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Summarz

The intensity of the Fermilab booster accelerator
has been limited in part by longitudinal effects. These
include longitudinal space charge blowup prior to RF
capture, phase space dilution during capture and in-
sufficient voltage to provide bucket area to accelerate
the diluted beam. Measurements of beam properties
under these conditions, as well as high intensity ef-
fects during acceleration, are presented.

Longitudinal Emittance

Longitudinal effects of space charge forces ona
drifting bunched beam, and the various means by
which these effects can be modified have been inves-
tigated by a number of authors. The results of these
investigations have been applied to the Fermilab in-
jector system, and momentum spread measurements
have been made near the last linac tank, prior to cap-
ture, and after capture. 1,

The momentum distribution for an 80-mA beam,
as measured at the beginning of the 200-MeV injec-
tion line, without emittance corrections, is shown in
Figure 1 (solid curve). This spectrum is somewhat
narrower than the design goal, and is the result of
adjusting the phase of the last linac tank.” This does
not, however, represent the momentum spectrum at
capture time in the booster, The injected momentum
spread has been determined by powering the booster
at a fixed field and analyzing the frequency spectrum
of the coasting beam (Schottky scan). Since there is
a beam loss during the measurement interval, the re-
sults should be interpreted as a lower limit for the
momentum width. The second curve (4A) in Figure 1
is the momentum spectrum (debuncher off) of the cir-
culating beam. The width is 0. 23% for 95% of the
beam. This result led to the installation of a debun-
cher.* The third curve (0), Figure 1, is the momen-
tum spectrum obtained after the installation of the de-
buncher. The spectrum width for 95% of the beam is
now 0. 15% and provides more favorable conditions
for acceleration. Once the permanent debuncher
power system is operational, the linac will be retuned
to give a longer bunch length at the debuncher. This
will allow a further reduction in the momentum spread
at capture,

RFE Capture

The theoretical aspects of adiabatic capture have
been understood for some time. Most of these dis-
cussions have heen limited to cases where the voltage

*  Presently at Gulf General Atomic, lL.aJolla, Cali-
fornia.
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TFigure 1. Momentum distribution of an 80-mA linac
beam.

program was a smoothly varying function of time and
the magnet field was static, Neither of these conditions
is present in the booster.

The 18 rf cavities were to beturned on sequentially
at 10-psec intervals to a total voltage of 100 kV/turn,
which would yield a stationary bucket area of 2. 27
eV-sec.. If the momentum spread of the injected beam
were +0,08%, its phase space area would be 1,863
eV-sec and the buckets would be 72% filled, provided
the capture were adiabatic. By using the proper dif-
ference equations and actual voltage turn-on, it has
been shown that dilution of the beam phase space area
will always occur even in the absence of acceleration,?

Other numerical calculations which included the
effects of acceleration during the trapping process,
showed larger dilution of the beam phase space area.8: 7
For instance, it was found that in order to realize 100%
capture (full bucket) of a beam whose momentum
spread was +0. 13%, the final voltage should be 280 kV/
turn. This voltage is a factor of two larger than would
be expected for an adiabatic capture process,

At the present time, the cavities are turned on to
a total voltage of 250 kV/turn in about 160 usec, Cap-
ture efficiency has been measured versus linac beam
current with debuncher on and off. The measurements,
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which were conducted with a single-turn beam, demon-
strated that the capture efficiency depends upon the
linac beam current, via the momentum spread. At
best, 95% of the beam could be captured.

As the number of injected turns is increased, the
capture efficiency is reduced. This is, in part, due to
a time variation of the central momentum caused by a
transient phase shift between linac and debuncher.

Acceleration and Bucket Area

A calibrated rf voltage monitor system has been
installed in the booster. Synchrotron frequency mea-
surements and accelerating threshold measurements
were made to check the calibration throughout the
cycle. A typical bucket area curve derived from the
voltage measurement is shown in Figure 2. There is
beam loss associated with the small bucket area inthe
neighborhood of 3 msec in the cycle. The decreased
bucket area is the result of lowered voltages caused
by unanticipated power losses in the ferrite tuners.

3.0

4.0F

AREA {EV-SEC)
/ /
/
|

TIME (m SEC)

Figure 2. Bucket area during the first 10 msec.

Two modified rf cavities, which are tunable for
the first 5 msec of the booster cycle, were installed in
order to increase the available bucket area early in
the cycle. With the two additional cavities and the de-
buncher operating, beam losses, for a single-turn
beam of 80 mA from the linac, were reduced to about
5-10% at capture (losses before 0.5 msec) and about
5% from just after the capture loss until the two special
cavities were shut off. These losses are quoted for
currents of about 80 mA frorm Lhe linac with the debun-
cher operating.

The phase space density of the beam after capture
was Investigated by introducing a known restriction in
the accelerating bucket area and measuring the result-
ing beam transmission. The results are shown in
IMigure 3. A comparison of the phase space distribution
after captare with the momentum distribution of the
debunched beam before capture indicates a dilution of
at least 507 during the capture of an 80 mA beam.

High Intensity Effects

Because of the figure of quality of the rf cavities
used in the booster, it was anticipated at the design

stage that beam loading at high intensity could induce
an appreciable cavity voltage. The rf system hasfeed-
back loops (two at high level and two at low level)
which control the cavity voltage, cavity tuning, beam-
cavity phase, and beam radius throughout the cycle.
The criteria for successful operation of these loo
are: (1) damped phase oscillations, (2) stable beam
radius, and (3) constant cavity voltage as the intensity
varies. At the present operating intensity, these cri-
teria are satisfied.
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Figure 3. Transmission versus bucket area.

The booster, being a fast-cycling synchrotron,
has no vacuum chamber to shield the beam from the
magnets. Consequently, in the vicinity of transition,
where the beam is tightly bunched, a considerable
amount of energy can be lost to the magnet lamina-
tions. 8 At the design intensity of 3.8 x 1012, the pre-
dicted loss is 50-100 keV /turn/particle.

Recent measurements at 30% of the design intensity
indicate an ancmalous energy loss of 30 keV/turn. This
loss shows up as a shift in the synchronous phase angle
near transition as the intensity is increased. This
phase shift is not the result of beam loading since there
is no measurable decrease in the peak rf voltage as the
intensity is raised.

No coherent phase oscillations attributable to beam
instabilities have been observed.
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