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Recording Vavilov—Cherenkov radiation in a linear accelerator

using a picosecond streak camera

N.S. Vorob’ev, P.B. Gornostaev, S.M. Gurov, V.L. Dorokhov, A.E. Zubko, V.I. Lozovoi,
O.1. Meshkov, D.A. Nikiforov, A.V. Smirnov, E.V. Shashkov,M.Ya. Schelev]

Abstract. Using a picosecond image converter camera with a linear
sweep (PS-1/S1 streak camera developed at GPI RAS, Moscow),
we have measured temporal parameters of Vavilov—Cherenkov
radiation pulses. The radiation was generated by relativistic elec-
trons passing through a quartz cone mounted on the axis of a vac-
uum chamber of a linear accelerator, which is a part of the VEPP-5
injection complex at the Budker Institute of Nuclear Physics,
Siberian Branch of the Russian Academy of Sciences (BINP SB
RAS, Novosibirsk). The data obtained in these experiments provide
an insight into the processes of formation of electron bunches and
their ‘quality’ in a linear accelerator prior to injection of electrons
into the accumulator-cooler. A conclusion is made regarding the
advisability of streak camera application in tuning the linear accel-
erators for optimisation of electron bunch parameters.

Keywords: Vavilov— Cherenkov radiation, image converter camera,
dissector, optical diagnostics, cyclic accelerator, linear accelerator.

1. Introduction

Until recently, image converter cameras (ICCs) have been
most widely used in laser physics, laser plasma diagnostics,
laser spectroscopy, etc. [1]. A relatively new field of applica-
tion of ICCs with a linear sweep (streak cameras) is optical
diagnostics of synchrotron radiation emitted by electrons or
positrons in cyclic accelerators [2]. This use of the camera has
enabled, in particular, optimising the operation regimes of the
accumulator-cooler (AC) in the VEPP-5 injection complex at
the BINP SB RAS (Novosibirsk) and improving the injection
of particles from the linear accelerator (linac) [3].

The aim of this work is to study the parameters of a bunch
generated by a linac using a PS-1/S1streak camera, which has
been developed and manufactured at the GPI RAS (Moscow)
[3]. Because the repetition rate of electron bunches in this
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accelerator is tens of hertz, their longitudinal profile cannot
be investigated using a dissector [4], which is designed for the
pulse repetition rate of a few megahertz. In this connection,
the use of streak cameras operating with an external trigger-
ing frequency ranging from a single pulse to a few kilohertz is
justified. In this paper, we have recorded the
Vavilov-Cherenkov radiation (VCR) emitted by relativistic
electrons passing through a quartz cone mounted on the axis
of a vacuum chamber of an accelerator.

2. Experiment

The VEPP-5 injection complex is a source of intense electron
and positron bunches (the energy of 510 MeV), the number of
particles in which is capable of satisfying with a margin all the
needs of the working installations with colliding elec-
tron-positron bunches at the BINP RAS. The complex
includes a linear accelerator of electrons up to an energy of
285 MeV and a linear accelerator of positrons up to an energy
of 510 MeV, and also an AC with the channels for input and
output of the bunches [5]. Electron and positron bunches,
having been produced and accelerated by the linac, are
sequentially captured into the cooler and cooled; in this case,
due to radiation friction, their transverse and longitudinal
phase volumes are reduced. The cooled bunches are released
into the image converter channels for sequential injection into
the VEPP 2000 and VEPP-4M colliders.

During the linac operation, temporal parameters of elec-
tron and positron bunches must be monitored. Unlike cyclic
accelerators in which the longitudinal size of electron and
positron bunches is controlled by synchrotron radiation
(noninvasive method), there is no such a possibility in the
linac. Temporal parameters of the bunch of particles in such
an accelerator are measured using the invasive method by
introducing a foil for generating the transition radiation or by
installing a quartz cone for VCR generation. In the present
experiment, we have used a quartz cone (Fig. 1), which was
designed for tuning the one-bunch regime of accelerator oper-
ation by using the streak camera (developed at the BINP)
with a sweep based on a high-Q cavity at the linac frequency
of 2.856 GHz [6].

The duration of VCR pulses in the interaction of the
bunches of particles with the cone medium coincides with the
temporal distribution of particles along the propagation axis
in their travelling within the accelerator, which allows us to
determine the temporal profile and, as a consequence, the
longitudinal size of the bunches of electrons and positrons in
their acceleration in the linac.

The VCR emerging from the crystal cone (Fig. 2) should
be collimated, in the course of reflection from the walls, into
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Figure 1. Optical scheme of the experiment.

a slightly divergent light bunch. However, due to the axis mis-
alignment of the bunch and cone, and a variety of optical
aberrations, the observed picture is far from ideal. In fact, a
demagnified image of the glowing region of the quartz cone
was obtained on the streak camera photocathode by means of
a lens, the bunch entry angle being adjusted towards the max-
imal signal using the vertical and horizontal magnetic corrector.
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Figure 2. Quartz cone dimensions and a photograph of the VCR with
the emitted electron bunch.

