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Abstract

The CEBAF injector chopping system must generate three
interleaved 499 MHz pulse trains of independently variable
current from a DC input beam prior to axial compres-
sion. The chopper consists of two deflection cavities with
an aperture midway between them. Lenses flanking the
aperture focus the beam from the first cavity into the cen-
ter of the second, where the RF deflection from the first
cavity is removed. The symmetry of the RF energy spread
across any time-slice of the beam is dominantly odd. The
inverting optics used to focus the beam into the second
cavity causes near cancellation of the energy spread from
the two cavities. We present experimental measurements
of the energy spread effects from a fundamental frequency
(1497 MHz) chopper prototype producing a beam of suit-
able transverse emittance and energy spread, and discuss
the expected performance of the subharmonic chopper sys-

tem to be used for commissioning starting in January,
1994.

I. INTRODUCTION

The present CEBAF chopper design [1] follows closely
the design of the chopper for the NBS microtron [2], and
consists of two circularly polarized TMa;o deflection cav-
ities, an aperture plate, and a pair of solenoid lenses, as
shown in Fig. 1. The first cavity (C1) steers the incom-
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Figure 1. Sketch of the CEBAF injector beam chopping
system.

ing DC beam along a divergent cone toward the chopping
aperture plate. The first lens directs the beam parallel to
the beamline. The second lens directs the beam along a
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convergent cone with a focus at the center of the secopg
cavity (C2). Cavities C1 and C2 must provide identica] g,
flections to each slice of the beam in order for the avery)
deflection to be zero. In the absence of an aperture plat,
the entire beam is closely restored to its DC state, Thé
beam outline is helical between| the tavities, although eacl
electron follows a path at congtant azimuth with respec
to the beamline.

For like circular polarizations in the two cavities, myl-
tiple equivalent apertures may|be placed on the aperture
plate. Chopping system operation at the third subhay.
monic of the fundamental linac frequency with three vari-
able apertures 120° apart on the aperture plate will pro-
vide three 499 MHz pulse trains with independently con-
trollable current.

II. SINGLE CAvIiTY EFFECT
The CEBAF deflecting cavities are square, with inner

dimensions of 22.39 cm transverse to and 4.0 cm along the

beamline. The mode structure

of the vertically deflecting

linearly polarized TM129 mode|is (adapted from [3])
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in mks units, plus the corresponding expressions for the
orthogonal mode. Here a is the transverse dimension of the
cavity, w is the angular frequency of the RF, n = \/eml
the origin is the center of the cavity, z is positive to the IEft
and y is positive upward with respect to the beam, and z13
in the direction of motion of the beam. Fig. 2 illustrates 3
beam being deflected upward in a left circularly polarized
system. The upward deflection is followed by deflection to
the left, implying a positive value of H, for electrons. For
maximal vertical deflection, the particles cross the cen.tef
of the cavity at time ¢ = 0, corresponding to zero crossing
for E,..

We will neglect the field distortion at the entrance and
exit apertures. For the beam energy of 100 keV, the bea®
samples RF phases approximately over +1.2 rad over the
4 cm length of the cavity. The momentum ép, imparted
to the particles from the vertically deflecting mode in the
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where ge is the charge and v, is the velocity of the elec-
fron. The longitudinal momentum at this kinetic energy
is 335 keV/c and the deflection angle is approximately 10
mrad. The maximum magnetic deflecting field 2uoH, is
then approximately 3.5 G and the maximum gradient in
the electric field is £} = 3.3 MV /m?.

For the horizontally deflecting mode in a left circularly
polarized system,

Enz = V51 Ho cos 7%1/- sin Iz cos wi. (5)
a
Approximations for small deviations off-axis for Egs. 1 and
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The energy integral for E,, (an odd function over a sym-
metric interval) is zero along a line parallel to the z axis,
so a constant offset does not affect the energy gain of a
particle. To first order in z and y, all particles leave the
cavity with the same energy increment from E,,. Approx-
imating the deflection as a uniform force resulting in a
deflection 66 over a path of length L, the energy change is
approximately
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Only the term linear in ¢ survives, and for our parameters
AE is 4+4.8 €V. The electric field for the other RF mode,
however, is at its maximum during the particle crossing,
and the energy change neglecting the slight 2 deflection is
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for a total energy change of 105 eV per millimeter of hori-
zontal offset from the center of the cavity for particles being
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Figure 9. Left circularly polarized deflection cavity, beam
deflected upward.

deflected vertically. This pattern rotates in time, so that
at any point along the subsequent path of the beam, the
particle energies are the same along any radius from the
original beamline, but there is a gradient in the azimuthal
direction. These analytic results are in good agreement
with particle simulations by Liu, e al. {4]. This correla-
tion of energy with position is used to search for the RF
energy spread, as described below,

The beam passes through an emittance filter just before
entering the first cavity, limiting the radius of the beam
to less than 1.85 mm in the cavity. The resulting £190
eV spread in energy would degrade the final bunching pro-
cess, especially if increased by passage through the second
cavity. The rms energy spread introduced by a single cav-
ity (90 eV), corresponds to an rms momentum spread of
5 x 10~*. The energy spread from the DC high voltage
supply for the gun is less than 10~% so the relative mo-
mentum spread should be less than 6 x 10~° with no RF
on.

