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Abstract

The duration of the x-ray pulse generated at a syn-
chrotron light source is typicaly tens of picoseconds.
Shorter pulses are highly desired by the users. In elec-
tron storage rings, the vertical beam size is usualy orders
of magnitude less than the bunch length due to radiation
damping; therefore, a shorter pulse can be obtained by dlit-
ting the vertically tilted bunch. Zholents proposed tilting
the bunch using rf deflection. We found that tilted bunches
can aso be generated by a dipole magnet kick. A verti-
cal tilt is developed after the kick in the presence of non-
zero chromaticity. The tilt was successfully observed and
a 4.2-ps pulse was obtained from a 27-ps electron bunch
at the Advanced Photon Source. Based on this principle
we propose a short-pul se generation scheme that produces
picosecond x-ray pulses at a repetition rate of 1~2 kHz,
which can be used for pump-probe experiments.

INTRODUCTION

Shorter x-ray pulse generation has been pursued recently
at many synchrotron light sources. Short x-ray pulses can
be used to study dynamical processes such as chemical re-
action or phase transition. The minimum required pulse
length for these time-resolved experiments is on the or-
der of 100 femtosecond; however, the pulse length of syn-
chrotron radiation is typically 100 picosecond. An ad-
justable pulse length in this gap could be advantageous for
some experiments. In order to carry out these experiments
on a synchrotron, the pul se length has to be compressed by
two to three orders of magnitude, preferably continuous.

Many methods have been proposed to shorten the x-
ray pulse radiated from a synchrotron. They can be di-
vided into three categories. The first category includes
those approaches that either vary or modulate the longi-
tudinal phase space parameters, such as increasing the rf
voltage, installing a higher harmonic rf system, lowering
the momentum compaction factor [1], or modulating the rf
phase or voltage[2]. Methods of the second category make
use of the short duration of a laser pulse. Thomson scat-
tering [3] and femtosecond laser dicing [4] fall into this
group. The third group of methods take advantage of the
smaller vertical beam size in a storage ring. Rf deflecting
cavity method [5] and vertical kick method [6] belong to
this category. In this paper we will focus on the vertical
kick method.

In a storage ring accelerator the transverse and lon-
gitudinal motion is usualy coupled due to chromaticity.
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If a bunch is kicked vertically by a pulsed kicker, even
though each longitudinal dlice has the same oscillation am-
plitude and phase in the beginning, because of synchrobe-
tatron coupling they will have different betatron oscillation
phases around n + 1/2,n = 1,2, 3... synchrotron period;
therefore a tilt can be formed. This is similar to the tilt
observed in the head-tail instability [7] but in a controlled
fashion. In the case of linear motion the vertical beam size
along thetilt equalsthe original value. Thereforethe effect
is equivalent to rf deflection, except that it is not continu-
ous. In readlity the beam size grows due to diffusion and
nonlinearity, which limits the minimum achievable pulse
length. However, the tilt angle is two to three orders of
magnitude greater than the deflection method, which coun-
teractsthevertical size growth. Inatypical third generation
synchrotron light source it is possible to generate picosec-
ond or even subpicosecond pulses through this method.
In the following text we will discuss the synchrobetatron
beam dynamics and present the experimental results that
were obtained at the Advanced Photon Source.

BUNCH TILT THROUGH
SYNCHROBETATRON COUPLING

The particle motion in the longitudinal phase space can
be described by

6 = 6081111/3(94—90) 1
Ap = =D cosv,(0+6p) ° @

Vs

where d = (p — po)/po is the fractional momentum de-
viation, A¢ = ¢ — ¢, isthe rf phase difference from the
synchronous particle, & is the harmonic number, « .. is the
momentum compaction factor, v, is the longitudinal tune,
6 is the orbital angle, each turn 6 gains 27 and 6o and 6,
aretheinitial conditions.

At 6 = 0 if we give the bunch a vertical kick, the parti-
cles would oscillate according to

9
y = A(s)sin[/o vy dd + s o]

0
+ 26y (s)Jy cos[/0 vydl + s0 + o], (2)

where the first term is due to the kick and second term
is the thermal motion. Here A(s) = +/8y(s)8y(s0)©
is the oscillation amplitude, 3, is the beta function, ;o
is the betatron phase advance from s to s in one turn,
vy = vy + Cyd is the vertical tune, C,, is the vertical
chromaticity, and J,, and o represent theinitial action and
angle due to the vertical emittance.
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From Eq.(1), the integral

6
/ vydd = vy o8 — Cy (1 — cosvs0)Ag(0)
0 ’ ’ hOéC
Cy )
+ —4(0)sinv,b (3)
Vs

The momentum spread in one longitudinal slice satisfies
Gaussian distribution. Averaging 6(6), J,, and v in Eq.
(2), one gets the vertical displacement of a longitudinal
dice

(y)(A¢) = A(s) exp(—€?)sin T, 4
where
& = 5P - o), ©
and
T = vyl 4 oo — (1 - cosnnl)Ab (6)
hov,

Therefore, the vertical displacement (y)(A¢) is related to
the longitudinal position A¢ , and atilt can be formed.
Thetilt angleis given by

0y--(a9) = TR _ 2y O

x (1 —cos Vsﬁ)cf52 cos T, (7

Noteat v,0 = 7 thetilt reaches maximum, and the betatron
tune v, o and chromaticity C', can be adjusted such that the
particles stay in thelinear region of the sinefunction, hence
thetilt islinear.

In an electron storage ring there are various effects that
deteriorate this correlation, like radiation damping and
guantum fluctuation, amplitude tune dependence, and sec-
ond order chromaticity. The tilt disappears quickly after a
couple synchrotron periods. For a complete treatment of
these effects, interested readers can refer to [6].

