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Abstract

We demonstrate the measurement in the time domain and with picosccond resolution of
the high frequency clectromagnetic ficlds generated by a bunched beam of 16 MeV clectrons.
A birefringent erystal placed 2 em from the beam is sampled in time by a pulsed laser
synchronized with the clectron bunch. The electrie ficld wavetorm has been recorded with
substantial structure as late as 2.5 ns after the passage of the bunch.
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The development of electron accelerators with ever higher particle density is essential
for applications to high ecnergy physics, photon and x-ray sources and free clectron lasers.
The electrons are produced in short pulses with low emittance that must be preserved dur-
ing acceleration. Because of unavoidable discontinuities in the beam pipe and accelerating
structure, the clectrons radiate, exciting wake-ficlds in the structure. The calculation and
measurement of these ficlds is important because they can lead to energy spread and emit-
tance growih of the beam. Also lield measurements can be used Lo inler the bunch length
and particle deusily ol the bean.

Electro-optic (eo) sampling ol the wake fields is quite atliraclive because it is a non-
invasive lechnique and ollers picosecond, or even [emtosecond time resolution as long as the
probe beam remalus synchronized with the electron bunches, In principle it is possible 1o
identify the separate components of the field and to make absolute measurements of the ficld
strength. Applications of co sampling to high energy particle heams are discussed in refs.
[1-1].

Electro-optic sampling is based on the Pockels offect and was introduced by Auston [5] in
the 1970°s. When an clectric ficld is applied to a certain class of erystals the refractive index
cllipsoid is modified. and as a result a retardation (phase shift) is introduced between two
orthogonally polarized components of a pulse of light traversing the crystal. This retardation
can be detected by observing the change in the polarization of the transmitted light. By
using short laser pulses and varying the delay between the “probe” pulse and the pulse that
produced the electron bunch, the “pump” pulse. one can sample the time dependence of the
electric field.

The Fermilab high-brightuess photoinjector [6] consists o @ normal conducting r-[ gun fol-
lowed by a 9-cell Nb superconducting cavity., delivering elecirons of linal energy of
16-18 MeV. The [ [requency is 1.3 GHz. A high quantum efliciency (n ~ 1 — 2%) Cs,Te
photo-cathode 1s installed in the r-[ gun. The pholocathode is driven by TV laser pulses
that can be shaped both in space and lime. Pulse {rains of 1 to 200 bunches (8 nC’ charge)
spaced 1 ps aparl can be accelerated al a repelition vale of 1 1Tz, Details ol the gun and
heamline design can be (ound in [6]. The design of the pulse train Ndiglass laser is de-
scribed in [7]. Tocussing and steering elements as well as emitfance and energy diagnostics
are provided in the beam line. The bunch lenglh was measured (o be 17 ps FWTIM with a
TTamamalsn CH680-215 streak camera looking al oplical transition radiation. Tn the [uture
a magnetic compressor (a chicane of 4 dipoles) will be used to further reduce the bunch
length to 3.5 ps. Using a slit mask. the measured (invariant) emittance is estimated to be
¢ =~ om mm-mr. A schematic of the photoinjector is shown in Fig. 1.

The arrangement used in our experiment is shown schematically in Fig. 2. The laser
produces a 1 MHz train of up to 800 pulses in the IR (A = 1054 nm). These pulses of energy
~ 100 pJ are compressed in a set of gratings to a width of 2-3 ps and then quadrupled
to the TV, A streak camera measurement ol the UV pulse length gives o, = 1.8 ps. The
UV pulse is now lengthened in a pulse slacker 8] {o a [lattop of 10 ps TWIIM and sent
{o the cathode. Parl ol the unconverted IR is used as the “probe” pulse and is routed 1o
the electro-oplic crystal via a variable oplical delay stage. The stage can be moved wilh



sub-picosecond resolution, and with a hollow corner cube retroreflector, maintains pointing
stability over its entire range of 3 ns.

