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Abstract

We present the design of a Smith-Purcell radiation diag-
nostic to measure the micro bunch length of a 20MeV, 17
GHz electron bunch train. The bunch length can be deter-
mined by measuring the frequency and angular distribution
of the emitted radiation as proposed by Nguyen[1]. The
beam is produced by a 17 GHz, 50 MeV/m traveling wave
(TW) accelerator built by Haimson Research Corporation
(HRC). The high operating frequency of this accelerator
allows for the production of ultra-short bunches of about
180 femtoseconds. We will present detailed calculations
of the optimization of the experimental system and of the
expected bunch length resolution.

1 INTRODUCTION

The HRC accelerator system consists of a chopper-
prebuncher injector, and a quasi-constant accelerating
structure consisting of 94 cavities that operate in the 2π

3
mode[2]. The initial electron beam is produced by a 550
kV DC thermionic gun. A picture of the accelerator is
shown in Figure 1. The HRC accelerator operating pa-
rameters are listed in Table 1. The accelerator can also be
operated with an RF photocathode gun in place of the DC
thermionic gun.

Table 1: HRC Accelerator Design Parameters

Parameter Value
Beam Energy 20-30 MeV
Average Current 0.25 A
Peak Current 80 A
Electrons/bunch 108

Emittance(Calc.) 5π mm-mrad
Bunch Length(Est.) 55 µm

Simulations [2] indicate that the phase spread at the exit
of the accelerator should be about 1◦ or a bunch length
of ∼ 180 fs. Several techniques have been employed
to measure femtosecond bunch lengths including Opti-
cal Transition Radiation[3][4][5], Cherenkov Radiation[6],
MicroWiggler[7] and streak cameras. We are proposing to
use a Smith-Purcell bunch length diagnostic to measure the
bunch length. Advantages of a Smith-Purcell diagnostic
are that it is non-interfering, non-destructive, and afford-
able.

Figure 1: Picture of the linac (lower left), klystron (upper
right), output arms and hybrid coupler (lower right) and
electron guns (top).

2 HRC ACCELERATOR

The HRC accelerator is powered by a relativistic
klystron[8]. The electron beam for the traveling-wave
relativistic klystron (TWRK- Model X7100) powering
the linac is space-charge limited and is produced by a
thermionic Pierce gun built by Thomson CSF for MIT with
a perveance of 0.27 µperv. The klystron was constructed as
a high vacuum demountable assembly consisting of a com-
pression input section, a drive and gain section, a bunching
and TW output section, and an isolated beam collector. The
rf power is coupled out of the tube by two WR62 rectan-
gular waveguides. Measurements indicate that up to 95%
of the 100 A beam can be transmitted through the klystron.
The tube is designed to have a gain of between 60 and 70
dB, and uses a 5 W pulsed TWTA to provide the drive sig-
nal. Klystron experiments into a matched load produced
output powers up to 26 MW with a saturated gain of 67
dB[8].

Both the accelerator and the relativisitic klystron are
driven by the MIT high voltage modulator which produces
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Figure 2: Schematic of an electron bunch, q, passing over
a grating of period l, with an impact parameter b.

1 µs pulses up to 700 kV at a repetition rate of 4 Hz.
The linac consists of a chopper-prebuncher injector, and
a quasi-constant accelerating structure consisting of 94-
cavities that operate in the 2π

3 mode. The electron bunches
produced by the injector are designed to be accelerated by
the linac to energies of 20-30 MeV. The linac can be used
with either a DC or an RF gun. The first set of experiments
were conducted with a 550 kV DC thermionic gun [9].
Simulations indicate that the gun should produce a beam
having a normalized RMS emittance between 2 and 3 π
mm-mrad. Measurements of the emittance were completed
using two collimators (0.8 and 3.4 mm radii) separated by
37 cm. These measurements indicated that the gun was
producing an average beam current of 0.94 A at 550 kV
with a normalized RMS emittance of approximately 1.8
π mm-mrad, confirming that the DC gun does produce a
high quality beam. This beam is well matched to the linac,
which has an admittance of about 2 π mm-mrad.

