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Abstract. The use of Second Harmonic (SH) rf is being investigated to increase the
RCS current limit. Hofmann-Pedersen distributions are employed to provide
analytical guidance. The SH phase 9, is optimized using a numerical analysis to
maximize transmission and minimize instabilities. The effect of the RCS stainless
steel liner on the impedance of the machine is also discussed.

I. Introduction

The “IntensePulsed Neutron Source (IPNS) provides neutrons for over 300 science
experiments per year and is oversubscribed by almost a factor of two. One method for
increasing the number of experiments performed or increasing signal to noise in the
present array of instruments is to raise the proton current from the accelerator.
Presently, the IPNS accelerator produces 14-15 VA of 450 MeV protons which are
directed to a depleted uranium target. By adding a third rf cavity operating at the
second harmonic, it is hoped to increase the current in the Rapid Cycling Synchrotrons
(RCS) by 20-40 percent. Before the RCS current can be raised, it is important to
understand the present limitations on the device.

The RCS is a small compact synchrotrons. The=beam pipe in the bending magnets
has an elliptical cross section, 20.3 cm (8 in.) wide by 7.6 cm (3 in) high, but in the
extraction section this narrows to approximately 10 cm (4 in) wide by 5 cm (2 in) high.
Presently, two rf cavities, diametrically opposite in the ring, provide up to 22 kV per
turn for bunching and acceleration. Plans are underway to add a third rf cavity,
operable at either the fundamental or second harmonic (SH) frequency capable of
providing an additional 10-12 kV per turn. Other parameters for the RCS are given in
Table 1.

II. Analysis—Longitudinal Equations of Motion

A. Numerical Recipes

Solution to the coupled set of the synchrotronsequations of motion is sought where
damping and modulation are ignored but space charge and SH excitation are included.
V. is the amplitude of the fundamental rf voltage, 5 is ratio of second harmonic to
fundamental voltage amplitudes, and 6 is the phase between the two waveforms.
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Parameter Value

Injection/extraction energy (Wi~i$W.Xm) 50 MeV, 450 MeV
Injection/extraction frequency (fi~i,f..m) 2.21 MHz, 5.14 MHz
Average machine radius, R 6.83 m
Bending radius, p 3.68 m

Initial Tunes VX,VV 2.25,2.35
Lattice DOFDFO (combined fn. dipoles lnl=l 1.7)
Injected pulsewidth 70-80 ~S

Injected charge 3.6x1012H- (0.58 uC)
Extracted pulsewidth (FWHM) 38 ns
Extracted charge 3.2x1012H+ (0.51 wC)
Rep rate 30 Hz
Peak current 14A
Bunching factor at extraction 0.19

Table 1: IPNS RCS parameters
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The space-charge voltage term is expressed as,
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To quantitatively evaluate the effects of space-charge and second harmonic (SH) rf
on the bunch, the synchrotronsnumerical analysis program, CAPTURE_SPC[l ,2] is
employed. CAPTURE_SPC solves the preceding equations with a second-order
“leap-frog”
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differencing algorithm:
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A separate predictor-corrector program uses the algorithm[3]:
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where,

dy
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and solves the system of equations:
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Presently, the predictor-corrector program generates phase-space contours ignoring
space charge. The bucket area predicted by the predictor-corrector program is in
excellent agreement with the CAPTURE_SPC program with space-charge turned off.
A comparison of two analyses with and without SH is given in Figure 1; also shown in
the figure are the bucket sizes including the effects of space charge (3.6x1012
protons=O.58 PC, injected) determined by CAPTURE_SPC. As indicated in Fig. 1,
the minimum stable phase-space area in the fundamental rf only case is 0.29 eV-sec
approximately 7 ms after injection. The maximum proton phase-space density occurs
at this time reaching a value of 1lx 1012protons/eV-sec.

