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Abstract

Observations of coherent infrared (IR) light emissions
from ~30 cm long electron bunches at the NSLS VUV
ring were reported in [1]. The emissions occurred above
some current threshold and had a maximum spectral con-
tent near 42 GHz, leading to speculations that they were
dueto alongitudinal instability creating a ~7 mm modula-
tion of the bunch density. To check this experimentally we
performed streak camera measurements recording a large
number of beam profiles taken both during and between
the coherent emission bursts. In the course of our studies
we have directly proven that the longitudinal beam density
indeed experiences a significant modul ation when coherent
emission bursts occur.

1 MOTIVATION AND SCOPE

The NSLS VUV ring is a dedicated synchrotron radia-
tion source operating at 800 MeV. Built in the early 1980s,
without thorough impedance budget calculations, it never-
theless operates at afairly high single bunchintensity. Dur-
ing regular operations 1 A of current isinjected into 7 out
of 9 buckets of 52.9 MHz RF, while for studies up to 400
mA could be stored in a single bunch. Such a performance
deserves better understanding that should come from stud-
ies of high current single bunch dynamicsin the VUV ring.

One of many interesting collective phenomena in the
VUV ring is the recently reported [1] effect of coherent
IR light emissions. It was first observed using an interfer-
ometer with a bolometric detector installed at one of the
IR beamlines. When the VUV ring was operated above a
single bunch current threshold, this system (reportedly sen-
sitivein the 30-3000 GHz frequency range) recorded quasi-
periodic bursts of coherent radiation. At the observed peak
in the spectral contents of emissions at 42 GHz the coher-
ent power exceeded the incoherent by more than a factor
of 10*. Some aspects of the threshold dependence on cur-
rent were consi stent with the microwave instability, and the
coherent emissions were speculated to be due to the insta-
bility induced longitudinal beam density modulation.

To check this conjecture experimentally we performed
detailed bunch profile measurements looking at the visi-
ble synchrotron light from a bending magnet with a streak
camera. This device directly measures the bunch shape in
the time domain, and, in contrast to the interferometer sys-
tem, it has virtually no low frequency cutoff and does not
require any normalization of data.
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2 EXPERIMENTAL SETUP

2.1 Coherent Burst Sgnal

We used two different approaches to identify the time
intervals when coherent bursts occur. First, we looked at a
button BPM (~4 GHz bandwidth) pickup signal that was
detected with a circuit described in [2]. Above the insta-
bility threshold we did see this signal to acquiretransitions
correlating with the coherent emission bursts.

In the other, more direct method, we looked at the power
of microwave signals coming from the IR port on the same
beamlinethe original interferometer experiment was made.
To receive the radiation coming from the beam port we
used either a microwave horn operating in 33-50 GHz band
or a 1/4 wave antennae (probe) sensitive in ~3-15 GHz
range. Each one was followed by a suitable microwave
detector with a video bandwidth in excess of 10 MHz.

Oscilloscope traces of the detected signal received by
the horn at different beam currents are plotted in Fig. 1.
It shows 100 to 200 us long spikes, pointing down dueto a
negative detector used, which decline in numbers and am-
plitude as beam current decays until they completely dis-
appear below the threshold (bottom trace). Notethat in this
figureand in Figs. 2 and 3 to follow, the vertical scaleisthe
samefor all traces but the originis shifted to avoid overlap.

Setting up this signal we found that the frequency con-
tent of the microwave emissions from the dipole is more
complex than a single 42 GHz line, and that there are sig-
nificant emissions at lower frequencies. In addition, we
observed the time structure of the microwave burststo vary
with frequency. Thisisillustrated in Fig. 2, where we plot
simultaneously taken traces of detected microwave signals
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Figure 1: Detected microwave signals.
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Figure 2: Detected signals at two different MW bands.

received by the probe and the horn. It shows (in agreement
with large number of traces recorded) that on a ms time
scale the bursts generaly coincide (Fig. 2, top), however,
depending on the frequency, the time structure of an indi-
vidual burst may be different (two bottom sub-plots).

