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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract.

We present a2 modified, low alpha lattice for the Advanced Light Source where
the quadrupole field strengths have been detuned to allow the momentum com-
paction factor to be varied smoothly from positive to negative values. With this
low alpha lattice we decrease the momentum compaction factor by a factor of §
to 0.0003 over normal operation resulting in a measured bunch length reduction
of 2. We also measure the size the second order momentum compaction fac-
tor as well as store beam in a negative momentum compaction lattice. Streak
camera measurements at positive and negative momentum compaction opera-
tion show longitudinal beam profile distributions that are in agreement with
simulations by Fang et al (8).

INTRODUCTION

At the Advanced Light Source there is interest in decreasing the bunch length
and i mcrea.smg the peak current of electron bunches. Very short bunches (less than
1 ps) promise coherent infrared radiation as well as better time resolution. High
peak currents promise larger radiation power. Recent experimental work at UVSOR
(1-3) and Super-ACO (3-5) have demonstrated that it is possible to decrease the
bunch length in a storage ring by reducing the momentum compaction factor. In
these experiments the momentum compaction factors were reduced by two orders of
magnitude giving a reduction in bunch length of 10 . In addition, results at Super-
ACO have demonstrated that at negative values of the momentum compaction
factor, there is less bunch lengthemng than at positive values of the momentum
compaction factor (3). Therefore it is possible to store larger peak currents at
negative than at positive momentum compaction.
 An experimental program to reduce the momentum compaction is underwa.y at
the Advanced Light Source (ALS). At this time we have succeeded in reducing the
bunch length by a factor of two from that of normal operation. We have also stored
beam in a negative momentum compaction configuration. In this paper we report
on the current status of these experiments.

* This work was supported by the D&ecfor, Office of Energy ‘Research, Office of Basic Enefgy

Sciences, Materials Sciences, Division of the U.S. Department of Energy under Contract Nnmbers
DE-AC03-76SF00098° and DE-AC03-76SF00515! .



LATTICE

The lattice of the ALS is built up of 12 triple bend achromat (TBA) cells. The
layout of a typical cell can be seen in figure 1. There is one bend family, B, Three
quadrupole families, QF, QD, and QFA, and two sextupole families, SF and SD.
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FIG. 1. Top-down view of a typical sector (1/12 of the ring).

The Twiss parameters for the lattice in its usual operation mode can be seen in
ﬁgure 2 (a). For the usual operation mode the lattice is designed such that there
is zero dispersion, 7, in the straight sections to the outsxde of the outer bends and
positive dispersion elsewhere.

FIG. 2. Lattice functions for an ALS cell. a: normal ALS sector (top). b: modified sector
(bottom).

Because the dispersion is positive in the bends, higher energy particles have a
- longer total orbital path length than lower energy particles. This is because higher
energy particles travel radially outward of lower energy particles in the bends. The
momentum compaction factor, a, is a measure of the path length difference, AL,
of an off and on-energy particle relative to the energy difference, AFE, of an off and
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on-energy particle and is expressed as:

R @)
L, T E,’

where L, and E, are the total path length and energy of the ideal particle respec-
tively. To first order in AE/E,, the pa,th length difference is given by the first order
momentum compaction factor, a; and is given as (6):

L
On .,
= [ las, 2
b ae @)

where p is the radius of curvature of the bends and 7 is the dispersion in the bends.
Because the dispersion in the bends is positive (figure 2 (a)), a; is positive.

For our experiment. the initial aim was to find a new lattice configuration that
a; could be smoothly tuned from positive to negative values. We also imposed the
constraint that we would only be allowed to vary the quadrupole field gradients —
kor, kgp and kgra4. In other words, we did not want to make physical changes
to the lattice. With these aims and constraints we arrived at the lattice seen in
figure 2 (b). In this modified or low alpha lattice the dispersion is positive in the
straight sections and the outer bends and negative in the middle bend. So higher
energy particles travel radially outward in the outside bends but radially inward
in the middle bend. Therefore the higher energy particles “cut the corner” in the
middle of the straight section and reduce their total path length. If the dispersion
function is made more negative in the middle bend, the higher energy particles will

“cut the corner” more, and the momentum compaction will be reduced further —
and can even become nega.txve

In table 1 a comparison is made between the pa.ra.meters for normal operation
lattice and the low alpha lattice. It is clear from table 1 that the properties of the
lattices are very different. In particular for the low alpha lattice, the emittance is
10 times larger, and the horizontal tunes and chromaticities are lower.

In the low alpha lattice, the QF quadrupoles are located in a region of maximum
dispersion, n = 0.7 m (figure 2 (b)).Since the change in ay, resulting from a change
in integrated quadrupole field Ak, is proportional to the square of the dispersion
at the location of the quadrupole,

Aa1 < Akm?, 3)

changing the QF’s field is a very effective method of changing ;. In figure 3 we
plot calculated oy against QF excitation current, Algr (7).