B. Hofmann-Pedersen Distributions

Hofmann-Pedersen[4] elliptical distributions have been used to examine current
profiles and limits in the RCS. Although the particle distributions are “stationary” and
therefore strictly correct only for time-invariant situations, they provide a useful
approximation. In the presence of space-charge, the total voltage becomes,
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Figure 1: Evolution of RCS stable phase-space comparing CAPTURl_SPC
and predictor-corrector analyses for fundamental rf only and SH with &=.55.

with ~=l+21n(b/a), ~=120n Q and
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with f2(@,(3)=J f (@,8)d~. The limiting current is expressed as,
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The Keil-Schnell (KS) [5] microwave instability limit is given by:
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This limit reduces to,
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The current limit is examined 8 ms after injection, just prior to BmaX, the time of
maximum rate of change in the guiding magnetic field strength, when the stable phase-
space is near a minimum. Up to and including this time, the bucket is completely
filled by the proton bunch; however, beyond this point, the stable phase-space of the
bucket grows more rapidly than the bunch.

C. SH Phasing

One might expect that up to the time of minimum phase-space, SH would have the
greatest positive effect maximizing the stable bucket size; whereas, later in the cycle,
SH should be phased to maximize the bunching factor, Bf to reduce the growth of
instabilities. Bunching
bunch, is defined as,

factor, which is the ratio of the mean to peak current in the

,
(15)

A study has been made using CAPTURE_SPC to investigate the proper phasing for
the SH. When SH (8=0.55) is used at zero phase with respect to the fundamental
(0=0), acceleration losses during the f~st half of the cycle are reduced compared with
both fundamental rf only and phasing to maximize the Bf, B-(t). The reduced loss is
probably due to the increased bucket size for this case. Also, no additional loss is
observed if the phase is ramped from zero to &~Xbetween 8 and 10 ms and then
maintained at (l~~X(t)until the end of the cycle. This phasing scenario is presented in
Figure 2.

KS microwave instability limits, 8 ms after injection, are presented in Table 2 for
three cases: 1) fundamental rf only and SH with &O.55 for 2) 0=0 and 3) (3=-1.05 rad.
Also given in the Table are the stable phase-space area and bunching factor ignoring
the effects of space-charge. Though the current limit is lower when phase is set to
maximize Bf, the peak current for the same charge will be smaller because Bf is
greater. The maximum charge that can be held in a bucket is proportional to BfIJf and
is given in the last line of Table 2. Also shown in Table 2 is a comparison of the same
SH parameters at 10 ms. The revolution frequencies at 8 ms and 10 ms are
4.04 MHz and 4.55 MHz, respectively. Analytical current and rf voltage profiles for
the 8 ms cases given in Table 2 are presented in Figure 3; the space-charge reduced
voltage waveform is also shown in the figure.
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Figure 2: SH phasing to minimize acceleration losses during the first half of
the acceleration cycle and maximize Bf during the remainder of the cycle.

8 ms 1 10ms
Fund. rf 8=.55, 3=.55, &.55, 5=.55,

only 0=0 e=Orn e=o e=em

& (eV-S) 0.388 0.521 0.469 II 0.618 0.564
Bf 0.306 0.354 0.487 0.363 0.492

Ib(A) 9.23 14.03 10.36 14.48 11.11
B;IJf (uC) 0.698 1.229 1.249 1.156 1.202

Table 2: Comparison of bucket parameters at 8 ms and 10 ms after
injection in the RCS (Ab and Bf are calculated for zero space charge).

III. Impedance

A. Inductance and Compensation

Impedance estimates can be determined for the RCS using Eq. 9. The inductance,
L is assumed to be the inductance of the ring, ignoring the compensating effect of the
liner; i.e., L=p@l/2=13.5 @I. At 8 ms, co=2nf=2.538x107 rad/s; therefore the
magnitude of the inductive impedance is 342 Q. For the capacitive space charge term,
let the average beam radius, a=20.9 mm, and the average wall radius, b=49.4 mm. The
beam energy at 8 ms is 212 MeV, so &O.578 and ~1.226; the magnitude of the
capacitive impedance is 590 $2. With these values, the maximum peak current
according to Eq. 13 in the case of fundamental rf is 8.0 A. In addition, two blocks of
ferrite making up the kicker magnets are also exposed to the time-varying fields of the
beam. The kicker inductance is 1.3 PH. Adding kicker inductance to that for the ring
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Figure 3: RCS longitudinal current and rf voltage profiles using Hofmann-
Pedersen distributions for a) fundamental rf only, b) &=O.55, 9=0, and c)
6=0.55, 9=-1 .07 rad (maximizing Bf) 8 ms after injection.
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results in a peak current limit of 9.2 A. This suggests that adding still more unshielded
ferrite around the RCS ring might produce a larger current limit. According to the
above analysis, an additional 8 p.H could be added to the ring to cancel the calculated
capacitive impedance.

