electron bunch grows in both the longi-
tudinal and energy coordinate, such that when projected onto
the longitudinal coordinate, their ends overlap. The phase
space of individual bunches appears to rotate as charge in-
creases. It is interesting that each electron bunch remains
separated by voids in the phase space while the separation in
longitudinal density is reduced. As the bunch charge in-
creases, the density modulation washes out further, and the
angle of rotation in phase space of each bunch is increased.

The loss of density modulation does occur more quickly
at higher laser frequency. Figure 18 shows a reconstruction
of the longitudinal phase space, as well as a longitudinal
density profile based on the phase space projection for a laser
pulse with 1.6 THz initial modulation. While the density
modulation has been somewhat washed out, the individual
bunches are still fairly well defined in phase space. Even as
the beam modulation washes out in density space, it is im-
portant to note that the longitudinal phase space of this beam
is not approaching the phase space of a beam that is not
prebunched. Figure 18 compares these two side by side. The
distinction is important, as a prebunched beam may pass
through an appropriate dispersive section, causing the elec-
tron bunches to rotate upright once more, allowing the den-
sity modulation to re-emerge and degrade beam quality as a
result of a collective effect such as CSR. In fact, such a
conversion between energy and density modulation has been
demonstrated in simulation for an electron beam passing
through a chicane compressor.36 It is also interesting to note
that the phase space reconstruction shown on the left side of
Fig. 18 corresponds to the same electron beam that produced
the rf zero-phasing profile shown in Fig. 9�b�. It is clear that
some density modulation remains on this electron beam,
while the apparent modulation on the beam in Fig. 9�a� was
shown to be dominated by energy fluctuations.

Although the details of the relationship between total
charge and form factor are different for varying initial modu-
lation frequency, the trends in the data are independent of
this variation. However, to emphasize the point that tunable
modulation was achieved, the form factors of the measured

FIG. 13. �Color online� Form factor as a function of frequency and total
charge.

FIG. 14. �Left� Form factor peak as a function of charge; �right� frequency at which form factor peaks as a function of charge; �inset� initial laser pulse.
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longitudinal density for three different cases are shown in
Fig. 19. The peaks of these curves are at 0.7, 1.1, and 1.5
THz.

Terahertz radiation measurements also agree well with
the behavior described so far. After acceleration, a mirror
was inserted into the beamline at approximately 45° angle,
which produces backward transition radiation which can es-
cape from the accelerator through a diagnostic port. The tera-
hertz light is transported to a single element bolometer that
can detect the total incident terahertz energy. Since the fre-
quency and total terahertz energy are dependent on the beam
structure, this structure can be inferred by characterizing the
terahertz light incident on the detector. Four different tera-

hertz filters were used as described above. Filters 1–4 corre-
spond to peak transmissions of 0.703, 0.967, 0.967 �with
better out of band rejection�, and 1.56 THz. The amount of
radiation that would be incident on the detector can also be
calculated in the following way:

Wtot =� � � �sin ���d���d���d��
d2W1

d�d�
�Ne + Ne�Ne

− 1�fL���fT��,���Tair���Tfilt���Tguide���Tbend, �8�

FIG. 15. �Color online� Peak form factor as a function of accelerator
z-coordinate and total charge.

FIG. 16. �Color online� Longitudinal phase space reconstructions at various
levels of total charge with a 0.5 THz input laser modulation.

FIG. 17. �Color online� Projection of longitudinal phase space onto the time
coordinate from experimental measurements �solid� and PARMELA simu-
lations �dashed�.

FIG. 18. �Color online� Phase space reconstructions �top� and respective
longitudinal projections �bottom� of a beam prebunched at high frequency
�left� and of an unmodulated beam �right�.
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where the radiation from a single electron, d2W1 /d�d�, is
modified by the longitudinal and transverse form factors,
f l��� and f t���, the number of electrons in the bunch, Ne, the
transmittance due to water absorption in the air, Tair���, the
transmittance due to the waveguide, Tguide���, the measured
transmittance due to the filters, Tfilt���, and the transmittance
due to the bends in the transport system, Tbend. Tair��� was
estimated with atmospheric modeling software,37 Tguide���
was estimated with simple waveguide attenuation
calculations,38 and Tbend was estimated to be 0.4.39 Finally,
the radiated energy is integrated over the appropriate solid
angle and the spectral range from dc to 3 THz �the cutoff at
long wavelength is due to losses at the exit aperture, and this
is taken into account in the radiation calculation from a
single electron�. The specifics for calculating the backward
transition radiation from a single electron interacting with a
finite size radiator at a 45° angle of incidence, which is the
case for our experiment, are described well by Dobrovolsky
and Shul’ga.40 The main effect of the finite radiator is to
produce a low frequency cutoff in the spectrum of the radia-
tion. The results of this calculation for the electron beam
profiles described above are compared to the actual bolom-
eter measurements in Fig. 20. The blue data points with error
bars represent experimental measurements taken directly
from the bolometer. The black data points are generated by
taking the electron beam profile from PARMELA and calcu-
lating the amount of terahertz light that should be measured
at the detector based on Eq. �8�.

