LONGITUDINAL EMITTANCE MEASUREMENTSIN THE
FERMILAB BOOSTER
D.A. Herrup

Fermi National Accelerator Laboratory*
P.O. Box 500, Batavia, Illinois 60510

Abstract

| have installed a system to measure the longitudinal emittance
over the entire accceleration cycle in the Fermilab Booster Ac-
celerator. Measured inputsto the system are the total beam cur-
rent, the RF voltage per turn seen by the beam, and a diode-
detected resistivewall signal. These signals are digitized by an
oscilloscopeand transferred to the Fermil ab control system com-
puters. Thebucket areaiscal culated using themeasured RF volt-
age per turn and the design synchronous phase and ramp rate.
The bunch length is taken as the ratio of the total charge to the
peak-detected current and, together with the bucket area, can be
used to calculate the longitudina emittance. This system can
measure the emittance or bunch length over the entire booster
cycle at a1 KHz sampling rate or over shorter periods (for ex-
ample, around extraction) at up to a 10 MHz rate. We discuss
operational uses of thissystem.

INTRODUCTION

Longitudina beam dynamics play an important role in the
Booster Synchrotron at Fermi National Accelerator Laboratory
(FNAL). We desire the smallest longitudinal emittance (¢;) pos-
sible. However, many processes occur naturally in the Booster
accel eration cyclewhich canincreasethee;. The400 MeV beam
injected into the Booster from the Linac is debunched and must
be captured in RF buckets. The Boosterisal5Hz. resonanat ac-
celerator, so capture occurs whilethe RF and magnetic fields are
ramping, making adiabatic capture difficult and possibly leading
to phase space dilution. Transitionoccursat 5.4 GeV, inthe mid-
dle of the Booster ramp, and passage through transition can ex-
cite synchrotron oscillation. Finaly, at high energies and inten-
sitieslongitudina coupled bunch motion is excited. If the cou-
pled bunch motion leads to instabilities that filament within the
Booster cycle, ¢; will increase. Even if they do not filament and
lead to a measureable emittance growth in the Booster, they can
till lead to decreased efficiency inthe Main Ring astheindivid-
ual bunches are injected with different phase errors. In order to
evaluate the effects of these processes, it is neccessary to mea-
sure and understand the longitudina emittance throughout the
entire acceleration cycle.

The moving bucket areain a synchrotronis given by
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where R istheradiusof the synchrotron, 2 the harmonic number,
¢ the speed of light in vacuum, £ the particle energy, V' the RF
voltage/turn, » the frequency dlip factor, and « isthe function of
the synchronousporase angle I' that rel atesthe stationary bucket
area to the moving bucket area. The bunch area (¢;) isthe phase
space area actualy occupied by the beam and can be calculated
from the bucket area if the bunch stngth is known [1].

In the rest of this paper | will describe a system which mea-
sures the Booster longitudina emittance over the entire cycle.

SYSTEM DESCRIPTION

The system | have designed requires knowledge of the bunch
length and RF voltagethroughout the cycle. The bunchlengthis
calculated as

total circulating charge

T = ;

peak current

so three quantities must be measured: the total circulating
charge, the pesk current, and the RF voltage. The peak cur-
rent is derived from adiode-detected 5 GHz bandwidthresistive
wall signal, thetotal charge from aDCCT, and the RF voltageis
the phase-summed detected voltage from al gaps. These three
guantities are digitized using an HP 54501A Digitizing Oscillo-
scope whichisinterfaced to the FNAL Accelerator Control Sys-
tem (ACNET) [2]. The systemisshownin Fig. 1.
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Figure1. Schematic diagram of measurement system.

TheHP 54501A scopeisa4-channd oscilloscopewith 2 8-bit
ADCs capable of digitizingat up to 10 MHz. On any given trig-
ger, 2 of theinputsare digitized, and the other 2 are digitized on
the next trigger. In principleit isimportant to measure al quan-
tities simultaneously, but the RF voltage never changes within-
tensity as long as the anode voltage program is unchanged. The
total charge and the peak current are measured on one cycle and
the RF voltage on the next.

