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Abstract

We have considered the possibility of using coherent
Smith-Purcell radiation for the single-shot determination
of the longitudina profile of 50 fs (FWHM) long electron
bunches. A set of three gratings, with periods of 15, 85 and
500 pm, will produce detectable energy in the wavelength
region 10-1000um, which should be adequate for the re-
construction of the bunch shape by the Kramers-Kronig
technique. For bunch charges of 10° electrons, or more,
the radiated energy can be detected by room temperature
pyroelectric detectors.

INTRODUCTION

Recent advances in Laser Wakefield Acceleration
(LWA) [1] have brought closer the realisation of com-
pact electron accelerators, with electric field gradients (10-
100 GV/m). One of the most interesting characteristics of
the electron bunches produced by LWA is their very short
bunch length whichis liesin the few femtosecond range.

Because of thelow repetition rate of thelaser and the sig-
nificant variations from bunch to bunch, it is necessary to
develop novel electron beam diagnostic techniques capable
of measuring the main beam parameters (e.g. the time or
"longitudinal’ bunch profile) in a single shot. The determi-
nation of the time profile of fs-long bunches can, in prin-
ciple, be achieved by the use of a coherent radiative pro-
cess, whereby the bunch is made to emit a small amount of
electromagnetic radiation and itstime profileis then recon-
structed from the measurement of the spectral distribution
of thisradiation. Radiative processes such as Smith-Purcell
(SP) radiation [2] arerelatively simpleto implement but are
not 'direct’ processesin the sensethat the time profile of the
bunch has to be reconstructed from the measured spectral
distribution of the radiation. In the present paper we con-
sider the possibility of using coherent SP radiation for the
single-shot determination of the time profile of 50 fs long
electron bunches. The details of the analysis can be found
in [3] and the references cited there.

OVERVIEW OF SP RADIATION AS A
DIAGNOSTIC TOOL.
Basic considerations.

The term SP radiation is used to describe the radiation
emitted from the surface of a periodic metalic structure
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(agrating) when a charged particle beam is travelling past
the grating. The radiation can be considered as originating
from the accel eration of adistribution of charges, the distri-
bution in question being that induced on the grating surface
by the travelling electron. Thisisthe’surface current’ (SC)
model and is the one followed in this paper. Experiments
carried out at energies from a few MeV to 28.5 GeV ap-
pear to be in agreement with this theory [4]. Although any
charged particle beam will give rise to this radiation, it is
assumed that the particles are electrons and that they are
highly relativistic (8 ~ 1). The grating acts as a dispersive
element and the wavelength of the radiation will depend
on the angle of observation (6), relative to the beam direc-
tion. In most experimental situations the azimuthal angle
(¢) is close to the vertical, in which case the relationship
between wavelength (1)), grating period (I) and € is given
by the well-known formula:
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where n is the order of the radiation. It is assumed
throughout this paper that n=1. The range of emitted wave-
lengthsis determined by the choice of grating period and s,
thus, aparameter that can be chosen by the experimenter. A
schematic of the process and the axis convention are shown
inFig. 1.

Determination of the time profile

The energy per solid angle generated by the passage of
a single electron over a grating of length Z and period | is
given by the following semi-analytical expression, in CGS
units:
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where z is the height of the electron above the grat-
ing surface and ). is the evanescent wavelength, which is
a measure of the coupling efficiency between the electron
and the grating and is given by:
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The dimensionless quantity R? is the grating efficiency
factor, which is a complicated function of the blaze angle

of the grating and is calculated numerically. Expression 2
is valid if the width of the grating can be assumed to be
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Figure 1. Schematic of the SP radiation and definition of
the coordinate system.

infinite, in which case the dependence on z is explicit and
appears as an exponential factor. Otherwise, it is necessary
to resort to numerical integrations over the finite width w
of the grating.

If the wavelength is approximately equal to or greater
than the bunch length, then the radiation is coherent. In
this case, the radiated energy is enhanced significantly and
becomes proportional to the square of the number of elec-
tronsin the bunch. For abunch of V. electronsand having
atime profile given by T(t) the radiated energy is given by:
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Therefore, it is possible to shift the SP radiation into the
coherent regime through a suitable choice of the grating
period. Assuming that the spectral distribution of the co-
herent SP radiation has been measured, it is then possible
to reconstruct the time profile T(t) of the bunch that gave
rise to this distribution. Thisis usually done by applying
the Kramers-Kronig (KK) analysis technique for retrieval
of the minimum phase of the bunch. A detector array ca-
pable of detecting the radiation over a broad angular wave-
length range is an essential requirement. SP radiation is
particularly advantageousin this respect because it is pos-
sible to achieve this wide coverage of wavelengths through
the simultaneous use of more than one grating, each having
adifferent periodicity.
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Relativistic factor (v) 1000
Electrons per bunch (V,) 10°
Transversesize (0,0y) 0.02 mm
Beam position (z) 1.0mm
Bunch time profile Symmetric Gaussian
Bunch length (FWHM) 50fs= 15 um

Table 1: Parameters used for the simulations

Results of simulations.

