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Measurements of the characteristics of
operation of the University of Rochester
peripheral Cee show that the Cee may be used

not only in the normal manner to stochastically

accelerate the internal beam but also in a
manner which induces radial oscillations in
the coasting beam. These measurements
verify the proposal of Wwormalal by fitting
the Dee cutoff frequency, the Cee frequency
and the magnetic field gradient to the well
known function for radial oscillations in

a cyclotron. Other evidence for this re-
generative mode of operation are the fact
that the energy of a polarized proton beam
obtained by scattering the internal beam
from a carbon target is reduced by an amount
determined by the Dee cutoff frequency, and
that its energy spread is also reduced. The
pion beam intensity obtained when the Cee

is operated in this regenerative mode is
nearly independent of the voltage on the
Cee whereas in the accelerating mode it is
approximately linearly dependent on the
voltage. Details of the characteristics
of operation are presented.

Introduction

The University of Rochester synchro-
cyclotron produces about a S5-ua, 2LO MeV
internal beam with about a 2% duty cycle.
The Dee voltage is about 15 KV and is
modulated 200 times per second vetween 26.8
and 18.8 megacycles bty means of a rotating
condenser. The magnet pole is 130" in
diameter and has a maximum field of 16.8
Kgauss.

By now nearly all synchrocyclotrons have
installed a peripheral Cee in order to in-
crease the duty cycle by stochastically
accelerating the beam into the target as
proposed by XKeller and Schmitter.2 we
have built such & Cee primarily following
the modulation scheme of Suzuki.? The Cee
electrodes are of aluminum, 1 1/2" above
and below the median plane, covering an
azimuthal angle of L45° and covering the
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radisl extent from 55 3/8" to 62 5/8".
(Targets are placed at 58 1/2" where 1 = 0.2).
The Cee is operated at’ about 4 KV r.m.s. with
a LCcwl0,000A driving a shorted transmission
line and 50.n. load in a system similar to
the Harvard system.

When using the Cee to accelerate the
beam stochastically, the Dee r.f. voltage
is turned off while the beam is circulating
at a radius just inside the target position,
at a corresponding Dee frequency of 20.1 mec.
The Cee is then modulated between sbout 20.2
me and 19.6 me to accelerate the beam on out
to the target radius. A second way to
modulate the Cee was first discussed by J.R.
Wormsld from experience on the Liverpool
synchrocyclotron. They found that the
internal beam strikes the target even if a
frequency gap of 0.7 mc is maintained between
the point where the Dee cuts off and the Cee
turns on. They proposed that the Cee is
inducing radial oscillation in the coasting
beam but did not have conclusive evidence
for this proposal. We have observed this
same effect and present evidence here that
this is indeed the correct explanation.

Measurements

Duty Cycle - Coarse Structure

Our method of modulating the Dee r.f.
voltage and the Cee r.f. voltage in this re-
generative mode is shown at the top in Fig. 1.
As in the accelerating mode the Dee r.f.
voltage is turned off at about 20.1 me
leaving the internal beam circulating at a
radius slightly smaller than the target
position. The Cee r.f. voltage is modulated
from about 19.5 to 18.9 mc with superimposed
sawtooth sweep, 100 Kc, and 500 Kc sine waves.
The coarse structure of the duty cycle is
shown at the bottom of Fig. 1 as obtained
from the secondary pion beam counted in a
400 channel analyzer operated in the multi-
scaler mode. The coarse duty cycle (defined
as < intensity > 2 / <intensity® > 1is
greater than 90%. The small spike of prompt
besm may be reduced or increased by slight
adjustments in the Dee cutoff freguency. No
periodicies of the 100 K¢ or 500 Ke modula=-
tions are observed in the beam intensity
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as long as both freguencies are present. Duty Cycle - Fine Structure

Figure 2 shows the fine structure in the
time distribution of the pion beam as obtained
with a scintillation telescope and a time to
pulse height converter. The characteristic
/\—{I period using the Cee in the regenerative

\ mode is 52 nsec corresponding to a frequency

R. f. PROGRAMS AND COARSE DUTY CYCLE
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of 19.2 mc. This is lower than either the
Dee cutoff frequency (20.1 mec) or the circu-
lation frequency at target radius (19.6 mc)
and is evidently the resonant frequency of
o| MEGACTOLES \ radial oscillations of the circulating beem.
al \ /C“ R.F. Progrom This frequency is given by the expression:
\ 1/2

20| < = -
3 fr = fDee(1 n)
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- where f, ce is the beam circulation frequency
or Dee ?requeney at the time of turning off