Quantity Symbol Normal-Alpha Lattice Low-Alpha Lattice
Horizontal Tune Ve - 14.28 10.26
Vertical Tune v 8.18 8.15
Natural Horizontal Chromaticity v, -25 -11
Natural Vertical Chromaticity v, 28 -28
Horizontal Emittance : € 4 nm-rad 40 nm-rad
Dispersion at SF nsF 0211 m ' -0.111m .
Dispersion at SD nsp o 0.124 -0.014
Momentum Compaction ay 0.0016 0.0003

TABLE 1. Parameters for the normal and low alpha lattices.
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FIG. 3. Calculated value of o; verses QF excitation current.

EXPERIMENT

In July and August of 1995 we performed four experiments where we studied the
properties of this new lattice. In all of the experiments, the sextupoles were turned
off. The first two experiments were dedicated to characterizing the low alpha lattice
at larger values of a;. In the last two experiments we proceeded to reduce and even
make o) negative by adjusting the QF magnets.

Characterizing the Low Alpha Lattice

In the first experiment beam was successfully injected into the new lattice. Be-
cause of the large (negative) values of the chromaticity, it was very difficult to
measure the tunes with a spectrum analyzer. Instead we used the 96 beam position
monitors (BPMs) which are able to measure the beam orbit every turn. A bunch
was then injected off-axis and its orbit location was recorded over a number of con-
sective turns. From this data the integer and noninteger tunes were extracted. The
tunes were measured to be v; = 10.25 and v, = 8.45. The resolution of the tune
measurement was 3 0.05.

Measurement of oy

Synchrotron Tune. We were able to observe self-excited synchrotron frequency
side bands about the revolution harmonic frequency. This was an indication of some
instability in the beam. As a result we were able to measure the the synchrotron
tune, v;, without having to excite longitudinal oscillations.

The first order momentum compaction factor, «y, is proportional to the square
of the synchrotron tune, v,2,

. _ 2rE, 2
M = ehV, cos() @
where V,,, h and ¢, are the peak voltage, the harmonic number and the synchronous
phase of the RF cavity. Therefore by measuring v; it is possible to determine ;.
The peak RF cavity voltage, V,, was adjusted to 350 kV. Then we measured vZ
as we increased the QF excitation current, Igr. The results are plotted in figure 4.
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FIG.V 4. Measured values of the v? verses QF excitation current.

The plot is linear as expected from equations 3 and 4. From equation 4 it is
possible to determine the values of o as a function of Igr. The results are plotted
in figure 5. A comparison between figures 3 and 5 shows good agreement between
the model and the machine. '
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FIG. 5. The momentum compaction as a function of QF excitation current.

Horizontal Beam Displacement. A second method of measuring ¢; is to measure
the horizontal beam displacement as a function of RF frequency. By measuring
the horizontal beam displacement Azppp, at a beam position monitor (BPM)
resulting from a change in the RF frequency, Afrr, it is possible to measure the
ratio, —n/ay,

_ _nBPM 1 _ _ \ ( 5)
frr Azppm/AfrRe’ _

where ngpas is the horizontal dispersion at the BPM. In figure 6 we plot Az/A frr
verses BPM number for two setting of Igr. The shape of the curves looks like a
mirror image of the dispersion function as viewed in ﬁgure 2 (b). From equation 5

A . weknow that A:z:/ A frr is proportional to —i/a;y so if a; is positive then Az/A frr
will be the mirror image of . Therefore from the shape of the plot we know that
a3 is positive.



BPM Number

FIG. 6. Horizontal beam displacement as a function of a change in RF frequency at each beam
position monitor.

In order to determine the magnitude of ; from equation 5 it is necessary to
assume some value for the dispersion at the BPMs. From our model of the machine
. we computed the dispersion in the outer straight section BPMs , BPM1 and BPMS8
in figure 1, to be 0.7 m. Then from equation 5 we determined that a; = 0.001 (solid
line in figure 6) and o; = 0.0003 (dashed line figure 6).

Measurement of the Bunch Length

At low currents the bunch length, o3, is:

alRo Oe (
ve E,’ , (6)

gp =

where R, is the ring’s average radius of curvature and o./E, is the relative energy
spread of the bunch. Since v; is proportional to the square root of a; (equa.tlon 4),
oy is proportional to the square root of ;.

The peak RF voltage, V,, was adjusted to 1 MV. Using a streak camera th;h 500
femtosecond resolution we measured o}, as a function of v;. The results are plotted
in figure 7. In the normal lattice configuration the bunch length is 16 ps and v,
is 0.0075. From equations 4 and 6 we expect o to decrease linearly with v, (solid
line in figure 7). With the low alpha lattice, v, was adjusted between 0.0033 and
0.0068. However at values of v, below 0.004 we were not able to store more than
0.2 mA of current in a single bunch and as a result we were not able to measure
op. The smallest value of v, at that we were able to measure o was 0.0046. At this
value of v, o, was 8.1 ps.’

