Operation of the CEBAF Linac
With High Beam Loading®*

L. Merminga, J. J. Bisognano, C. Hovater, G. A. Krafft, S. N.
Continuous Electron Beam Accelerator Facility

Simrock,

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

and K. Kubo,
National Laboratory for High Energy Physics (KEK)
Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Abstract

The superconducting RF, CW CEBAF accelerator will use
a pair of antiparallel 400 MeV linacs connected by recircu-
lstion arcs for nominal 4 GeV in five passes. Single-pass,
bigh power testing of the first linac has been conducted
during the months preceding the conference. The RF con-
trol system [1] has been designed to control cavity gradient
and phase under a wide range of gradients and significant
beam loading. At full beam current, accelerating gradient
is approximately equal to accelerating voltage in the su-
perconducting RF cavities. Even though the beam current
during the high power testing is one-fifth of the full cur-
rent, beam loading is substantial. Operational experience
of the response of the RF system is presented. A tuning
algorithm which compensates for beam loading effects has
been developed and tested. Heavy beam loading, corre-
sponding to five-pass operation, was studied by increasing
the loaded Q of the cavities. A current modulation exper-
iment addressed the issue of energy spread increase due to
current fluctuations, and the effect of by-passed cavities on
beam properties was investigated.

I. INTRODUCTION

The superconducting RF, CW CEBAF accelerator consists
of two antiparallel 400 MeV linacs connected by recircula-
tion arcs for nominal 4 GeV in five passes. At full beam
current of 1 mA the beam loading is significant, resulting
in a beam induced voltage approximately equal to the ac-
celerating voltage in the RF cavities, Vir = It (R/Q)Qext -
For the CEBAF cavities (R/Q) = 960 /m, nominal Qext
= 6.6x108, thus Vi, = 6.3 MV/m.

To acheve the low specification on the beam energy
spread of og/E = 2.5x10~%, strict amplitude and phase
control of the RF field in the 33§ cavities is required. The
RF control system has been designed to control the cavity
gradient and phase under a wide range of gradients and
significant beam loading.

During the months preceding the conference, single-pass,
high power testing of the first linac was conducted. Even
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the high power testing is
am loading is substantial. A
5,gaining operational expe-

though the beam current duri
one-fifth of the full current, b
number of tests aiming towar
rience of the response of the RF system were carried out
and are presented here: the beam loading algorithm, RF
performance with heavy beam loading, current modulation
and cavity by-passing experiments. More tests were car-
ried out during the high power testing which are described
elsewhere (2], [3), [4], (5]

II. BEAM LOADING ALGORITHM

To demonstrate the necessity of beam loading compensa-
tion of the tuning algorithm, we start with Fig. 1, which is
a vector representation of the generator Vg, beam loading
Vs, and totsl cavity V. voltages in an RF cavity [6]. The
generator and beam induced voltages for an on-resonance
cavity are represented by Vg and Vi, respectively. The
three angles noted on the figure are: the phase angle ¢ be-
tween beam current and the crest of the RF voltage wave,
the detuning angle ¥ between generator (beam loading)
voltage on and off resonance, and the angle o between cav-
ity voltage and generator voltage on resonance. In reality
by microphonic noise in
Hg with a typical amplitude

gle is controlled on average.
has to be muntamed to better than +3° in order to meet

minimize power reqmrements

The phase detector in the R
measure directly the detuning angle, but the phase dif-
ansmitted (probe) signals,
which is the angle @ in Fig. 1. For sero beam current,
the detuning angle is equal to angle a. However, for finite
beam current the two angles are different. For example,
for I, = 1 mA, ¢ = 30° and ¢ = 10°, & = 20.07°. Thus

the purpose of the algorithm is to find the true detuning

tan = tanafV; + V¢ < . )




Figure 1: Vector representation of the generator, beam
induced and total cavity voltages in an RF cavity.

where Vi, is given in the Introduction.

The algorithm was tested in the Injector cavities IN04-6
and IN04-8 with Q.z¢ = 5 x 10° and 1.6 x 107 correspond-
ingly. CW beam was on crest and the accelerating gradi-
ent in these cavities was 2.5 MeV/m. The cavities were
initially detuned by 20° at sero beam current. Current
was then varied from 200 to 0 zA in steps of 20 uA, and
the angle @ was measured (at each step) with the algo-
rithm turned off and on. For cavity IN04-6 the algorithm
succeeded in returning the correct detuning angle within
0.5%, while for IN04-8, with Q.z 3 times higher, the largest
error was 2°, due to the fact that the detuning angle is 3
times more sensitive to frequency changes of the cavity.

