SR PR el

A noninvasive bunch iength monitor for femtosecond electron bunches

D. X. Wang,” G. A. Kraft, and E. Price®

Thomas Jefferson National Accelerator Fucility,”) Newport News,

Virginia 23606

P. A. D. Wood, D. W. Porterfield, and T. W. Crowe

Semiconductor Device Laboratory, University of Virginia, Charlottesville, Virginia 22903

{Received 5 December 1995: accepted for publication 19 November 1996)

A bunch length monitor for ultrashort {90 fs to 1 ps) electron bunches using a coherent synchrotron
radiation detection techniques has been developed in a collaboration between the Thomas lefferson
National accelerator Facility (Jefferson Lab) and the University of Virginia. The noninvasive,
high-resolution, high-sensitivity, low-noise monitor employs a state-of-the-art *‘bandpass’ GaAs
Schottky whisker diode operated at room temperature. This letter presents the monitor's
performance. © /997 American Instinute of Physics. [S0003-6951(97)00604-9]

With the advance of accelerator technologies, many ac-
celerators are being designed and operated with very short
bunch lengths, typically in the few-picosecond to subpico-
second range. Future linear colliders and short-wavelength
(FEL)s are examples. Consequently, there has been an in-
creasing interest in producing very short electron bunches
and studying interactions between electromagnetic radiation
and short bunches.! Jefferson Lab's continuous electron
beam accelerator (CEBA)*® routinely operates with an rms
bunch length of 0.5 ps to meet a stringent requirement for
final momentum spread. An operationally reliable, inexpen-
sive bunch length monitor that is noninvasive of beam is
highly desirable for commissioning and operating such a
short-bunch machine.

An electron radiates with a wide spectrum when it is
bent through a dipole, the so-called synchrotron radiation
{SR). When the bunch length of the radiating electron beam
is short compared to the SR wavelength. the individual elec-
trons radiate in phase and the SR power becomes propor-
tional to the square of the number of electrons per bunch
{typically 10° to 10'%), the so-called coherent synchrotron
radiation {CSR). The CSR power also depends on longitudi-
nal distribution of charge. The sensitive dependence of the
CSR power on the bunch length can serve as the basis for a
bunch length monitor that is both useful and desirable for the
subpicosecond regime, where very few alternative (ech-
niques are available,

The CSR power can be expressed as’~°

Pcsr(?‘-)=Pinc“\)[l+(N— I)F(A)]v ”)

where P and P . are the coherent and the incoherent syn-
chrotron radiation power, respectively; N is the number elec-
trons per bunch; and F is a bunch form factor given by

2

F{\)= J‘S(:)e“-_:‘:dz (2)

where §(z) is the normalized longitudinal density distribu-
tion, and the integral is over a single bunch. Here the bunch
length is defined as the rms value, Equation (1) is plotted for
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a Gaussian distribution in Fig, 1. Comparison of two CSR
power spectrum curves in Fig. |—say ¢=0.3 and 0.5 ps—
shows that the spectrum for the shorter bunch length covers
the spectrum for the longer bunch length at long wavelengths
but has extra power at short wavelengths. Therefore, the out-
put signal from a CSR power detector with an arbitrary
“‘bandpass’® characteristic will always increase as the bunch
length becomes shorter, untif such power changes take place
at wavelengths outside the range of the detector.

The critical component of this CSR detector is a state-
of-the-art whisker-contacted GaAs Schottky diode developed
and fabricated at the Semiconductor Device Laboratory of
the University of Virginia (UVA). Its design and fabrication
are described in the literature.~% Figure 2 is a photograph of
the quite compact diode assembly. The diode is connected to
a dc current supply. Due to its nonlinear properties, the diode
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FIG. 1. Each curve shows the CSR power as a function of wavelength lor a

different bunch length, as measured by a detector with o flat 20% band-
wiilth,
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FIG. 2. A GaAs Schutiky whisker diede assembly.

gencrafes a voltage change that is proportional to the radia-
tion power incident on it. Such u detector was installed di-
rectly after a dipole ut the end of the CEBA injector. The
CSR propagates through a vacwunm window and is focused
on the diode by u parabolic reflector. Tests were conducted
with u 45 MeV bunch train of 100 us duration where indi-
vidual bunches were separated by 2 ns. The beam pulse re-
peated ut 60 Hz.

One of the important characteristics of CSR power is its
quadratic dependence on beam current. in the experiment,
the beam current was carefully varied without changing the
bunch length. The measurement results showed the quadratic
dependence expected from the coherent nature of the de-
tected radiation.” The bending magnet was tumed off to
verify that the detected radiation is directly related to the
magnetic field. The beam-related signal was a factor of 24
down.

