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Abstract. The third commissioning run of the PEP-HHigh-EnergyRing (HER, the 9 GeV
electron ring), in January 1998, included extensive measurements of single-bunch and
multibunch fills usingLBNL'’s dual-axis strealcameracombinedwith Argonne’'s119.0 MHz
synchroscarmlug-in. For single bunches, trdependence obunch length orchargeand rf
voltage was studied from 0.5 to 2.5 nafdfrom 9.5 to 15 MV; themeasured/aluesranged
from 38 to 49 ps rms. The multibunch work focused on longitudinal instabilities asiniest
in the ring wagaised to500 mA, andthe length of the bunch train wasried from 100
bunches (with 4.2 ns spacing) to a full ringirge oscillations of up to 180 ppeak topeak
were observed for bunches half a ring turn away from the start of the train, espedialyeat
currents and for trains filling roughly half the ring. These observations led to &lineattern
with more gaps that allowed us to raise the current to 750 mA by the end of the run.
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INTRODUCTION

During the January 1998 commissioning run of the PEBPHActory atthe Stanford
Linear Accelerator CentdSLAC), the longitudinal characteristics of the electimam
in the High-Energy RiIngHER) were measured with synchrotrigght and a dual-axis
synchroscan streak camera, following techniquegginally applied on LEP at
CERN (1), onAPS atArgonne (2), and more recently on ALSLEBNL (3). This
paper describes measurements of both single-bunch and multibunch beams in PEP-II.
PEP-Il and its diagnosticarediscussed iranother paper at thiworkshop (4). In
particular,that papedescribeshe HER synchrotron-lightnonitor and theoptical path
added in December 1997 to transport some oflitihis to the strealkcamerajocated in
an optics room 11 meters above the tunnel.

STREAK-CAMERA EXPERIMENTAL CONSIDERA TIONS

FIGURE 1. Typical single-axis streak image for bunch-length measuremantsimulated over
many turns. Vertical: 1 ns full scale. Horizontal: position (channel number) alandhe projections
onto the axes, in the regions bounded by cursors, are shown along the sides.

A brief explanation of the dual-axgy/nchroscan streadamera(Hamamatsu model
C5680) used fothe PEP-Il measurements is helpfidr understandinghe data.First,
we consider a standard streak camera, with a single axis and a triggerep. The
incoming light is imagednto a slitthat is narrow inthe verticaldirection, and is re-
imagedonto a photocathodé/Vhile an axial voltage accelerates thhotoelectrons
toward a microchannel plate (MCP), a high-speed, high-voltage ramp is applied to a top-
bottom pair of electrostatic plates to deflect the electrons as a function of tmial



across the MCP, converting the temporal distribution into a sjaegl inexchange for
the loss of vertical spatialinformation. The MCP preservesthe distribution while
amplifying it. Another voltage accelerates exiting electramto a phosphoiscreen
imaged by a videsamera.The resultingimage displaysthe temporal structure of the
light pulse vertically, and itspatial distributionacrossthe input slithorizontally. The
time resolution can be as fast as 200 fs in the newest model.

Various effectslimit theseideal characteristics, broadening the measupedse
duration. Chromatic dispersion in the lens between the slit and photocathode contributes
an effect of typically dew percentfor pulses of 40 ps rms. Fdaroadband light, this
problem is usually avoided by including aptical bandpasdilter (<10%) before the
slit. A selection of filters allows measurement of the dispersion. For example, we found
a 12 ps shift in the pulse centroid when changing the filter's center wavelength from 450
to 600nm; if no filter were present, measurement of a vemyarrow pulseextending
over visible wavelengths would appear to be at least 12 ps wide.

If the input light is too bright, space charge betwi#enphotocathode and the MCP
can spread the distribution. Consequently, the camera needs to be operatedlafh& low
level, where shot noise is prominent. With repetitive signals (such as those from a stable
storage ring), the statistics can be improved by summing seudsals,but anyjitter in
the trigger electronickor the rampbroadenghe sum. Also,the retrigger rate is &test
several kilohertz, preventing triggers on every ring turn.
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FIGURE 2. The light from a single buncbaptured orconsecutivaurns. Fullscale: 1 ns vertical,
500 ps horizontal. The projections on the left show a single bamththe sum of the 2Gunches
(determined by the two sets of cursors).