This demonstrated that coherent emission bursts have
varying spectral content. Therefore we used a signal from
the horn to derive the streak camera trigger when searching
for beam density modulation in the vicinity of 42 GHz, and
the probe detector was used for lower frequencies.

Moreon VUV ring coherent emissionsisreportedin[3].

2.2 Sreak Camera

We used a Hamamatsu model C5680 streak camera for
this experiment. Visible synchrotron light from a dipole
magnet was brought to the camera by a series of mirrors.
The camerawas operated in asingle sweep modeand, toin-
crease the sensitivity, we used cylindrical lensto spread the
light along the photocathode. To get the longitudinal beam
profile thefinal image wasintegrated inthe CCD. An inter-
ference filter with 500440 nm passband was used to allevi-
ate possible chromatic effects. The 106 MHz synchroscan
unit (with internal frequency doubler) was connected to a
pickup signal from the ring main RF cavity.

Generally, to achieve the optimum signal/noise ratio in
a synchroscan camera, one has to integrate over as many
incoming light pulses as possible, provided that the bunch
distribution remains frozen. Assuming the fastest change
in the latter is due to the phase space rotation, to detect a
density modulation of size §, theintegrationtime AT must
be much shorter than £, 1§/, where f isthe synchrotron
frequency and o is the bunch length. As we found experi-
mentally, afew pswas an optimum value for our setup, and
the data described later in this paper wastaken at AT'=3 us
(18 passages of electron bunch).

To select a particular sequence of beam turns we con-
trolled the streak camera gain by supplying C5680 with an
external trigger. It was derived from the detected burst sig-
nal using a Logic Trigger feature of Tektronix TDS 620
oscilloscope. This essentially allowed us to set athreshold

on the burst amplitude, giving alogic pulse at the threshold
crossings. The beam profiles within the bursts were taken
with the threshold set to ~80% of the maximum burst am-
plitude at a given current. Similarly, to record between the
bursts profiles, we set the threshold to <5% of the burst
amplitude and inverted the logic.

3 EXPERIMENT AND RESULTS

Similar to [1] our experiment was done with a single
bunch at a ring energy of 737 MeV. The fourth harmonic
RF cavity used in regular operationsto increasethe lifetime
was normally detuned and set to low power. Relevant ring
parametersinclude synchrotron frequency f, =12 kHz, low
current rms energy spread §E/E = 5 x 10~*, momentum
compaction « = 0.0235, and radiation damping time 74 =
10 ms. A more detailed list may be found in [4]. In this
configuration the instability threshold was about 100 mA.

During our studies a single bunch current of up to 300
mA was injected into thering. Asit decayed we recorded
streak camera profiles interleaving sets of “bursting” and
“non-bursting” beam by resetting the TDS 620 logic trig-
ger. Each set typically contained a few hundred profiles
recorded fast enough for current to decay less than 5%.

While taking data we noticed a difference between the
profiles from non-bursting and bursting sets. While the for-
mer didn’t show any special features, many of the bursting
profiles had some modulation. Surprisingly, it was mostly
at 6-7 GHz rather than at 42 GHz prompting us to switch
to the probe-based trigger. After that we observed some
modulation in virtually every profilein the bursting set.
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Figure 3: Typical bursting and non-bursting profiles.

Fig. 3 shows a typical profile from a bursting set (top
trace) and anon-bursting one. Both setsweretaken at about
250 mA.

