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Abestract

In this paper we present the results of measurements of
bunch length and burnch shape as a function of current in the
SLC e~ damping ring. After extraction, the SLC buneh is com-
pressed by means of an RF comp: and a auh hi
dispersion section. By mnerllng a video screen at a point of
large dispersion and by uumg '.he comlahon between bunch
length and energy spread y the , we have
measured not only the bunch lmgth but also the longitudinal
charge distribution of the bunch in the damping ring as a func-
tion of beam intensity, At 3 x 10'® particles per bunch with
a peak ring RF voltage of 800 KV, the FWHM of the bunch
length in the ring doubles over the nominal value. To mea-
sure the energy spread of the bunch in the damping ring, the
optica of the extraction line was modified to produce a Jarge
dispersion but small horizontal # function at the video screen.
At 3 x 10‘° particles per hunch, the relative envrgy spread in
the ring Il increased by about 30%. Finally, these data are

pared with caleulations of bunch lengthening in the SLC
dnmplng rings.

Introduction

The eleciron ring operates at the energy of 1.15 GeV with
the betatron tunes of vy ~ B.2 and v, ~ 3.2, and provides
the SLC projeet with intense small emittance bunches, The
ring I8 run fully coupled, and the design value for the nor-
malized equilibrium emittance of the beam with the present
set of operating parameters is 7e2 5 = 1.5 X 10~° m-rad, The
momantom compaction factor Is 0.0147, and the low current
equilibrium snergy spread is o/E = 7.1 x 10™4, The typical
ring RF voltage is about 0.0 MV and the bunch length at low
beam intensity is below 5 m.

A bunch length com; ldmme implemented in the
Ring-to-Linac transport I!ne (RTL) II] A correlation between
the energy and the longitudinal position within the bunch is
introduced with the help of a 5-R S8-band accelerator section
immediately downstream of the damping ring. It is followed
by a high dispersion section where the bunch performs a rota-
tion in longitudinal phase space, arriving at the linac with the
required short bunch length (on the order of 1 mm). The RF
wave in the accelerating section is phased such that the center
of the bunch coincides with a sero crossing and introduces the
energy spread across the bnnch of
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where Uy is the peak compressor voltage, Agp is the S~band
wave and oy is the bunch length at the extraction time.
The longitudinal emittance of the beam ia of course preserved;
moreaver, in the linear part of the com}.ressar RF, the simple
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where g; is the bunch length upon entering the linac.

The required bunch length in the linac, determined by the
final energy spread at the end of the linac should be below
oy = 1 mm, The RTL transport line waa designed to be able
to transmit beams with rms energy spread of 1%. We reach
these limita at present with

N e 2% 10" ¢~ per bunch.
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This limitation is due to the bunch lengthening that oc-
curs in the ring, since the energy spread, introduced by the
compresdor, grows with the length of the extracted bunch.

RTL “Streak Camera”

At the beginning of RTL, upon entering the compressor,
the low current bunch length ia about 5 mm, which yiclds an
energy spread in the RTL, introduced by the compressor, of
about 1%6. With such a large energy spread, the beam size on
the profile monitors in RTL at high dispersion pointa is totally
dominated by the chromatic size

2
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Digitizing the video signal from the profile monitor TV camern,
we measured the horizontal beam sixe as a function of bunch
intensity. From these messurements we were able to extract
not only the bunch length but the longitudinal bunch shape as
well. It was particularly important at high currents, where we
observed the bunch shape asymmetry predicted by theory. In
Fig. 1, we present the measured bunch length in the ring as
a function of current. Theee results agreed very well with the
measurements of the uncompressed bunch length at the linac,
using a Cerenkov radiator and a streak camera {2}, The two
sets of pointa correspond to the F WHM of the bunch shape as
well ns to the rms bunch length. The curves are the results
of bunch lengthening calculations, using the Green's function
for the damping ring impedance {3]. The bunch lengthening
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Fig. 1. Bunch length, relative energy spread increase and
synchronous phase shift as a function of current,
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Fig. 2. Measured longitudinal charge distribution in the
lengthened SLC bunch and (dashed curve) the calculated
prediction for it. The bunch population is 1.2 x 10'°,

calculations above the turbulence threshold utilized the cube
root scaling of both energy spread and bunch length with cur-
rent. In Fig. 2, we reproduce one of the bunch shape distri-
butions together with the predictions from the potential well
bunch lengthening theory [4]. The ragged quality to the beam
shape data reflects the granularity of the screen material; we
hope ta repeat the measurementa in the near future with bet-
ter screens. The agreement between the measured longitudinal
charge distribution and the predictions from the dynamic the-
ory is remarksbly good.

