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We describe a new Sub-Picosecond Photon Source (SPPS) based on proposal to generate 30 GeV
bunches as short as 30 fs rms with the SLAC linac. The bunch is compressed in three stages, starting with
the existing ring-to-linac compressor. A second stage of compression will be added in the form of a simple
magnetic chicane installed at the 9-GeV location in the linac. The short bunch then generates a strong
wakefield in the linac which follows the chicane. This wake provides a large correlated energy spread
which alows a third stage of compression in the bends of the existing Final Focus Test Beam (FFTB)
beamline. A proposed 10 m long undulator in the FFTB can deliver ~10° 1.5 A photons per pulsein a0.1%
bandwidth with a peak brightness of ~10% photons/sec/mm?mrad?/0.1% BW, in a pulse width of ~80 fs
FWHM. The short electron bunches with peak currents as high as 30 kA are also ideal for plasma and
wakefield studies as well as providing abundant R& D possibilities for verifying short bunch behavior in the
future Linac Coherent Light Source (LCLS).

Introduction

The SLAC linac provides a unique opportunity to provide exceptionally high peak current
electron bunches that are ideal for the generation of hard X-ray radiation using an undulator.
Ultra-short electron bunches are of equal interest to high-energy physics and advanced
accelerator research. The proposal described here uses
test pulses in the linac in a pulse-sharing mode while
the linac continues to function as an electron-positron
injector for the PEP II storage rings. The proposed
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damping ring, which determines its final emittance.
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conventional sources towards the LCLS, as shown in Figure 1.

Since the SPPS electron beam does not have to satisfy the low emittance requirements for
SASE operation it becomes possible to compress the bunch harder in longitudinal phase
space without excessively diluting the initially larger transverse phase space of the beam.
Collective effects in the electron beam are also less of a limitation so that higher bunch
charges can be used for non-SASE operation. With 2.2%10" electrons the peak current in the
compressed bunch approaches 30 kAmp. The electron bunch compressriﬁn will be done in
three stages, starting with the existing Ring To Linac (RTL) compressor at the exit of the
damping rings. A second stage of compression requires the addition of a new magnetic
chicane to the linac at the 9 GeV location, as shown in Fjgufe 2] The third stage of
compression occurs in the chicane bend of the FFTB beamline.
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Figure 2. Layout of the SLAC accelerators showing the 3-stage bunch compression for
the SPPS.

The undulator will be located in the FFTB tunnel and is limited to about 10 m in length in
order to fit within existing beamline components. An X-ray diffracting element will deflect
the photon beam out of the FFTB tunnel to an experimental area. The planned
experimental area can house a variety of experiments that make use of the extremely short
time structure of the X-ray pulse and its high peak brightness. In an alternative mode of
operation, based on the introduction of a correlated longitudinal energy chirp in a partially
compressed linac bunch, temporal slicing of the emitted pulse with a crystal or multilayer can
produce pulses of similar peak brightness and substantially shorter duration.

i

The short pulse electron beam is algo of great interest for plasma wakefield acceleration™ and
other advanced accelerator studies® Such experiments can also be performed within the
FFTB tunnel, downstream of the undulator.

The present proposal for generating radiation with short bunches draws from several eatlier
ideas, starting with ﬁle idea to use an undulator at the end of the linac with the existing
uncompressed beam™ After the successful operation of the RTL bunch compressor for the
Stanford Linear Collider (SLC) seveﬁd proposals emerged to add further compressiorjEI These
included a 10 GeV beamline bypass™, a proposal to_use the SLC arcs as a compressor , and a

proposal for an LCLS style chicane in the ]jnacE! Simplified versions of the LCLS in a
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minimum startup conﬁguratioi]have also been considered. A proposal to use the FFTB
beamline as a weak compressor—, when combined with the idea to use an LLCLS style chicane
in the linac, gave rise to the present concept for generating ultra-short bunches, described
here.

Electron Beam Char acteristics

The electron beam parameters are largely governed by the boundary conditions of supplying
beam to the SPPS parasitically to PEP II operation. The PEP II injection bunches start at
the gun and pass through the damping rings and are further accelerated in the high-energy
linac. The positron and electron bunches for PEP 1I are extracted from the linac at the
~3 GeV and ~9 GeV locations respectively into bypass beamlines. A third electron bunch is
accelerated to the ~30 GeV location of the linac where it is extracted onto the positron
production target. Beyond this extraction point the last one third of the accelerating
structures of the linac remain unpowered. A fourth, “test beam” with a 10 Hz repetition
rate can be accelerated to the end of the linac, between PEP II injection cycles, into the
FFTB beamline with the nominal energy of ~30 GeV. The damping rings which operate
with a 16.6 ms store time determine the initial transverse emittance, which is typically Y€
~351 5 microns.