PION

- e v rmer Gen Frogrem K2, the Dee r.f. voltage and n is the magnetic

% / field index gt the radius of the coasting

\ (n= - 77 e Under the conditions of

\ / Fige. 2 (and Fig. 1):
G N ; 2 3 2 5 G 7 3 £ = :20.1(1-0.09)1/2 19.2 mc

MILLISECONDS
Fig. 1. Dee and Cee r.f. modulation program in agreement with the measured characteristic
in the regenerative mode of operation and the period. The Cee increases the width of the
coarse duty cycle of the beam intensity. fine structure pesks only slightly; from
9 to 11 n sec,
Intensity
DUTY CYCLE ~ FINE STRUCTURE
With nearly optimum duty cycle the =+

beam intensity is actually greater than the
prompt beam intensity (about 120%) while the X .
- beem intensity is less (ebout 60%). This sool '\\, /m
difference may indicate that the Cee either K (ot ;:;m,\g '“
walks the intermal proton beam into or away 500} o Fams [ \ ]./ D o
from the target depending on the relative por 03 nuee | if l‘\'\ Sustches Brom
azimuthal position of the Cee and target. 1In 00} J ‘ ; y | W
the n+ case the Cee is in a position which / | B /I
also would be optimum for a magnetic re- 300 / | “\ Sy
generator, i.e. 900 "downstream" from the Pt j l“ \\ Resotution
target. The magnetic regenerator was not in 200 / Y ,/) Y %@
the cyclotron at the time of these measure- ;o J 1 . v_j
ments. 1In the accelerating modes intensities w00 PR LA
of only about 50¢% of the prompt beam are // . ‘ I ¥
observed in both cases. The pion beam in- e | | Nl
tensity obtained when the Cee is operated in = 52 nsec ol
the regenerative mode is nearly independent s : s s
of the voltage on the Cee whereas in the E;Eh zr;d Sgioz:r:;:ué:e?f the beam intensity

accelerating mode it is approximately linearly
dependent on the voltage. The regenerative
mode is evidently more efficient in use of
the available power.
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fcee VS fr

The proposal that the Cee induces radial
oscillations may be verified in a direct manner.
The frequency of the Cee at maximum pion beeam
intensity, feee , mAY be measured as shown in
Fig. 1 using the sawtooth modulation only.
The frequency of radial oscillation,
fy = fDee(l-n)l 2 may independently be deter-
wmined from measurements of fpee and n .
(The dependence of n wupon radius in our
machine is known from magnetic field measure-
ments. The radius of the coasting internal
beam may be measured as a function of fpee
by measuring the Dee frequency at the time
the internal beam strikes a target at a known
radius) A plot of fpee vs. Ty 1s shown
in Figure 3 for measurements over a range in
fpee of 20.9 to 19.7 mc. This corresponds
to a range in radii of 50.5 to 58.1 inches
and a range in n of 0.06 to 0.14. The
actual measurements are represented by
circles on Figure 3., The shaded band rep-
resents the combined measuring uncertainties
and possible systematic errors on each axis.
Agreement is close between the predicted
and measured values,

CEE FREQUENCY vs. FREQUENCY OF RADIAL OSCILLATION

Teo

20}

MEGACYCLES

MEGACYCLES

Fig. 3. The Cee frequency at maximum beam
intensity versus the frequency of radial
oscillation calculated from the Dee cutoff
frequency and the magnetic index.

Energies

One further measurement demonstrates
that when the Cee is operating in the re-
generative mode only fpee affects the energy
of the internal beam: This energy is :
/g = 2222 .
[¢] b
Dee

with B in Kilogauss, fp,, in mc and Ej
is the rest mass. For fgur settings of fpee
the energies calculated from the above formula
reduced by the average energy loss in the
target are plotted in Figure 4 against ex-
perimental energies determined from range
measurements. The calculated energies are very
sensitive to small uncertainties in B and
fnee but they are in agreement with the
measured energies. One differential range
curve with the Cee is shown at the bottom of
Figure 4 as also is the range curve of the
prompt beam. The energy spread with the Cee
in the regenerative mode is only 3/l as wide
as the spread without the Cee. This is due
to the fact that the usual radial oscillations
in the internal beam do not contribute to the
energy spread. The intensity of the scatter-
ed external proton beam with the Cee in only
about 60% of that without it even though the
circulation of the internal beam is in the
same sense as for the n+ case which gave
over 100%.

CALCULATED vs. MEASURED PROTON BEAM ENERGIES
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Fig. k. -TOP- Four proton beam energies
calculated from the Dee cutoff frequency,
the magnetic field, and the energy loss in
the target versus the experimentally
measured energles.

-BOTTOM- Experimental range curves plotted
in terms of energy with and without the Cee.
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concluding Remarks

Operation of the Cee in the regenerative
mode has been useful, especially for high duty
cycle pion beams. With the regenerative mode
the scattered proton beem is somewhat more
monoenergetic but double energy peaks will be
produced if the Cee is inadvertantly modulated
in both the regenerative and acceleration
modes simultaneously. Tt is not known whether
the regenerative mode is compatible with an
extraction system for the internal beam since
this cyclotron does not have such a system.
The compatibility may depend on the relative
azimuthal position as in the case of ordinary
magnetic regenerators. It would be of
interest to investigate the dynamics of the
circulating beam being perturbed by the various
components of the electric field but this has
not been done. The results may indicate that
a radial component is more effective than the
azimuthal field of the present configuratiomn.
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