The co crystal 15 placed in the vacuum in a diagnostic cross in the clectron heam pipe;
the laser probe pulse propagates normally to the clectron beam direction passing through
entrance and oxit windows. The coordinate convention used is indicated in Fig. 2. The
hecam propagates along z. v is the upgoing vertical and x-y-7 form a right-handed system.

The crystal is a 1.5 mm thick piece of LiTaOy of area 7 x 8 mun?. It is placed al a
distance of 2 cin [rom the cenler of the beam pipe wilh ils extraordinary axis (3-axis) in the
v-z plane, and rotated 45° relative 1o the horizontal. The thin dimension of the crystal. its
2-axis, coincides wilth the x-axis (horizontal]; the probe beam k-vector is aloug the x-axis
and the polarization veclor along the y-axis. The {wo polarizations of the {ransinitied beam
arc analyzed by a cube beam splitter and recorded by two separate fast diodes. A A/1 plate
allows us to balance the two diodes in the absence of a field. This is especially important
since in our configuration the erystal exhibits a very large natural birefringenee. For more
details on co sampling sce ref. [9].

In this configuration we are mainly sensitive to the azimuthal and longitudinal compo-
nents of the clectrie field, (K, and K. which are tangential to the erystal surface) and much
less to the radial component (F,, normal to the crystal surface). The phase-shifts induced
by the three field components are

[or I along v I =271/ N ndre — 02ra ) (B, /v?2)
for £ along T =271/ A (ndres — 02rm ) (E./V2)
for E aloug x I = ?Tr(l/)\)%nﬁ'rggﬂr

Here [ is the lengih of the crystal, A the wavelength and the eo coellicientls are given by

1 ;
—(nzrgg = ?1'37"31) = U5 i IO 4myf ¥

2
1 = :
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It is the smallness of rg9 as compared 1o rs33 thal decreases the sensitivily to the transverse
ficld. Note also that in the absence of an clectric ficld the erystal exhibits natural static
hirefringence of many waves.

I[P = erj(m —m,) 2 7.5(27)

bince n, and 1, are temperature dependent. small changes in temperature introduce signiti-
cant noise in the measurement of the Pockel’s effect. This noise source is absent in geometries
with no static birelringence.

We denole by 1,. I, the inteusilies transmilled through the (wo sides of the polarizing
beamsplitier. We then adjust {he stalic retardation in the absence ol au electric lield using



the A/4 plate so that{, = /;. so that in the presence of the field
I,
loo = 5"(1 +sin )

where I 1z the incident inlensily and T’ the [ield induced retardation. Thus

Ia_[b_
‘T:t+‘rb:R

sin =

To first order the ratio R is independent ol (luctuations in the laser intensily bul il can be
allected by pointing errors and changes in the natural bivevingence.

The intensities {,, 1, were measured with two photodiodes, and since the pulsed signals
were broadened by a long cable run. datla were taken by recording the inlegral (arvea) ol the /,
and [, pulses on a Tektronix TDS-640 scope. A LabVIEW program running on a Macintesh
handles the data acquisition, recording measurements from the scope and moving the delay
stage, at a 1 Hz rate. To provide some signal averaging, N pairs of [, {; measurements are
taken at each delay step. Offline, R is computed for these N values, and then averaged. We
found N = 4 to be a good compromise between noise suppression and impractically long
scans (slability, drilts). The results for E = sin’ ~ T are shown in Fig. 3 as a [unclion of
the delay between the arrival of the probe pulse and ol the electron buuch at the crystal.
The origin ol the delay is arbitrarily chosen and was placed at the best estimation ol the
eleciron bunch arrival lime [rom the measured {ravel distances. The signal is observed 1o
begin al a delay of ~ 100 ps; increasing [positive) delay implies thal the probe arrives alter
the electron bunch. Four laser pulses were averaged at a given delay and then the delay was
incremented by 1 ps. The inset in Fig. 3 shows the first 300 ps on an expanded scale and
with 10 laser pulses averaged.