The damping ring bunch length is typically 6 mm at extraction before passing through the
Ring-to Linac (RTL) beamline where it can be compressed down to ~0.5 mm (or 1.6 ps)
rms. The RTL compressor uses a 2.1 m long section of S-band accelerating structure phased
at the zero crossing of the RF. An RF amplitude of ~34 MV is required to fully compress

the beam, given an Ry, = 0.6 m generated by the bends in the RTL beamline. The idealized
compression process is shown schematically in F
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Figure 3. Schematic of ideal bunch compression where the bunch is given a correlated
energy spread from head to tail followed by transport through a dispersive section whose
path length varies with energy (asin Fim

In order to get to sub-picosecond bunch lengths a second compression stage is required.
The limit as to how short a bunch can be achieved is set by the conservation of longitudinal

emittance of the beam. The ratio of the product of the initial bunch length, g, ., and energy

DR>

spread, 0Og,,, and initial energy, Epg, to the product of the final bunch length, 0, and energy
spread, O and final energy, E;, is constant. The final bunch length will be approximately
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Accordingly, the second bunch compression should be done at the maximum beam energy
to achieve minimum bunch length were it not for the deleterious emittance growth effects in
the bunch compression process that increase rapidly with energy.
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Figure 4. Layout of the magnetic chicane located at the 9 GeV location of the linac.

The second bunch compressor takes the form of a magnetic chicane using a simple
arrangement of four dipoles to int dispersive path length difference (Rg) in the
linac. The compressor, shown in 'zd:rjilephcates the design used in the LCLS bunch
compression scheme'. The location of the chicane in the linac is a compromise between
increasing emittance growth and decreasing bunch length. For practical purposes of
maintaining compatibility with PEP II operation the chicane will be located just downstream
of the beam extraction locations for the PEP II bypass lines. The beam energy at this
location is approximately 9 GeV and the correlated energy spread of 1.6% in the bunch is

introduced by accelerating at -20° from crest in the linac sections from the damping ring to

the chicane, as shown in Fhis results in a bunch length of approximately 50 pm,
or 165 fs rms, F

The applied RF accelerating voltage is not the only factor effecting the energy distribution
along the bunch. At the high peak currents considered here the longitudinal wakefield
generated by the bunch in the accelerating structure has a strong influence on the final
energy distribution. This is best seen by numerical tracking of individual particles through
the accelerator using a calculated wake potential for a point charge ref. The ideal bunch
compression described in equation (1) is only valid if the process remains linear, which is not
necessarily the case for strong wakefields. Through simulation studies it is found that this
can be alleviated by shaping the initial charge distributjon | bunch by over
cornpressin the bunch in the first RTL compressor, w Using a realistic
distribution for the bunch extracted from the damping ringll'z it is found that a 42 MV RF
amplitude giving a 1.2 mm rms bunch length results in the best linear energy distribution
along the bunch at the entrance to the chicane compressor at 9 GeV, as shown in Fi




1%

O'E/EEEO.OSOO %

o_= 6.0000 mm

[ECE  1.19000 GeV, N_ = 2.200%10%° ppb
0.3

0.4 -
0.2 0.06
° = o0.04
—0.2 0.02
o
o 2 4 —20 o 20
n/10° z/mm

81% 31% 81% 81%
- R

/%

31%

O /E[F1.1567 %

(E[= 1.18862 GeV,N_ = 2.200x10'° ppb

o= 6.0000 mm

o /EF1.0711 %

(ECF  1.18921 GeV,N_ = 2.133x10"° ppb

3 3f e,
> 2 0.06
1 1
o Ko <o.04
=} —
-1 1
2 oy 0.02
-3 -3 o,
o
o 1 2 3 10 o 10 =20 ~20 o 20
n/103 z/mm z/mm

o= 11584 mm

o

1
n/10°

N

GgEE@1.7113 %

4

[E[= 9.00125 GeV,N_= 2.133x10" ppb

|
N
o
N

z/mm

o _=1.1584 mm

5

6
0.3

a

2
= < 0.2

-2
0.1

-4
-6 _sl- o

o 2 4 -2 o 2 4 -2 o 2 4
n/103 z/mm z/mm

O /E[ZF1.6784 %

[ECE  9.00456 GeV,N_ = 2.112x10"° ppb

o= 0.0518 mm

6
10
4 8
2 £ s
o T oa
> 2
o
o 1 2 3 o 0.2 0.4
n/10° z/mm
o /[EF1.5511% [E[= 28.99587 GeV,N_= 2.112x10'°ppb o = 0.0518 mm
4 4
2 2
=
o w o
> -2
o 1 2 01 02 03 04 o 0.2 0.4
n/103 z/mm z/mm
o /(E[F1.5445 % [E(= 29.00192 GeV,N_= 2.090x10"° ppb o = 0.0259 mm
4 4 P
30
25
2
- 20
=
o o =15
10
> 5
o
o 1 2 0.1 0.2 0.3 0.1 0.2 0.3
n/10° z/mm z/mm




Figure5. (Previous page) Compression process at each stage where the energy
distribution is shown at left, the center picture is phase space distribution and the
longitudinal distribution is shown at right: a. At damping ring extraction, b. after RTL
RF, c. after RTL bends, d. at 9 GeV prior to chicane, e. after chicane, f. after linac at
FFTB entrance, and g. after FFTB bends. Bunch head toward z < 0.