While most of the non-bursting profiles looked quite
similar to each other, the bursting ones did not. The num-
ber, location and to some extent the size of the modulation
lobes did vary between the profiles. Thisiswhy to quantita-
tively describe the average difference between the bursting
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Figure 4: Average FFT amplitudes of beam profiles.

and non-bursting data we switched to the frequency do-
main. We applied an FFT to each individua profile and
then averaged the FFT amplitude over each 300-profile set.
The resulting averages are plotted in Fig. 4. It shows that
in the ~1-15 GHz frequency range the spectral contents of
the bursting profiles exceeds that of the non-bursting ones.
At the peak at 6.5 GHz the average FFT amplitude of the
bursting set is higher by more than a factor of 4.

Both traces in Fig. 4 exhibit a common trend, that is
a rapid decline at low frequency, consistent with ~1 ns
FWHM average bunch length, a “plateau” region in the
middle, and finally a sharp decline, due to CCD digitiza-
tion. The amplitude at the plateau is mostly due to the
residual noiseinindividual streak camera profiles, such as
seen in Fig. 3. Our low current measurements have shown
this noise to scale as a square root of the incoming light
intensity, which is consistent with photoel ectron shot noise
in the camera. To reduce this noise we could either in-
crease the light intensity (but not easily since we were us-
ing the maximum available intensity from this beamline),
or integrate for alonger time. Using AT' >10 us reduced
the noise in the plateau region, but did not reveal any new
spectral features. Instead, we observed a decrease in the
6.5 GHz peak, presumably due to phase variations of this
signal relative to the RF trigger.

The observed 6.5 GHz modulation frequency peak co-
incides with the largest peak in the longitudinal impedance
calculated for RF shield for the VUV ring vacuum chamber
bellows[5]. It isnot surprising that, when the threshold for
the microwave instability is exceeded, the largest density
modulation occurs at this frequency providing the bunch is
long enough to support it.

To substantiate this further we repeated our measure-
ments in other ring configurations allowing for much
shorter bunch length. The latter can be achieved in the
VUV ring by lowering a or running the harmonic RF in
the bunch compressor mode. For examplein one particular
configuration (that used both) we stored 15 mA of current
with f, ~6 kHz and the average bunch length a factor of 4
lower compared to the previous data. For this experiment

the trigger was derived from the horn. Performing simi-
lar data analysis as was done for Fig. 4 we observed the
6.5 GHz peak to disappear and the modulation frequency
to shift into ~8-to-mid-40 GHz range.

Similarly, in other configurations shortening the bunch
caused the frequency of beam density modulation during
coherent emissions to move up. Thisis consistent with the
longitudinal instability developing at higher frequencies as
the bunch samples higher frequency impedance.

4 SUMMARY AND OUTLOOK

We have directly shown that the electron bunch in the
NSLS VUV ring contains asignificant longitudinal density
modulation when a burst of millimeter wave coherent syn-
chrotron radiation is emitted. For conditions of no bunch
compression and the ring’s normal | attice, the spectral con-
tent extends to 15 GHz, with the largest component at 6.5
GHz, corresponding to the highest peak in the RF bellow
shield longitudinal impedance. When the ring is operated
with shorter bunches the range of modulation frequencies
extends above 40 GHz, but with no distinct peak. Our
measurements are consistent with the hypothesis that ami-
crowave instability, induced by a broad band impedance of
the vacuum chamber, creates a density ripple on the beam
causing it to radiate coherently in this frequency range.

Our measurements do not show a 7 mm density modu-
lation consistent with the 42 GHz emission frequency re-
ported in [1]. Although we cannot exclude measurement
uncertaintiesin [1] as the cause, a more likely explanation
isthat the streak camera is not sensitive enough for detect-
ing a small density modulation at this frequency. If our
preliminary estimate of ~30 GHz cutoff for the coherent
synchrotronradiation [6] for the IR beamlineis correct, the
beam density ripple at 42 GHz must be extremely low in
proportionto the 6.5 GHz one, since the observed emission
power at these frequencies has the same order of magni-
tude.

We plan further experiments with modified input aper-
tures for collecting morelight and improved streak camera
sensitivity to higher frequency density modulations.
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