The trends in Fig. 20 show good agreement between the
calculated and measured results. The reason for the differ-
ences in energy level may be due to instrument calibration
errors or errors in the estimation of the various parameters in
Eq. �8�. However, the general agreement between the calcu-
lated and measured results supports the notion that the emit-
ted terahertz radiation is affected by the beam longitudinal
structure in the manner previously described, and, while de-
pendent on the charge density, which this structure survives
acceleration from the cathode.

The PARMELA simulations also allow for exploration
of electron beams with very low and very high total bunch
charge. The laser profile input shown in Fig. 11 was used for
simulations ranging from 10 fC to 1 nC. The peak of the
form factor is determined over this entire range after beam
acceleration and is shown in Fig. 21.

The result of the PARMELA simulations can also be

used to calculate the total amount of terahertz radiation en-
ergy that would be generated and reach the bolometer when
the total bunch charge varies between 10 fC and 1 nC. The
results are shown in Fig. 22. Along with the simulation re-
sults, denoted by a diamond, terahertz calculations based on
the tomographic reconstructions are marked with a cross, and
the actual bolometer measurements are denoted with a circle.
The dashed line is a reference that increases with the square
of the charge. Typical experiments employing bunched
beams measure radiation as a function of charge and one
expects to see the relationship denoted by this dashed line if
there is a feedback mechanism, such as in the FEL, to pre-
vent debunching. This behavior is noted here at very low
total charge levels. Below the single pico-Coloumb level,
simulations do indicate an increase in terahertz light that
varies with the square of the charge. The reason for this is
that space charge forces are not strong enough to cause den-

FIG. 19. �Color online� Electron beam form factor for three different initial
laser modulation frequencies.

FIG. 20. �Color online� Comparison of measured terahertz radiation �with
error bars� �blue� with calculations �black� as a function of filter type and
total bunch charge.

FIG. 21. PARMELA results showing peak form factor of a prebunched
beam as a function of total bunch charge.
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sity washout. As the charge increases further, density wash-
out begins to occur. This transition begins to occur on the
order of a single pico-Coloumb, as anticipated by examining
the plasma oscillations in Fig. 2. As charge increases, it is
possible that the amount of terahertz light produced can ac-
tually decrease within a specific band. Eventually, the density
washout will be nearly complete, and the total light produced
will again increase, except only linearly with charge. This
departure from the quadratic increase, as the beam transitions
into a regime where space charge effects matter, is indicated
by simulation as well as experiment and is also shown in Fig.
22.

IV. CONCLUSION

Using the drive laser as a terahertz switch at the photo-
cathode of a rf accelerator proved to be a useful way to
produce a short bunch train with subpicosecond electron
bunches. The results indicate that electron beam modulation
is tunable in several ways: by changing the initial drive laser
profile, by changing the injection phase in the accelerator �rf
compression�, and by adjusting the amount of charge in the
beam. The tunable Fabry–Pérot system allowed for a variety
of repetition frequencies to be employed, ranging from 0.5 to
1.6 THz. Tunable modulation of the electron beam appears to
have been achieved experimentally between 700 GHz and
1.5 THz. At extremely low levels of charge �subpico-
Coloumb�, the space charge effects may be neglected and the
beam maintains its bunch structure through acceleration to
high energy. Above this level of total charge, space charge
effects must be considered, and the density modulation on
the electron beam begins to fill in. When this happens, each
bunch tilts in phase space, which causes the projection into
density space to exhibit washout. This washout becomes
more pronounced as charge increases. Although the beam
density profile becomes smoother as charge increases and the
modulation fills in, the longitudinal energy-time phase space
of such a beam is not similar to that of an unmodulated
beam. The electron bunches remain separated by a void in
phase space. A proper dispersive component �an instability
such as that seen in the FEL to bunch an unmodulated beam
is not required� could cause the individual bunches to rotate
upright in phase space, thereby recovering the initial density
modulation.
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