After digitization the data are read by an application running
on an ACNET Vax where all further calculations are done.
as calculated above isin arbitrary units, and is converted to ns.
by applying a calibration factor determined once by measuring
the bunch profiles directly with a 500 MHz digitizing scope and
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Figure2. Dataused inthee; calculation.

comparing with = measured simultaneoudly. Calculation of the
bucket area requires knowledge of the Booster energy gain/turn
and the synchronous phase. These are determined assuming that
the Booster excitationis a 15 Hz sine wave. An example of the
caculation for a complete cycle is shown in Fig. 2. The plots
are, from bottomup, thetotal charge, the RF voltage per turn, the
bunch length, and the bucket and bunch areas (the bucket areais
always larger). Noue that the simple formula used to calculate
the bucket areais singular at transition. More accurate approxi-
mations to the bucket area near transition exist [3] but have not
been used in thiswork. The application alows zoom views and
FFT calculations on any portion of the data.
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Figure3. Intensity vs. Long. Emittance.

¢; determined in thisway is subject to few systematic errors.
Errorsdueto the 8-bit resolution of the ADCsare negligible, and
the RF waveform does not change from pulse to pulse with in-
tensity. The Booster ramp iswell approximated by a 15 Hz sine
wave, and the only real source of error is the calibration of the
diode-detected bunch length with the bunch length measured on
a digitizing oscilloscope. The bunch profiles are non-gaussian,

and | have taken the bunch length to be the time during which
the profile is above the basdline value. This leads to an error
of about 1 ns, or 10%, in the bunch length. The function relat-
ing (bunch length/bucket length) to (bunch area/bucket area) has
nearly unity slope over the regionin which the Booster operates,
sothe 10% error inthe bunchlength calibrationleadsto asimilar
errorin ¢;.
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Figure4. Bunch length oscillations at transition. Note the sup-
pressed 0.

MEASUREMENTS

In this section | will show examples of some of the phenom-
ena which can be studied with this system. The phenomena of
interest vary with timein the cycle. In studying extracted beam
one examines ¢; whereas oscillationsat transition and the bunch
rotation at the end of the cycleare best studied through the bunch
length.

Extracted Emittance

Figure3isaplot of thelongitudina emittance at extraction as
afunction of the extracted intensity. There seems to be a small
decrease in ¢; for intermediate intensities. Thisdecrease in¢; is
also observed in measurements made in a dispersive section of
the extraction line[4], ameasurement with completely different
systematic and statistical errors. It ispossible that at low inten-
sities noise in the RF feedback loops leads to emittance growth,
producing the anomal ously large emittances.

Prior to 1994, ¢; had increased rapidly with intensity, limiting
the intensity to about 2.5x10'2. This growth was attributed to
longitudinal coupled bunch instabilitieswhich decohered during
the Booster cycle. In early 1994 several narrow band dampers
[5] operating on the unstable modeswereinstalled, and thel ower
¢; isdueto their successful operation.

Oscillationsat Transition

In Figure 4 | have zoomed in on the bunch length measure-
ment from near transition to the end of the cycle. The frequency
of theoscillationswhich appear after transitionisroughly 4 KHz,
or twice the synchrotron frequency of 2 KHz. Thus they are
guadrupolesynchrotron oscill ationsinduced by the mismatching
of the bunch and bucket before and after transition. The Booster
has a +;-jump system which could be used to eliminate this os-
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Figure5. RF voltage (upper) and bunch length (lower) for the
bunch rotation at extraction. Note the suppressed 0.

cillation, but since the oscillation does not to lead to emittance
growth, it is not used.

Bunch Rotation at Extraction

Extracted beam from the Booster is injected into the Main
Ring. The momentum aperture of the Main Ring has long been
known asalimitation, and asaresult the Booster attemptsto pro-
videaslow aAp/paspossible. Ap/aisnormally determined by
the RF voltage, and throughout the last half of the Booster cycle
thevoltageiskept aslow as possibleto avoid beam loss. Inaddi-
tion, at the very end of the cycle abunch rotationis performed to
providean evenlower Ap/p. Therotation consistsof astepdrop
inthe RF voltage 1/4 of a synchrotron period (125 pisec) before
extraction. During thisinterval the bunch rotatesin longitudinal
phase space, exchanging energy spread (Ap/p) for time (bunch
length).

Thisprocessisillustratedin Fig. )5, the RF waveform for the
bunchrotation, and Fig. 5b, the bunch length during therotation.
Immediately before the rotation one observes a bunch length of
roughly 11 nsec, with a small quadrupole synchrotron oscilla
tion. During thelast 1/4 synchrotron, while the RF voltage has
been reduced, one can see the bunch “tumble’, resulting in a
larger bunch length and smaler Ap/p. After making thisbunch
rotation operational, the Main Ring intensity and pul se-to-pulse
stability increased noticeably.

CONCLUSIONS

We have developed a system capable of making detailed
bunch length and longitudina emittance measurements in the
Fermilab Booster. This system allows usto make detailed stud-
ies of longitudinal beam dynamics.
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