One common idea is to use a trigger derived from the light itself, picked up by a fast
photodetector, in order to redugiter in the electronics external to theamera.
However, some ofthe jitter is in the internatrigger circuit. In additionthe streak
camera’s long internal delg$0 to 100 nshecessitates a substantial optical ddiag
after the trigger pick-off, and this delay varies with the time scale selected on the camera.

If the light is tightly locked to a stable rf signal (e.gght from a mode-locked laser
or from a storage ring without larggnchrotron oscillationsthe triggerjitter can be
avoided by replacing the fast ramp wikie sinusoidal output of a tuned rf circuit. This
“synchroscan” optionavailable onrsome models (usually ndie highest-speedinits,
especially in combination with duailveep), provideacquisition at every zerorossing
(thatis, attwice the drivefrequency) while thepeaks ofthe sine waveare off scale.
This approach allowed us swcumulate théow-noise sum of Figure 1 for measuring
the length of a singlelER bunch.The summing continuesver a full 30 Hz(for the
RS-170 American format) video frame interval. Our measureme®i&Rtemonstrated
the value of this technique, and also onghef pitfalls: the camerdisplayed previously
unknown, intermittent, 100 ps jumpsstingfor several milliseconds, ithe 119 MHz
reference output of thetandard PERIming module. Weobtained an alternatsource
while the ControlsDepartmeninvestigates what appears to be a common malfunction
(although few triggered devices are as sensitive to this jitter as a streak camera).

For accuratemeasurements, it isnportant to verify the factory calibration of the
time axis, especially, as in our case, whére plug-inused wasnot the onethat
accompanied the camefiam the factory. By putting an etalon—an flat opticalate
with partly reflecting faces and with a known thickness and refractive index—iighhe
path, the camera sees timain pulse and a diminishing series ethoesspaced by the
roundtrip time inside theetalon. Sincel mm ofglass adds 10 ps tberound trip, a
convenient thickness separaths pulse from its first echdor calibration of thetime
base.

For storage rings, a valuable option is the addition of a sdtoadxis, by slowly
(nanoseconds to milliseconddgflecting the photoelectrons horizontaljth a second
pair of plates. A sweep rate corresponding to several ring turns lets us ctimepsaene
single bunch on consecutiwarns (Figure 2). When bothsynchroscan anthe slower
horizontal axissweepingare combined, synchrotron oscillatiorshow upplainly as
oscillations in bunclarrival time. With a multibunchfill, we were able to examine
longitudinal oscillations along the bunch train.

Assembling thehardware forthe PEP measurements required a three-laboratory
collaboration. The Advanced Ligl8ource at Lawrence Berkeley National Laboratory
providedthe dual-axis streakameraEachsynchroscan plug-in is tuned thie factory
for narrow-band operation at a single frequency between 75 tMiHa5 the ALS plug-
in uses 1/4 otheir 500 MHz ring rf frequency. This is too far froe corresponding
PEP subharmonic, 119 MHz. Instead, a M9z plug-in from the AdvancedPhoton
Source at Argonne National Laboratamas brought t&SLAC for the finalweek of the
January run.

BUNCH-LENGTH MEASUREMENTS

We measured the length of a single bunch in the HERtrendependence of length
on the synchrotron tune (thist the rf voltage) and the charge in thench. Toreduce
the noise, we usedhe summing procedurdiscussed above, whicgave aclean
Gaussian profiles like those of Figure 1.
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FIGURE 3. Variation of bunch length with FIGURE 4. Variation of bunch length with
the inverse of the synchrotron tune, for asingle-bunch current, at 14 MV of rf; 1 mA
single bunch at 1 mA. corregponds to 4.810' electrons in the bunch.

Bunch length was measured with a current of 1 mA for rf voltages be@&eand
15 MV, corresponding to synchrotron turggfrom 0.0365 to 0.0472nd frequencies
f, from 5.0 to 6.4 kHz.The bunch lengtho, should berelated to thesynchrotron
frequency, energy spread. / E, and momentum-compaction a by
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The plot of Figure 3 showsthis inverse variation withsynchrotron tune. Using
a = 0.00241 for the HER, the measuredunch lengths al mA correspond to an
energy spread di6.31+0.08x10*, in reasonable agreemenith the designvalue of
6.14x10* and an independent measurement usin%the quantum lifetime.