Initial operation of the accelerator occurred without
chopping or prebunching of the electron beam from the
DC gun. RF powers up to 10 MW were injected into the
linac structure. Up to 100 mA of current was observed,
confirming the high quality of the electron beam. In addi-
tion, an energy spectrometer verified beam energies up to
17.5 MeV, which is consistent with theoretical predictions.
High power measurement of the RF filling time was also
measured, and found to be about 60 ns. This is consistent
with the 0.032c design value for the harmonic group ve-
locity of the linac structure. More recent results with the
chopper and prebuncher are presented in [10].

3 SMITH-PURCELL RADIATION
DIAGNOSTIC

An electron passing close to the surface of a metal
diffraction grating as in Figure 2 emits Smith-Purcell ra-
diation at a wavelength λn given by

λn =
l

n
(
1
β
− cos θ) (1)
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Figure 3: Plot of radiated power as a function of angle for
three different bunch lengths (40 µm, 60 µm and 80 µ m).

where l is the grating period, θ is the emission angle with
respect to the propagation direction, n is the diffraction or-
der, and β is the velocity of the electron bunch. The angu-
lar distribution of power radiated by the electrons is given
by [11]

dP

dΩ
= Ng

eIn2β3

2lεo

(
1 + Nee

−k2σ2 cos2 θ
)
×

[
sin2 θ

(1 − β cos θ)3

] ∣∣R2
n

∣∣ e
−


 4π |n| b

γl (1 − β cos θ)




(2)

where Ng is the number of grating strips, I is the beam
current, Ne is the number of electrons in the bunch, εo is
the permittivity of free space, b is the height of the bunch

above the grating, γ is the relativistic factor
(
1 − β2

)− 1
2 ,

k is the wave vector, σ is the bunch length, and R2
n is the

grating efficiency factor.

For radiation at wavelengths shorter than the bunch
length the radiation is incoherent. However, at wavelengths
longer than the bunch length the radiation is coherent and
the temporal coherence of the electron bunch enhances the
intensity of the radiation. In general, the coherence term is
(1 + NeF ), where F is the form factor given by the Fourier
transform of the bunch distribution. For Equation 2 a Gaus-
sian distribution has been assumed giving a coherence term(
1 + Nee

−k2σ2 cos2 θ
)

.

The estimated bunch length for the HRC accelerator is
180 femtoseconds or 54 µm. Equation 2 is plotted as
a function of angle for three different bunch lengths (40
µm, 60 µm and 80 µm) and for b = 100 µm, γ = 40,
l = 0.8mm, β = 0.999 and |n| = 1 in Figure 3. The shift
in angular location of the radiation peak would be measur-
able.

Using the Smith-Purcell relationship, Equation 2 can be
rewritten as a function of frequency giving
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Figure 4: Plot of radiated power as a function of frequency.
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Equation 3 is plotted in Figure 4 for I = 100A, γ = 40,
σ = 60 µm, b = 100 µm, θ = 40◦. The emitted radiation
will be in the 0.5 to 1 THz regime.

There are two conditions in order for the Smith-Purcell
radiation to be of measurable intensity. The first requires
the bunch to be close enough to the grating and the sec-
ond requires the radiation wavelength to be shorter than the
bunch length. In order to observe the effects of the bunch
length rather than the beam height we require

2b

γ
< σ cos θ (4)

For an impact parameter b = 100 µm, γ = 40, 2b
γ =

5 µm and σ = 60 µm, Eq. 4 is satisfied. Preliminary
TRACE3D [12] simulations indicate that the HRC beam
can be focused to the required size using focusing magnets.

4 CONCLUSIONS

The 17 GHz traveling wave disc loaded structure has
demonstrated a beam energy of 17 MeV at 100 mA cur-
rent. To our knowledge this is the highest frequency stand
alone accelerator in the world. We plan on implementing
a Smith-Purcell radiation diagnostic to measure the bunch
length of the HRC accelerator. The estimated bunch length
of the accelerator is ∼ 180 fs which should result in coher-
ent radiation in the THz regime. In order to observe this
radiation we will focus the beam over a diffraction grating
using focusing magnets.
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