ITI.

We steered the beam through the chopper system with
the RF off and measured the beam diameter at a spectrom-
eter with a horizontal dispersion of 43 cm, using a scanning
wire monitor (profile A in Table 1). We repeated this with
RF on in Cl, using steering magnets to deflect the out-
going beam cone so that first the top portion (profile B)
and later the bottom portion (profile C) of the cone passed
across the central aperture on the plate. The profiles for
these two beam setups are shown in Fig. 3.

MEASUREMENT RESULTS

With both choppers on, profile D was taken with beam
passing through a 60° slot at the top of the circle and pro-
file E was taken with beam passing through a 60° slit at
the bottom of the circle. These profiles are narrower than
profile A with the choppers off, \which may indicate the
presence of an instrumental artifact, a current-dependent
increase in the measured profile. With the RF on, the cen-
tral hole passes 11.5° (FWHM) of the RF cycle, so thirty
times as much current reaches the profile monitor with the
RF off (profile A) as for profiles B and C. Profiles D and
E were taken using a 60° slit, and have an intermediate
current. Profiles B and C (Fig. 3) are for equal beam cur-
rents, as are profiles D and E. The rms beam radii were
0.61 mm and 1.28 mm with one |cavity on, and 0.48 mm
and 0.56 mm with both cavities on.

Table 1. Variances of beam profiles

label RF status #ems (mm) 66, (radian)
A oft 0.63 0
B Cl on 0.61 +0.01
C Clon 1.2§ -0.01
D | C1,C20n 0.48 +0.01
E Cl1,C2 on 0.56 -0.01
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Figure 3. Profiles of the 100 keV beam in a region of
horizontal dispersion 43 cm. See text for discussion.

IV. ANALYSIS

The profile asymmetry is due to the (28p.) and (2'6p;)
correlations introduced by the RF cavities. If the energy
spread were uncorrelated with the horizontal coordinate
of the beam, there would be no’difference between beam
from the top of the circle and beam from the bottom. The
correlation @11 = (x?) at the profile monitor is related to
the correlation matrix at the second chopper cavity by

611 = M XMy,

where M;; is the transfer matrix between the two points
and Ty is the correlation matrix at the cavity. Samples of
the beam taken at the top and bottom of the chopper circle
will differ only in the sign of (zép,) (and the consequent
(z'6p;)). Therefore the mean square difference between the
downstream profiles for these portions of the beam will be
proportional to the momentum correlation terms.

From Table 1, the difference in mean square (not rms)
radius between profiles B and C is 12.7 x 1077 m? while
the difference between D and E is only 0.8 x 1077 m?.
Profiles D and E are both smaller than profiles B and C,
in spite of the factor of six higher current and even higher
relative current density. This indicates a cancellation of
the correlated energy spread introduced by a single cavity
by approximately a factor of fifteen.

There are some points of disagreement concerning the
actual energy spread of the beam with and without the
RF cancellation. The overall rms width of profile B plus
profile C is 1 mm, which is the profile width that would
be measured from summing the two beam distributions at
the chopper cavity to remove the correlated energy spread
without changing the rms momentum spread. To account
for the increase in rms radius with respect to A, D, and
E purely through increased energy spread would require
an energy spread for a single cavity of 2 x 1073, which
is more than three times the calculated value. The RF-
induced emittance increase from using a single deflection

cavity (limited by the central 11.5° aperture as a stop i,
the system) should be well under a factor of two, apq at
this level cannot reconcile the observation and calculatioy,

V. CONCLUSIONS

A large difference in the measured beam size regy);,
from changing the sign of the RF (z ép;) correlation for ,
single cavity. The difference between the mean squares of
profiles D and E with both deflection cavities powered (0,99
mm) is smaller by a factor of fifteen than that of B anq ¢
(1.13 mm) with one cavity powered. This indicates mop
than an order of magnitude cancellation for the correlateq
energy spread induced by one cavity. For either sign of
this correlation with both cavities on, the measured beap,
size is smaller than either of the one-cavity profiles ang
for the DC beam profile with np RF. In spite of possible
instrumental problems, this supports the conclusion thag
the overall energy spread induged by the chopper system
is significantly smaller than the effect of one cavity, The
rms momentum spread induced by a single cavity seems to
be significantly larger than expected from RF calculations
and from the modeling results reported in [4].

Aberrations in the lenses and in the deflecting cavities
remain as sources of increased |emittance, and energy per-
turbations of even symmetry are not compensated. The
time-of-flight error between the cavities caused by the en-
ergy modulation is negligible.| Any deviation from unity
for the optics magnification from C1 to C2 will result in
reduced cancellation of the energy spread.

The subharmonic chopper to be used at CEBAF is scaled
from the fundamental frequency system, with one-third of
the frequency and three times the deflection angle. The en-
ergy spread induced by the RF scales as wé8, and should be
unchanged from the 1497 MHz system. There is a greater
spacing planned between the cavities, but the phase lag
from the differential velocity of the particles between the
cavities is still unimportant.
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