Other scans studied bunch lengthrsus single-buncburrent in thering, from 0.5
to 2.58 mA,with the rf held at 14 MV. Wavere restricted to thisnaximum to avoid
peak-signal damage to the longitudinal-feedbsgétem.The length appears tgprow
linearly (seeFigure 4) over the rangestudied, consistent witpotential-well distortion
(5). There appears to be no sign of a knee dubetonset ofthe microwave instability;
the calculated threshold lies between 1.8 and 6.4 mA (6).

In PEP’snominal parametdist, the standard HERill—0.99 A in 1658 bunches
(0.60 mA/bunch), with 14.0 MV of rf andtaneq, of 0.0449—has aalculatedounch
length of 38.4 ps, compared to 39.5 ps from the linear fits of these two plots.

MULTIBUNCH INST ABILITIES

Other measurementsnade during the lasttwo days ofthe January 1998run,
examined thenset of longitudinal instability in long bundhains. For thiswork, we
used horizontal sweep settings of 5 oniH) close to theing’s 7.3 us revolution time.
Vertically, the fast axis was set to either 600 ps or 1 ns full scale, in order to resolve the
lengths and especially the relative phases of the bunches.



The normal fill patterrputs charge in every secort¥6 MHz rf bucket of thering,
corresponding to a bunch spacing4? ns (238 MHz)exceptfor a gap which we
varied to study its effect on stability. The camesy/achroscan drivevas at 119 MHz,
half the bunch spacing; with a proper phase det@nsecutive bunches appeared in
alternation on theising andfalling zerocrossings othe sine-wave driveBecause the
direction of the sinusoidal sweep (and hetieedirection of théime axis) alternates, it
is preferable to slightly offsehe phase fromthe zerocrossings, sahat the image
showsthe even anddd bunches othe train slightlyseparatedThe typical result
(Figure 5) resembles a bunctnain and its mirroimage. Because this figuteses a
10 us horizontalsweep, the gap in the train appears twice; the head of tthm
(Bunch 0) is just to the right of the firappearance of thgap, onthe left; the tail is to
the right. For ourchoice of phase delaythe time axis for the upper train points
downward, while it points up for the lower train.

In the first multibunch observations, the ring was filled to currents betd@@rand
525 mA, using a roughly uniform pattern with a gap of 5%hefring’s circumference.
For thesecurrents,the middle of the train exhibited significaphase instability, with
100 ps peak-to-peak oscillations, as Figure 5 shows for a 48fill nfdnd which were
even more apparent in the rapid motion of the streak-camden, captured on
videotape).The head anthil of thetrain remainedstable, with only a constant phase
shift over the first 100 bunches due to the transient in loading of the rf cavities due to the
gap. For part of that day, similar observations were made in tests of the longitudinal
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FIGURE 5. Longitudinal instability in thecenter of al658-bunch train with a 480 maAurrent.
Filled in a 9-zone pattern with 4.2 ns spacing and a 5% gap. Full scale: 1 ns vertisahatzontal.



feedback systend/), which provided turn-by-turn recordings tife phases ofeach
bunch. (Because power amplifiers were out for repairs, the system could used&
stabilize the train.)

Subsequently, we filled the ring with bunch trains of varying lengths, thattsame
charge per bunch and 4.2 ns spacing. The instabilities ladgariilling about one third
of the ring. Figure 6 shows a 700-burtchin (about half of theing, shownthis time
on a 5us scale) withi228 mA. The last250 bunche®scillate even more thapefore,
with up to 180 ps peak-to-peak motion, while the head remains still.

Later, we again filled the ring consecutively but at a logeerent, sathat it reached
330 mA whenfilled with the normal 5%gap. As beforethe tail of thetrain was
unstable fortrain lengths filling 1/3 to 2/3 of theng, but once the train got longer it
stabilized. The instability threshold depends on the length of the gap and the current.

FIGURE 6. Largelongitudinal oscillations at thend of a700-bunch train with a 228 mAurrent
and 4.2 ns spacing. Full scale: 1 ns verticais horizontal.

The instability often led to rapid curreloiss. Onseveraloccasionswithin a single
video frame of the streatamera, most athe bunches irthe ring werelost, with only
those athe head of the trairemaining.The fact that these instabiliti@gere strongest
half way aroundthe ring from the gap eventuallguggestedhat we could achieve a
higher total current with morgapsthan the nominadill. In the finalhour oftherun, a
new current recordor the HER—750 mA—was set using six 5% gapsenly spaced
around the ring. These efforts will continue later this year, thighgoal of reaching the
intended operating current of 1 A. However, 750 mAuSicient to achieve thdesign
luminosity.
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