Energy Spread

In order to measure the equilibrium energy spread in the
ring, the compreasor was turned off and special optics was used
in the RTL to obtain a high dispersion and a low 8 function on
the screen where the measurements were made. With the chro-
matic sisze of the beam dominating the betatron size, we were
able to measure the equilibrium energy spread in the bunch as
a function of current. The reaulta ave presented in Fig. 1 and
illustrate that we indeed had turbulent bunch lengthening in
the ring, with the threshold of appraximately

Ng = 1.5x 101
particles per bunch. The energy distribution of the bunch over
the entire range of intensities remained Gaussian, as far as we
could tell, as predicted by the theory. An example data plot at

N = 3 x 1010 is shown, with a superimposed Gaussian curve,
in Fig. 3.
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Fig 3. A data plot of the longitudinal energy distribution,
wif h a superimposed Gaussian curve at N = 3.0 x 1010,
‘[he relative increase in energy spread raised to the third
power is plotted againat the intensity in Fig. 4. This allows us

to use 3 linear fit to constrain the measured data to the well
known sealing law [5)
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Fig. 4. Relative energy spread cubed as a function of cur-
rent. The linear fit through the origin helps to determine
the turbulence threshold.

We have used this fit to obtain the “effective impedance” of
the ring, using the common thresheld condition (6]

Z Ea (o\' 5376
-~ 1] = .32 = =
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where I ia the bunch peak current
eNe N[10%°
Lla] = Lo

= 1914
V2xo; o;[mm]

Thue, for the present damping ring we obtain the result

i‘ ~ 1560
n

If we were nble to reduce the inductive part of the impedance
by 25%, as we hope to do by installing the “sleeves™ to shield
the bellows, the effective impedance would be reduced to

£I 1110
n

In this case, from the scaling above, one would expect the
threshold to increase to about 2 x 10'° particles per bunch.

Parasitic Mode Loss

A circulating electron bunch in a storage ring, in addi-
tion to the synchrotron radiation loeses, loses part of its en-
ergy to the resistive longitudinal impedance of the ring. The
RF system compensates for the totul loas, and the relative
phase between the beam and the RF changes with intensity.
We have measured the relative phase change utilizing a vector
voltmeter. The technique has been described in more detail
elsewhere (7).

The results are presented in Fig. 1, where the curve cor-
responds to the e‘mulations that used the calculated Green's
function for the ring impedance. This measurement allows us
to check the resistive part of the calculated impedance.

Bynchrotron Tune Shifts

We have measured the frequency shift of the quadrupole
synchrotron cscillations over the same range of cnrrent. The
results are shown in Fig. 5. We observed the saturation of the
frequency shift with current above the turbulence threshold.
It agrees with the expectations from theory that predict the
frequency shift scaling with current as (8]

N
Af x ﬂf
The data agrees with the conclusion from the energy spread
measurements that the threshold current for turbulent bunch
lengthening is Ny = 1.5 % 1010 electrons per bunch. This mea-
surement also provided us with another check of the reactive
part of the longitudinal impedance of the ring.
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Fig. 5. Dipole and half of the quadrupele synchrotron
oscillations frequencies as functions of inicusiiy.
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Fig. 6. Betatron tune shifts as a function of intensity.

Betatron Tune Shifts

We have also measured the betatron frequenciex as a fune-
tion of current and the results are shown in Fig. 6. With the
present degree of bunch lengthening, we do not expect the
mode coupling instability to occur up to the design current of
5 x 10'° particles per bunch.

Limitations to SLC Operatlian

The bunch lengthening in the damping ring has limited the
single bunch intensity available for the SLC. The limitation is
due to the beam losses ip the RTL transport line. Becanse of
the energy spread produced by the compressor, the horizontal
beam size in regions with high dispersion is proportional to the
equilibrium bunch length in the damping ring. The increased
horizontal beam size leads to beam loss on the vacuum chamber
walls at the maximum dispersion point in the transport line.

We have recently rebuilt the vacuum chamber in RTL near
the point of highest dispersion, removing that aperture limi-
tation. As a result we are now able to transmit beams with
larger energy epread through the RTL, raising the available
bunch intensities in the linac in excess of 2 x 10 particles.

The original limit of N = 10' per bunch was overcome
with the use of a bunch prerotation in the ring that we dubbed
“bunch muncher.” The trick consists of switching off the
RF in the ring shortly before the extraction time, letting the
bunch lengthen, and then switching the RF back on, inducing
quadrupole bunch shape oscillations. The operation is timed
so that the bunch length is at 2 minimum at the extraction
time. This prerotation of the bunch in longitudinal phase space
results in up to a factor of two higher energy spread and a cor-
respondingly shorter bunch, the longitudinal emittance of the
beam, of course, being preserved during the operation.

This scheme has been tested and a factor of two shorter
bunches were obtained. Since the energy spread in the RTL
is determined by the bunch length at the compressor, this al-
lowed us to transmit bunchea through the RTL with intensities
greater than 2 x 010 particles per bunch.

We are planning to install thin metal sieeves into the bel-
lows in the ring. These sleeves should reduce the reartive part

. of the longitudinal impedance subatantially, since the bellows

make up 25% of the ring’s inductance according to the calcu-
lations Ta] If the full 25% reduction Is realized, we expect to
be atle to significantly raise the useful SLC bunch intensity.
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