Attempts to provide inductive compensation have met with mixed results to
date[6,7,8, & 9], Insert studies so far have looked at either the synchrotrons frequency
or the required rf voltage for stability. Though the addition of inductive inserts have
had positive effects on both frequency and voltage (raising and lowering, respectively)
some deleterious results were noted at the Proton Storage Ring at Los Alamos in the
form of cavity-cavity oscillations on the bunch. Nevertheless, inductive inserts
potentially offer a relatively inexpensive path to higher currents and the installation of
such a device in the RCS will be investigated further.

B. RCS Liner

To hide magnet laminations, the RCS uses a stainless steel liner within the
combined function dipoles[lO]. Since the bending radius of the dipoles is 3.68 m, the
total lerigth of the liner is 23.1 m, or just over half of the total path around the RCS
(42.9 m). The liner is fabricated from 16 mil (0.41 mm) thick sheet approximately
50 cm (20 in.) in width. The sheet is sheared (no metal removed) across the width to
within 2.5 cm (1 in.) of either edge making 2.5 cm bands in the sheet in the direction
of the beam. The liner is formed by tack welding both edges to one another creating a
15.2 cm (6 in.) diameter tube. The welded edge forms the inner radius of the liner,
while the bands on the outer edge separate along the shear as the liner is curved to
match the bending radius of the magnets. Final liner dimensions result from inserting
two pipes of smaller diameter through the length of the tube and pulling the pipes in
opposite directions until an elliptical cross section is created approximately 20.3 cm
(8 in.) wide by 7.6 cm (3 in.) high. The gaps bettieen the bands vary from 0.7 mm at
the center of the liner 1.4 mm at the outer radius. A view of the liner looking into one
of the combined function triplet magnets is given in Figure 4.

The measured liner resistivity, p is about 40 times that of copper or 6.5x10-7 Q-m.

The resistance of the liner, a function of the skin depth, 8= ~-, increases during

the acceleration cycle. The effective resistance is a function of both the revolution
frequency as well as the bunch pulsewidth. The revolution frequency, as indicated in
Table 1, varies from 2.21 MHz at injection to 5.14 MHz at extraction. The pulsewidth
of the bunch falls from 190 ns near injection to 38 ns at extraction. Temporal
evolution of the FWHM bunch pulsewidth is presented in Figure 5. For comparison,
the FWHM pulsewidth determined from CAPTURE_SPC is also shown in the figure.
Because of the discrete nature of the simulated charge-3.6x1012 injected protons are
modeled as 2464 macrocharges-longitudinal CAPTURE_SPC profiles are often not
as smooth as the measured distributions, causing numerically-induced noise in the
pulsewidth results; this is evident in Figure 5. However overall, the numerical analysis
is in good agreement with the measured data. A full description of the roll played by



Figure 4: The RCS stainless steel liner. The approximate dimensions are 20.3
cm in width by 7.6 cm in height.
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Figure 5: Comparison of the RCS bunch pulsewidth (FWHM) predicted by
CAPTURE_SPC with Fast-Q data. The simulation follows the motion of
2464macroparticles used to represent an injected charge of 0.58 wC.



the liner in the RCS, including contributions to impedance and bunch stability, is yet
to be determined and is currently under study.

IV. Discussion

Numerical and analytical tools are being used to determine whether a second
harmonic cavity can be employed to increase the current stability limit in the RCS and
hence provide a higher flux for neutron scattering instruments. In order to utilize these
modeling tools, good impedance measurements are necessary. From modeling done
so far with observed machine current limits, the RCS appears to exhibit a significant
amount of inductive loading. Calculations also indicate that adding more inductance
might increase the present current limit. It is hoped to explore the inductive loading
question in the near fiture.
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