We have based our study [3] on the assumption that
the experimental arrangement can accommodatethreegrat-
ings. The basic set of beam parametersarelisted in Table 1.

The optimum grating periods are determined by the need
to ensure: (a) adequate radiated energy (b) the achievement
of the widest possible wavelength coverage in order to aid
the bunch shape reconstruction and (c) the ability to dis-
criminate between different bunch shapes. The definition
of 'adequate’ will depend on the choice of detector(s). For
the case of a 50 fs bunch (FWHM), the three grating peri-
odicities that were found to give a reasonable compromise
between these requirementswere=15, 85 and 500 xm with
blaze angles of 30°, 30° and 35°, respectively. The ex-
pected angular distribution of SP radiation from these grat-
ingsis plotted with solid linesin Figure 2, which shows the
differential energy (Joules per steradian per cm of grating
length) as a function of wavelength (\). The wavelength
coverage achieved by this combination of gratingsis 10-
1000 pm, approximately, which is satisfactory.
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Figure 2: Calculated spectral distributions from two differ-
ent bunch shapes, both 50fs (FWHM) long. The solid lines
arefor asymmetric (e = 1) Gaussian bunch and the dashed
ones for an asymmetric bunch (e = 2) Seetext for details.

The above calculations have been made on the assump-
tion that the longitudinal (time) profile of the bunch is
a simple, symmetric Gaussian shape. Also shown (with
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dashed lines) are the spectral distributions that will be radi-
ated if the shape of the bunch is an asymmetric Gaussian,
with an asymmetry factor e = 2, which meansthat thetrail-
ing part of the bunch profile hasavalue of ¢ that istwice as
long as that of the leading edge; the FWHM of the bunch
isunchanged, at 50 fs. The changeis negligible for the two
longer period gratings but it is evident that for good bunch
shape discrimination the information provided by the short
period grating is important.

The effects of the variation of the beam height (z¢)
above the grating surface are shown in Fig. 3, normalised
to g = 1.0mm. The simulation has been carried out for
an observation angle of # = 90° where the wavelength is
equal to the period of the grating. As expected, the energy
decreases almost exponentialy with increasing z¢. This
is more pronounced for shorter wavelengths, where good
coupling with the grating requires the beam to be close to
the grating surface. A choice of 29 = 1.0mm would be
a reasonable compromise between having adequate signal
while avoiding the beam halo.
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Figure 3: Calculated effect of beam position variation on
the radiated energy (see text for details). The output has
been normalised to the value expected at x0=1.0mm.

We have carried out simulations for ~ values ranging
from~ = 1000 (E ~ 500 MeV) downto~ = 20 (F ~ 10
MeV). The results indicate that a change in the value of ~
from 1000 down to 500 does not have a significant effect
onthelevel of SPradiation. However, further reductionsin
~ cause adrastic drop in the SP energy.

EXPERIMENTAL |SSUES.

The main items for consideration on the experimental
side are detector choice, optical filters and the availability
of suitable gratings. The discussion is based on recent ex-
perience at SLAC [4], where an array of 11 pyroelectric
(PE) detectors was used to detect SP radiation in the wave-
length region 0.5-2.6 mm, approximately. The arrangement
envisaged in this paper covers awider part of the spectrum
and if one were to exclude He-cooled detectors because
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of cost and complexity, then this would leave the PE as
the only detector covering the whol e range of wavelengths.
This is a compact, room-temperature and inexpensive de-
vice but it has arather poor noise equivalent power (NEP).
One possible alternative, covering wavel engths up to about
20 um, isthe HgCdTe photodiode, which operates at liquid
nitrogen temperature and with a NEP about two orders of
magnitude better than that of the PE one.

The use of filters in order to discriminate against back-
ground radiation is essential for any SP experiment. Dis-
crimination against long wavelength background is partic-
ularly important, but suitable band passfilters for the wave-
length region 10-1000:m are available. The gratings con-
sidered here should also bereadily available. In order to en-
sure 'perfect’ electrical conductivity, they should be made
on a solid metal substrate; aluminium or copper would be
suitable for this purpose.

SUMMARY AND DISCUSSION

We have considered some of the theoretical and prac-
tical issues associated with the use of coherent SP radi-
ation for the determination of the time profile of ~ 50fs
long electron bunches. SP radiation is particularly attrac-
tivefor this application because it offers wide spectral cov-
erage through the simultaneous use of multiple gratings,
with different periodicities. This, in turn, facilitates the
bunch profile reconstruction by Kramers-Kronig analysis.
Using realistic beam parameters and assuming an experi-
mental arrangement of three gratings with periods of 15,
85 and 500 pm, it was shown that an array of 11 PE detec-
torsis capable of measuring the SP radiation over the range
of 10-1000 p:m, provided the number of electrons/bunchis
> 10. Coherent SP radiation is thus a relatively inexpen-
sive aternative or complementary technique to the trans-
verse deflecting cavities or to Electro-Optic sampling
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