At small values of a;.we observed large bunch size oscillations. In addition we
occasionally saw what appeared to be a small satellite bunch orbiting the main

bunch (figure 8).
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FIG. 7. Measurements of the bunchlength verses synchrotron tune.

~ We also saw that the bunch length was oscillating by £2 ps. In addition we
sometimes observed the bunch breaking into two.

FIG. 8. Observations of a bunch satellite at small o; with a streak camera. In the two figures the

bunch is traveling from right to left. Left: horizontal size verses bunch length Right: Intensity
verses bunch length.

;

. Limats to Further Reduction of oy

As discussed in the paper by Robin et al (3) the size of the next order momentum
compaction factor ay can limit stability of motion at small ;. For this reason we
proceeded to measure a;.

If a3 is nonzero, then a change in frr will result in a change in v; (2):

oz Afrr\M*4 -
Vs =uso(1 - 4—2———) s
Qg pr

where v;, is the value of the synchrotron tune at Afrr = 0. Figure 9 shows the
measurement of v, verses frr. From the data and equation 7 we determined a5 to
be 0.03. The energy acceptance in the low ¢ regime is o3/az (9). Therefore at .
our smallest measured a; value of 0.0003,.the energy acceptance is only 1% (figure
10). For this small energy aperture we expect the Touschek effect (10) severly
limits the single bunch current. Because the stable longltudmal phase space area
is proportional to a;, at smaller values of a; the stable area is too small to store
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beam. At smaller values of a; the stable longitudinal phase space shrinks further
and prevents us from storing any current.
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FIG. 9. Measurement of the second order momentum compaction factor.
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FIG. 10. Longitudinal phase space (¢ = 20hRAL/L,)

In principle we can reduce o, by changing sextupole fields in regions of large
dispersion (3). Unfortunately, in the present low alpha lattice, both sextupole
families are located in regions of small dispersion (table 1). Therefore we are unable
to change as.

NEGATIVE MOMENTUM COMPACTION

Higher peak currents and shorter bunch lengthening have been predicted by Fang
et al. (8) and measured by Nadji et al at Super-ACO (5,3) when operating with
a negative momentum compaction factor. Based upon the success of these experi-
ments, we have have begun to explore negative a; operation of the ALS.

In order to adjust Igr to make & negative, we fit the data displayed in figure 4
with a straight line (solid line in figure 4) and then extrapolate to negative a;. For
a value of Igr = 71.5 A, we expected a value of a; = —0.0008 (square dot in figure
4).
)IQF was then adjusted to 71.5 A and the phase of the RF cavity, ¢,, was shifted
by 180 deg with respect to the injector. The peak RF cavity voltage was set to 1
MV. Under these conditions we were able to store beam current — about 1 mA in
a single bunch.

“m



Characterizing the Negative «; Lattice

Because we injected and stored beam with the RF phase shifted by 180 deg we
had confidence that a; was negative. But to definitively check the sign of a; we
measured the horizontal beam displacement as a function of the RF cavity frequency.
The results are plotted as dashed lines in figure 11. We have also plotted as a. solid
line in figure 11 our measured data for positive &; (same as the solid line in figure
6)

As can be seen in figure 11 the dashed line is “flipped” with respect to the solid
line. This is expected from equation 5 and it clearly says that a; is negative.

N

[} 20 40 60 &0 100

BPM Number
FIG. 11. Measured horizontal beam displacement at each BPM as a function of RF cavity fre-
quency. Solid line : a3 = 0.001. Dashed line : a3 = —0.0011. o

Streak camera images show that at negative «; the beam distribution is leaning
backwards in time (figure 12). At positive a; distribution is leaning forwards in
time. This is consistent with results by Fang et al (8) who have simulated the
effects of potential-well distortion. In addition the beam was noticeably more stable
at negative a;.
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FIG. 12. Longltudma.l beam distribution based on an average of 17 streak camera images taken
with 0.5 mA in a single bunch and a; = —0.0011.

SUMMARY OF RESULTS

By just cha.ngi‘ng quadrupole strengths we have detuned the ALS lattice in order
to reduce ;. At this time we have been able to reduce a; by a factor of 5 to 0.0003



and the bunch length by a factor of 2 to 8 ps. However at 8 ps we were only able
to store 0.1 mA of current in a single bunch. The size of a; was measured to be
0.03 and it was determined to be the limit to further reduction of a;. In addition
we also stored current in a negative «; lattice.

By imaging the beam with a streak camera, we have seen evidence of the on-set
of the head-tail instability and satellite bunches in the positive a; configuration.
We have also observed a shifts in beam tail distributions when operating with a
positive and negative ;.

In the future we will attempt to correct the as in order to reduce o further. Also
we will further investigate negative a; operation.
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