The bunch length was independently measured by a
zero-phasing technique. A time-correlated momentur spread
is introduced to the bunch by adjusting the last eight accel-
erating cavities in the injector to the zero-crossing rf phase.
A dipole spectrometer magnet translates this longitudinal
momentum spread into a position spread. Therefore, the
bunch length can be simply determined by

3
180 VA = Yo E
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where o is the ms bunch length in picoseconds, 1.86 is the
unit conversion factor hetween of degrees and picoseconds,
D 15 the dispersion of the spectrometer, £ is the beam energy
with the zero-crossing cavities off, AE is the energy gain at
crest of the zero-crossing cavities, and o, and xqpq,, are
horizontal rms widths with the zero-crossing cavities on and
off, respectively, measured by a wire beam profile scanner
following the spectrometer magnet.

To determine the monitor performance and resolution,
ihe bunch length was systematically changed by individually
varying the phases of the rf cavities that affect the bunching
process. Two typical horizontal profiles from the wire scan-
ner are shown in Fig. 3. The phase of the first superconduct-
ing rf (Sif) cavity of the injects is varied to change the bunch
length. The horizontal traces can be fit very well to Gaussian
curves: the rms bunch length is obtained using Eq. (3). The
CSR power increased as the bunch length became shorter, as
shown in Fig. 4. With continued shifting of the phase of the
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FIG. 3. Hourizentua] profiles at the 45 MeV spectrometer, where the noisy
signals are from the wire scanner, the smovth curves are Gaussian fit,
represents lhe rms bunch fength. CSR represents CSR power signal, and 7
is the phase change of the &rst Sif cavity.

cavity. the CSR power signal tinally peaked at conditions
vielding the shortest bunch length. as demonstrated in Fig, 5.
where both the CSR power and bunch length are plotted
against the phase changes. The shortest bunch length reached
was 91 s, or 27 pn.

With bunches containing 3 X 10%¢lectrons. 200 signal
averages gave signal-to-noise ratios of 450 at 9] fs bunch
length and 100 at 600 fs for the CSR signal after amplifica-
tion. The main limitation on the resolution in our experiment
is due to a slow signal fluctuation of about 30 mV with a
tew-minute time scale. At typical operating conditions, the
CSR signal changed from 4 to 2 V as the bunch length in-
creased from 0,45 to 0.6 ps, so a bunch length change of
few femtoseconds may be resolved tor Gaussian bunches.
The CSR signal can be easily seen for a bunch length around
0.5 ps with 6X 10% electrons per bunch. The power level of
the radiation detected was on the order of several nW during
the bunch train, The signal level may be tmproved by open-
ing up the acceptance of the vacuum window, by focusing
the CSR spot more tightly at the detector, and possibly by
improving the present efectronics. The diode assemblies are
very compact (about 3 cm in size) and are relatively inex-
pensive (a few thousand U.S. dollars).
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FIG. 4. CSR puwer signal vs bunch Tength und phuse change of the first Sif
cavity, where the citcles and the squares are measuremtn data points,

Potentially such detectors may be integrated into an ac-
celerator control system to lock the operating bunch length.
The main shortcoming of such detectors is that they cannot
measure the longitudinal profile dirvectly. Therefore, in prac-
tice, the monitor needs to be calibrated against a precise
measurement, which could be a destructive method such as
the zero-phasing method used here.

To summarize, a noninvasive bunch length monitor
bused on the detection of CSR power has been developed for
very short electron bunches. This compact device has fast
rise time, low noise, wide dynamic range, and high resolu-
tion and sensitivity, and it operates at room temperature. To
the best of our knowledge, there is no alternative device to
monitor such very short bunches at such low bunch charge.

The 513 pm diode used in these measurements had good
response and sensitivity for bunch lengths between 0.1 and
0.5 ps. The resolution of the detector is a few femtoseconds
for a half-picosecond Gaussian bunch containing 3™ (0°
electrons, and much better for shorter bunches. The diode
was able to detect CSR signals for bunch lengths of 0.5 ps
containing 6% 10% electrons per bunch. Tt was experimen-
tally vertfied that one can search for the shortest bunch
length by maximizing the CSR power signal. The monitor is
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FIG. 5. Bulh CSR power signal and bunch length vs phase change of first
Srf cavity where the circles and the triangles are measuremen data points,

especially suitable for applications requiring measurement of
very short bunch lengths ut low charge per bunch.
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