I1II. HEAvY BEAM LOADING

The purpose of this test was to measure the effect of beam
loading on the quality of cavity gradient and phase reg-
ulation and to verify that RF controls are stable under
heavy beamn loading. The test took place in the Injector
cavities IN04-7 and IN04-8 where waveguide transformers
increased the external Q to 1.9 x 107 and 1.6 x 107 re-
spectively. The above @ values provide matching at 300
p#A. CW beam current of 30 MeV run in the Injector and
residual gradient and phase fluctuations in the two cavities
mentioned above were measuted as functions of beam cur-
rent. The set-up for the measurements is shown in Fig. 2.
An external Schottky diode with DC-block was used to
measure gradient fluctuations independently of noise gen-
erated in the electronics of the controls module.  The
simijlarity of the spectra of the gradient fluctuations at dif-
ferent beam currents (0, 40, 80, 160 uA), shown in Fig. 3,
demonstrates that residval amplitude noise does not de-
pend on beam current. Furthermore, a more quantitative
_measurement was conducted: the integral of the rms gra-
dient error signal in the frequency range of 10 to 100 Hs
was calculated (using a LeCroy type scope) for 0, 40 and 80
p#A. These values were found to be -33.92 dBV, -34.22 dBV
and -33.78 dBV. Taking into account the 60 dB preampli-
fier (see Fig. 2), the relative rms gradient error is
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Figure 2: Experimental set-up for testing the RF perfy,.
mance under heavy beam loading.
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Figure 3: Spectra of gradient error for 0, 40, and 80 A
beam current.
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in the 10 to 100 Hs frequency r

cause energy spread in the
periment was completed. The experiment consisted of fully
modulating a high current , and correlating with the
voltage fluctuations in the IN04-6 superconducting cavity.
Two hundred microamp CW was square-wave mod-
uldted at 150 Hz by amplitude modulating the chopper
power (the average current modulation was 100 ud).
The response of the RF control system was measured in
two locations.

Firstly, the gradient modulator drive in the gradient con-
trols was observed. The gradient mod drive controls the
klystron power; it exhibited the same square wave mod-
ulation. Comparing the spectra of the beam current and
the mod drive revealed that the spectra were identical 8t
barmonics of the modulation frequency up to more then 10
kHz. They also exhibited the 1/f frequency dependence
at odd harmonics, a characteristic of square wave moduls-
tion. The scales of the modulation peaks were consistent
with the known properties of the RF controls.

Secondly, the gradient fluctnations in the cavity were
also observed using the Schottky diode described prev”



ously. The spectrum of the diode output had peaks at
harmonics of the modulation frequency. A one parameter
theoretical calculation was done using the formula

R(w)I(w)

§V(w) = T+ Ga)

to calculate the peak locations based on the current spec-
trum and the Bode plot of the RF controls. The Bode plot
shows that the loop gain G(w) falls as 1/f2 in the region
between 1 and 10 kHs, accounting for the flat peak values
observed in this frequency range. _

The smallness of the voltage fluctuations induced by the
ambient current fluctuations in the CW beam combined
with the relatively large noise in the RF controls (at the
§V/V = 10~4 level) made it difficult to directly measure
the ambient voltage fluctuations due to beam loading ef-
fects. However, these modulation measurements, along
with measurements that show that the ambient current
fluctuations are less than 1.5%, demonstrate that the beam
induced relative voltage fluctnations are under 10~°. Be-
cause the correlated relative amplitude error specification
is 10~%, beam loading should be a negligible contributor
{o the energy spread in the final beam.

V. CaviTy By-PASSING

Hardware failures such as defective klystrons or high volt-
age power supplies may require the shatdown of individ-
ual cavities or cryomodules. In this case the failing sys-
tem needs to be by-passed until the defective subsystem
is repaired. Non-operational cavities need to be detuned
to reduce the beam induced voltage. An experiment iyl
was carried out during the high power testing of the north
linac in order to a) verify the validity of calculation of the
beam induced voltage V;, and its fluctuations §V, due to
microphonic noise in a by-passed cavity, b) determine the
eifect of by-passing a cavity on the beam energy and energy
spread and ¢) specify an optimum off resonance frequency
for by-passing. Injector cavity INO4-6 was by-passed while
the Injector was operated with 30 MeV, CW beam and up
to0 80 2A beam current. Cavity 6 was detuned by approx-
imately 100, 200 and 1500 Hs, and V; and §V; were mea-
sured from the cavity probe. Data was recorded from both
the spectrum analyser and the oscilloscope and is plotted
in Fig. 4 together with the theoretically expected values of
¥; (straight lines) and §V;, (dotted lines). The bars repre-
sent the experimental fluctuations of V. The theoretical
Values are derived from the LCR circuit model of a reso-
Dant cavity. There is a good agreement between measared
data and predicted values for ;. However, the fluctua-
tions of V4, are bigger, experimentally, than one would ex-
Pect simply due to microphonics. A beam position monitor
(BPM) in a high dispersion region was also used to mea-
Sure energy changes at different detuning angles and beam
Wrrents. The energy changes observed are consistent with
the values of Vb; however, it was not possible to estimate

¢ effect of microphonic noise on the energy spread due
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Figure 4: Measured data an
induced voltage and its fluct

to insufficient accuracy of our measurements. Finally at

VI

Results of the single-pass, high power tests during the CE-
BAF north linac commissioning have been reported. A
tuning algorithm which provides compensation for beam
loading effects has been developed and successfully ver-
ified in the machine. Heavy beam loading was simulated
by increasing the loaded Q of a cavity, and the performance

specifications independently of
beam current. A curreat modulation experiment showed

gible effect on the energy
spread of the beam. Good agreement between predicted
values and measured data of the beam induced voltage
were obtained from a by- cavity. The optimum de-
tuning frequency for by-passing was determined to be at
least 1 kHs at 200 zA.
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