In our experiment, the PS-1/S1 streak camera has been
used to measure the VCR duration, the main characteristics
of which are given in [7]. The camera was placed on the opti-
cal table located in the premises of the linear accelerator. A
quartz cone with an opening angle 6, such that cosf = 1/n
(n=1.511s the refractive index of light in quartz), was located
inside a special diagnostic unit and placed on the vacuum
chamber axis using an electromagnet. The VCR was released
outside using a pair of mirrors and directly focused by means
of two lenses on the streak camera photocathode (see Fig. 1),
inasmuch as the purpose of these experiments was to measure
not spatial, but the longitudinal (temporal) bunch profile. In
the static regime of camera operation, the image on the out-
put screen, due to the bunch nonideality, was similar to an
ellipse with the dimensions in the time—space coordinates of
1-1.4 mm, respectively. This size (1 mm) of the resolvable
image element limits the temporal resolution of this method,
which, with allowance for the streak camera limiting resolu-
tion (~1 ps), deteriorated down to =10 ps. Moreover, in
these circumstances, the test signal intensity falls, and the
amount of the light incident on the photocathode may be
insufficient for its detailed studying in the case of rather fast
sweeps having a duration, as example, more than 100 ps.

Analysis of the images obtained on the camera output
screen was conducted with the use of a readout system. It
should be noted that, in the course of measurements, we have
shown stable interference resistance and reliable workability

of the ICC in the conditions of high-level electromagnetic
radiation and high (more than 40 °C) temperature.

The number of photons in VCR, emitted by an electron in
the optical range during its passing through the cone, is [8]

e )

Consequently, for a bunch with a charge of 1 pC, the number
of photons is equal to 10°. Here, « is the fine structure con-
stant; A, (400 nm) — A, (700 nm) is the VCR wavelength
range; and d =1 cm is the cone length. With allowance for the
quantum efficiency of the streak camera photocathode, which
is no less than 10~ in the visible spectrum range, we obtain
10° electrons per static resolvable element having a size of
1x1.4 mm. This amount of electrons may turn out insuffi-
cient for recording the long-wavelength duration (more than
100 ps) VCR in the case of a fast sweep, which was confirmed
by subsequent measurements.

The proposed method of measuring the temporal struc-
ture of the bunch has another limitation on the temporal reso-
lution associated with light dispersion in the cone. In this
case, the pulse broadening can be estimated as

N, = 2nad (

T = %ddT’;ln(/lmax - }'min) ~ 2 ps.
Here, c is the speed of light in vacuum; and 1, = 0.5, +
Amin)- In our case, this limitation is not essential for determin-
ing the temporal resolution of the method, constituting, as
already noted, =10 ps. We should also mention an alterna-
tive technique for diagnostics of relativistic charged particle
bunches, based on the use of inertialess transition radiation;
however, its intensity is 2—3 orders of magnitude lower [9, 10].

The bunch radiation recording at the streak camera’s
sweep duration of 33 ns on the screen of 25 mm revealed the
presence of two clusters generated by the linac per one pulse
(Fig. 3). The appearance of the second cluster is explained by
a defect in the forming line of the linac’s electron gun and
represents an undesirable circumstance, because these parti-
cles do not fall into the AC but are lost on the vacuum cham-
ber walls and generate the induced radiation background
within the protected hall of the accelerator.

The structure of the first cluster captured into the AC has
been studied at an increased (10 ns/screen) sweep speed and is
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Figure 3. Two bunches generated by the linac per one pulse (inset) and
their two-dimensional profile. Sweep speed is 33 ns/screen. Thin curve is
the standard approximation.
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shown in Fig. 4. Clearly visible is the intensity modulation, the
period of which corresponds to a frequency of ~3 GHz used in
the linac grouping section. Figure 5 shows the temporal structure
of two adjacent pulses (the sweep speed is 3.5 ns/screen) as
shown in Fig. 4. Here we also clearly observe a fine temporal
structure, the character of which indicates the complexity of
the processes occurring in the linac. With a further increase in
the sweep speed up to 1.4 ns/screen, we could not obtain an
image sufficient for reliable recording.
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Figure 4. Structure of the first bunch trapped into the AC. The sweep
speed is 10 ns/screen.
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Figure 5. Structure of two adjacent pulses presented in Fig. 4. The
sweep speed is 3.5 ns/screen.

Further investigation of the temporal structure of a single
pulse requires a significant improvement of the quality of the
optical recording tract of the VCR generated by the quartz
cone in order to perform tight radiation focusing onto the
streak camera photocathode. This will allow us to achieve the
limiting temporal resolution of the technique, comparable
with the resolution of the ICC itself, and also increase the
density of the test signal intensity to ensure its reliable record-
ing when the camera operates in the fast sweep regime.
However, even the already obtained results give an insight
into the operation regimes of the linear accelerator and allow
optimisation of its parameters.

Thus, using the PS-1/S1 streak camera, we have investi-
gated the structure of an electron bunch emitted from a linear
accelerator of the VEPP-5 injection complex. We have
recorded the longitudinal particle distribution in the bunch
injected by the linear accelerator per one pulse. The data
obtained allow optimisation of the installation operation
regimes. The PS-1/S1 camera has demonstrated high opera-
tion versatility and reliability in the conditions of high-level
electromagnetic interference and background radiation.
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