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Abstract

We demonstrate the measurement in the time domain and with picosecond resolution of
the high frequency electromagnetic fields generated by a bunched beam of 16 MeV electrons.
A birefringent crystal placed 2 ecm from the beam is sampled in time by a pulsed laser
synchronized with the electron bunch. The electric field waveform 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 energy physics, photon and x-ray sources and free electron 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 electrons radiate, exciting wake-fields in the structure. The calculation and
measurement of these fields is important because they can lead to energy spread and emit-
tance growth of the beam. Also field measurements can be used to infer the bunch length
and particle density of the beam.

Electro-optic (eo) sampling of the wake-fields is quite attractive because it is a non-
invasive technique and offers picosecond, or even femtosecond time resolution as long as the
probe beam remains synchronized with the electron bunches. In principle it is possible to
identify the separate components of the field and to make absolute measurements of the field
strength. Applications of eo sampling to high energy particle beams are discussed in refs.
[1-4].

Electro-optic sampling is based on the Pockels effect and was introduced by Auston [5] in
the 1970’s. When an electric field is applied to a certain class of crystals the refractive index
ellipsoid 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-brightness photoinjector [6] consists of a normal conducting r-f gun fol-
lowed by a 9-cell Nb superconducting cavity, delivering electrons of final energy of
16-18 MeV. The r-f frequency is 1.3 GHz. A high quantum efficiency (n ~ 1 —2%) CsyTe
photo-cathode is installed in the r-f gun. The photocathode is driven by UV laser pulses
that can be shaped both in space and time. Pulse trains of 1 to 200 bunches (8 nC charge)
spaced 1 us apart can be accelerated at a repetition rate of 1 Hz. Details of the gun and
beamline design can be found in [6]. The design of the pulse train Nd:glass laser is de-
scribed in [7]. Focussing and steering elements as well as emittance and energy diagnostics
are provided in the beam line. The bunch length was measured to be 17 ps FWHM with a
Hamamatsu C5680-21S streak camera looking at optical transition radiation. In the future
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
€ ~ 5 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 UV. A streak camera measurement of the UV pulse length gives o, = 1.8 ps. The
UV pulse is now lengthened in a pulse stacker [8] to a flattop of 10 ps FWHM and sent
to the cathode. Part of the unconverted IR is used as the “probe” pulse and is routed to
the electro-optic crystal via a variable optical delay stage. The stage can be moved with



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

The eo crystal is placed in the vacuum in a diagnostic cross in the electron beam pipe;
the laser probe pulse propagates normally to the electron beam direction passing through
entrance and exit windows. The coordinate convention used is indicated in Fig. 2. The
beam propagates along z, y is the upgoing vertical and x-y-z form a right-handed system.

The crystal is a 1.5 mm thick piece of LiTaO3 of area 7 x 8 mm? It is placed at a
distance of 2 ¢cm from the center of the beam pipe with its extraordinary axis (3-axis) in the
y-z plane, and rotated 45° relative to the horizontal. The thin dimension of the crystal. its
2-axis, coincides with the x-axis (horizontal); the probe beam k-vector is along the x-axis
and the polarization vector along the y-axis. The two polarizations of the transmitted beam
are analyzed by a cube beam splitter and recorded by two separate fast diodes. A A\/4 plate
allows us to balance the two diodes in the absence of a field. This is especially important
since in our configuration the crystal exhibits a very large natural birefringence. For more
details on eo sampling see ref. [9].

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

for £ along y I =2a(l/A)i(nPrss — nlra)(E,/V?2)
for F along z I = 27'['(1/)\)%(7’&?7”33 — ngrgl)(EZ/ﬂ)
for F along x I = QW(Z/)\)%ngrggEx

Here [ is the length of the crystal, A the wavelength and the eo coefficients are given by

1
5(7137"33 — ng’rgl) =115 x 10_12m/V

€

1
57’&:27“22 =4 x 10_12m/V

It is the smallness of r93 as compared to rs3 that decreases the sensitivity to the transverse
field. Note also that in the absence of an electric field the crystal exhibits natural static
birefringence of many waves.

I, = 27%(7% —n,) =~ 7.5(2m)

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

We denote by [,. I, the intensities transmitted through the two sides of the polarizing
beamsplitter. We then adjust the static retardation in the absence of an electric field using



the A/4 plate so thatl, = I}, so that in the presence of the field
I
Ly = 50(1 +sinT)

where [ is the incident intensity and I' the field induced retardation. Thus

[a_[b_
[a—l_[b_

sin] =

To first order the ratio R is independent of fluctuations in the laser intensity but it can be
affected by pointing errors and changes in the natural birefringence.

The intensities [,. [, were measured with two photodiodes, and since the pulsed signals
were broadened by a long cable run, data were taken by recording the integral (area) of the I,
and [, pulses on a Tektronix TDS-640 scope. A LabVIEW program running on a Macintosh
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 (stability, drifts). The results for R = sinT" ~ I are shown in Fig. 3 as a function of
the delay between the arrival of the probe pulse and of the electron bunch at the crystal.
The origin of the delay is arbitrarily chosen and was placed at the best estimation of the
electron bunch arrival time from the measured travel distances. The signal is observed to
begin at a delay of ~ 100 ps; increasing (positive) delay implies that the probe arrives after
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 oscillating electric fields following (in the wake of)
the electron bunch. This is to be expected since the beam pipe has several discontinuities.
Fig. 4 is the Fourier spectrum of the data record of Fig. 3. We recognize the strongest
components at

v =12.6 +£0.5 GHz

and

v=2.74+0.2 GHz

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

MAFIA calculations [10] for the resonant frequencies in the arms of a diagnostic cross,
such as the one in which the crystal was located, predict a frequency

v = 3.06 GHz

for an inner diameter d = 47.5 mm. This value is reasonably close to the lower of the observed
frequencies, v = 2.7 £+ 0.2 GHz. The calculation is 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 field amplitude for this mode can be estimated from the calculated loss
factor

2 o
ky = g/_ dz Ey(z.y. 2:1)|=s4- = 0.92 V/pC

Here we assume that electric 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 ¢ = 8 nC we find
Ej~6x10° V/m
Not all of the external field penetrates into the crystal which has a large dielectric con-

stant. From the Fresnel formula at normal incidence the transmitted field is

2n

n 4+ n.

Et:Eo

and using n. = /e ~ 7, E;/E, = 0.25. Thus the tangential field inside the crystal is of order
F =1.5 x10° V/m giving rise to a retardation sin[' = R = 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 TE;,, modes are

TEQJ v==6.1 GHZ
TEQ.’Q v=134 GHZ
TE273 v =20.0 GHZ

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

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

These investigations are continuing and an effort will made to measure the transverse
component of the field by using a KD*P crystal. This could provide a direct measurement
in the time domain of the bunch length. We note that in principle it is possible to sample
the entire pulse train thus increasing significantly the signal to noise ratio. The technique
is applicable to any accelerator as long as the probe pulses are synchronized with the beam
bunches.
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PHOTO-CATHODE RF GUN WITH 9-CELL CAVITY MAGNET I C
PREPARAT ION CHAMBER SOLENOIDS CRYOSTAT CHI CANE

The crystal is mounted in the first cross downstream of the chicane.

Figure 1: The A@photoinjector beam line. The location of the crystal with respect to r-f
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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