The data show clearly the presence of ascillating electric fields following (in the wake of)
the electron bunch. This is to be expected since the heam pipe has several discontinuities.
Fig. 4 is the Fourier spectrum of the data record of Fig. 3. We recognize the strongest
components at

v =126 £ 0.5 GHz
and

v =274+0.2 GHz

It should be possible to identify these frequencies with resonant modes of the heam pipe
structure.

MATTA calculations [10] for the resonant [requencies in the arms ol a diagnostic cross,
such as the one i which the crystal was located, predict a [requency

v — 3.06 GHz

for an inner diameter d = 47.5 mm. This value 1s rcasonably close to the lower of the observed
frequencies, v = 2.7 + 0.2 GHz. The calculation 1s carried out under the assumption of



proper electric or magnetic boundaries whereas in reality the arms of the cross ended in
glass windows.

The predicted ficld amplitude for this mode can be estimated from the calculated loss
factor

;:_) o )
B = E/\ dz Ey(z,y, 21 1) jmay. = 0.92 V/pC

Here we assume that clectric and magnetic contributions to the loss factor are equal, and ¢

is the bunch charge. For a bunch length of 20 ps (6 mm) FWHM and ¢ = & nC we find
5 ~ 6 x 107 V/m

Not all of the external lield penetrales into the crystal which has a large dielectric con-
stanl. From the Fresnel [ormula al normal incidence Lhe {ransmitled field is

2n

¢
n—4+n,

E?EZE

and using n. = /e ~ 7. E/E, = 0.25. Thus the tangential field inside the crystal is of order
E = 1.5 x 10° V/m giving rise Lo a retardalion sinI" = B = 0.15. This value is of the same
order as observed and. perhaps accidentally, in close agreement with the measured values.
We are less certain about the origin of the higher frequency components. It is quite
possible that they correspond to waveguide modes propagating in the beam pipe. Because
the azimuthal symmetry is broken by the four ports in the transverse plane of the diagnostic
crosses, we expect that the modes will have n = 2(cos 2¢)n dependence. For the beam
diameter d = 47.5 mm the corresponding frequencies for the three lowest 'I'k,,, modes are

TE.; v = 6.1 GHz
TEQ._? | 2 — 134 (_}HZ
TEQQ, | 2 — 2UU (}HZ

These values are in the range of the observed frequencies but further computational and
experimental work is needed hefore a unique identification can be made.

The observed signals scale according to the charge of the hunches and for shorter bunches
the ratio of high frequency to low frequency components increases drastically. The quality
of the signal was strongly dependent on heam focusing but almost insensitive to steering of
the beam. towards or away from the co erystal. Furthermore, as can be scen from Fig. 3 the
Q-factor of these excited modes is low.

These investigations are continuing and an cffort will made to measure the transverse
componenl of the field by using a KD*P crystal. This could provide a direcl measuremnent
in the time domain of the bunch length. We nole that in principle it is possible o sample
the entire pulse train thus increasing signilicantly the signal o noise ratio. The {echnique
is applicable {o any accelerator as long as the probe pulses are synchronized with the beamn
bunches.
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PHOTO-CATHODE RFE GUN WITH @-CELL CAVITY MAGNET I C
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The crystal is mounted in the [irst cross downstream ol the chicane.

Figure 1: The A@pholoinjector beamn line. The location of the crystal wilh respect Lo r-[
gun is indicated. 9






Waveform of EOS scan
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Figure 3: Measured tangential electric field at the eo crystal as a function of time after the
arrival of the electron bunch. The ordinate represents the measured polarization asymmetry
R =sinl in 1 ps steps.
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EOS scan: Early region expanded
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Figure 4: Same waveform as in Fig 3. but with the early region expanded.
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Gaussian fit to first peak in EOS scan
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Figure 5: The first peak from the waveform in Fig 3. on an expanded scale with a Gaussian

fit.
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Fast Fourier Transform of EOS scan
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Figure 6: Fourier spectrum of the data shown in Fig. 3. Note the discrete frequencies as
marked.
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