If thekick angle © ~ 1 mr, onefindsthat thetilt angleis
typically 100 mr, which ismuch bigger than thetilt that can
be produced by rf deflecting, which is typically about 100
ur. However, the beam size also grows due to the deterio-
rating effects mentioned above. As aresult of both effects,
the dlitted pulse length is aso in the range of picosecond
for atypical third generation synchrotron light source.

IMAGING THE TILTED BUNCH AND
SLITTING FOR SHORTER PULSE

In order to observe the tilted bunches, we conducted
imaging experiments at the APS diagnostic beamline [8].
A dual-sweep streak camera was set up to take bunch pro-
filesinthe (y, z) planeturn by turn. A vertical kicker kicks
the beam at 2 Hz with a maximum strength of 0.15 mr. The
vertical chromaticity waslowered from6 to 3.5 to makethe
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Figure 1: The side views of abunch at turn 63 to 67 after a
vertical kick.

bunch tilt as linear as possible. The horizontal chromatic-
ity was kept at 6.6 because it does not affect the bunch tilt.
With the lowered chromaticity, we were able to store 1.3-
mA current in a single bunch when the kicker was on. A
profile sweep was performed from turn 0 to 200 after the
kick. The sine-shaped bunch was immediately observed.
Figure 1 showsthe side-views of abunch at several succes-
siveturns.

At half the modulation period, the tilt reaches maximum
and the slice emittance reaches a minimum,; therefore, it
is the best time to dice for short pulse. We changed the
above experiment setup to observe the shortest possible
pulse. To avoid the collective effects, we injected ten 0.03-
mA bunchesinto every third bucket. The longitudinal scan
of the streak camera was synchronized to one third of the
rf frequency. A x-ray filter of 10 x 550 nm was used to
reduce the diffraction effect in the optics. A dlit of 75+ 15-
pm effective width was used to clip the image right before
the streak camera.

Figure 2 showsthe pul selength with and without the dlit.
The profiles are overlapped for 300 shots. The one without
the dlit gives the original bunch length, which is 27.4 ps.
As acomparison, the zero current bunch length is about 20
ps. The one with the dlit gives 8.2 ps. Even though each
individual pulseis much shorter, the tunejitter changesthe
arrival time of the dlitted pulse and resultsin alonger over-
lapped profile. One can calculate the corresponding tune
jitter to be Av, = 1.6 x 10~%, which agrees with the tune
jitter measurement result. From the plot, one can calculate
the dlitted photon flux to be about 10% of the pulse.
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Figure 2: The length of the long-time-overlapped pulses.
Red crosses, without the dlit; blue squares, with the dlit.

At very low current, the wake field effect becomes neg-
ligible, and the decoherence is dominated by the longitu-
dinal diffusion. In that case the pulse compression ratio is
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Figure 3: The average length of the slitted pulse when the
timejitter is removed.

R ~ /2/[1 — exp(—mag/vs)]. Fig. 3 shows the average
dlitted-pulse length when the time jitter is removed man-
ually from the data. The value of 4.2 psis very close to
the predicted value of 4 ps. This pulse length is of inter-
est because the time jitter can be overcome with available
techniques[9]. Thetime jitter can even be utilized to scan
the interested interval.

THE SHORT PULSE GENERATION
SCHEME

Based on the above principle, we propose the short-pul se
generation scheme illustrated in Fig. 4. N bunches are
stored in the ring, afast kicker kicks one bunch (the black
one) at atime, and a second kicker gives areverse kick af-
ter one synchrotron period. A timing source controls the
kick and sends a delayed signal to the detector. The gate
of the detector opens only at the time when the tilt reaches
maximum. The tilted pulse (the black dotted lines) goes
through the focusing mirrors and the wave-length-filtering
monochromator like the normal pul se (the bluelong dashed
lines). Because of thetilt, the shorter pul se can be obtained
by an offset dit; therefore shorter pul se experiments can be
performed in parallel. It takes a few damping time peri-
ods for the beam size to damp down. Other bunches can be
kicked during theinterval; therefore, the repetition rate will
be ~ N/7,. In such a setup the vertical chromaticity does
not have to be low as long as the kick amplitude is much
bigger compared to the dlit width. An additional advantage
isthat there is no need to change the x-ray optics.
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Figure 4: The short-pulse generation scheme.

Take the APS as an example. Thetunejitter givesa13%
residue of centroid oscillation after the second kick. More
reverse kicks controlled by a real-time feedback can be ap-
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plied to eliminate the residue. Because of the decoherence,
the beam size increases by 40% of the kick amplitude. EL-
EGANT [10] simulation shows that a repetition rate of 1.2
kHz can be realized with 24 bunchesif the kick amplitude
is less than 0.05 mr. The 1~2-kHz frequency matches the
laser frequency in pump-probe experiments. In order for
the fast kickers to kick a single bunch, the pulse duration
should be less than 0.3 ps. The flux of each pulse will be
about 10% of a single bunch if an effective dit of 50 umis
used. The minimum pulse length will be about 3 ~ 4 ps
for abunch with 1 ~ 2-mA current. At higher current the
pulse length islonger and the repetition rate hasto be lower
due to the wake field decoherence and bunch lengthening.

There are methods to increase the photon flux. One way
isto store 24 bunch trainsinstead of singlets. Thisrequires
the kicker pulse to be flat-top; and the x-ray pulses might
be lengthened due to the long-range wake field. A second
method isto replace the dlit with acompression optics sim-
ilar to that proposed in Ref.[5]. We note the tune jitter re-
sults in about 6% tilt angle change, therefore degrades the
compression.
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