At the exit to the chicane the bunch is compressed to 50 Um rms and generates even
stronger wakefields in the remainder_of the linac. This wakefield generates in turn a new
energy correlation along the bunch, which makes possible a third compression in
the FFTB. On the basis of equation (1) the higher energy of 28 GeV attained at the end of
the linac predicts a shorter bunch. A practical limit to the final compression is imposed by
the finite energy aperture of the beam line which sets an upper limit of 1.5% FWHM on the
allowable energy spread of the beam.

The existing FFTB beamline generates a small Rgg term in the small, dog-leg bend, which is

adequate for the final bunch rotation from 50 Pm to 12 Pm. The final compressed pulse,
shown in Fi has a FWHM of 80 fs has a peak current of 30 kAmps. The electron
beam properties are summarized in Table 1

Table 1 Summary of electron beam parameters

Parameter Symbol | Value | Unit
Bunch population N 2.2 10"
Damping Ring Energy Eor 1.19 GeV
Damping ring bunch length (rms) Tron 6.0 Mm
Damping ring energy spread (rms) Os,, | 0-08 %
Final normalized transverse emittance YE,, 501 10 | im
Bunch length after stage 1 (rms) g, 1.2 mm
Bunch length after stage 2 (rms) g, 50 HUm
Bunch length after stage 3 (rms) g, 12 HUm
Final pulse width, FWHM g, 80 fs
Final relative energy spread (rms) Os 1.5 %
Final energy E 28 GeV
Peak bunch current |k 30 kAmp

These parameters have also been verified by 6-D particle tracking using the code Elegan
The processes of incoherent synchrotron radiation (ISR) emittance growth and coherent
synchrotron radiation (CSR) emittance growth are taken into account in the chicane bends
and found to contribute less than 5% growth. Similarly in the FFTB the bend plane



emittance is expected to grow by ~5% and chromatic emittance growth is expected to add
another 2%.

Undulator Radiation

The existing FFTB beamline has an approximately 10 m long drift space just beyond the last
beamline dipole where an undulator can be installed. The layout of the FFIB is shown in
figure 6. ]\ vertical bend deflects the electrons down to a dump and provides a convenient
separation of the electron and photon beam. A crystal or multilayer reflector deflects the X-
rays out of the accelerator housing into a separate hutch for user experiments.
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Figure 6 Schematic layout of the FFTB tunnel showing placement of critical components.

Parameter Value Units
Undulator period 4.4 cm
Undulator length 10 m

Undulator K 6.25

Rep rate 10 Hz
Fundamental photon energy 8.3 keV

Peak Brightness ~1.2x10” Ph/s,mm’mr*,0.1%BW
Average Brightness ~1x10" Ph/s,mm’mr*,0.1%BW
Peak spectral flux ~3.4x10” Ph/s,0.1%BW
Average spectral flux ~2.7x10° Ph/s,0.1%BW
Output photons/raw pulse ~2.7x10’ Ph/0.1%BW
Coherent output photons/raw pulse ~7000 Ph/0.1% BW
Peak Power dens. @200:1 foc., in 1%BW 1.9x10" W/cm?

Table 2 Summary of undulator and radiation parameters.

The undulator will be based on a standard asymmetric Halbach hybrid device made of
NdFeB magnets and vanadium permendur polepieces, with a gap of 8.5 mm. The intention
is to generate radiation close to the 1.5 A nominal wavelength envisaged for the L.CLS. Since




the electron beam energy of the SPPS is almost twice that of the LCLS this implies a rather
high undulator parameter of K=6.25. As a result, the spectrum from the undulator is rich in
higher harmonics, as shown iff Figure 7] The parameters for the undulator are summarized in

The undulator will be built in 1 m long modules that can be translated into or out of the
beamline. The flexibility of the FFTB beamline is thus preserved, and will allow other
experiments to be performed using ultra-short electron bunches.
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Figure 7 (left) angle-integrated undul ator spectrum assuming zero beam energy spread,

(right) undulator spectrum integrated over the emittance-defined angular aperture of the
fundamental.

Ultrashort Pulse Production by Temporal Slicing

At minimal compression the linac pulses will be ~3200 fs FWHM, allowing for a well-
defined longitudinal energy chirp of up to ~1.5% to be superimposed by means of rf phase
adjustment. This will generate a corresponding energy chirp of ~3% in the X-ray pulse. As
shown in Figure 8,]diffracting this pulse off a multilayer with a reflectivity bandwidth
narrower than the chirp will reflect only that part of the pulse that fulfills thelﬁragg
condition, effectively slicing a proportionately short interval out of the incoming pulse™

Based on eatlier studies realizable multilayers with bandwidths of ~0.08% and efficiencies
of >50% will be used to generate pulses of down to ~80 fs duration. Exploring linac
parameter space in concert with the development of even narrower-bandwidth multilayers or

crystals to probe the limits of the pulse slicing technique will be one of the basic R&D
undertakings of the SPPS.
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Figure 8 Wavelength dependence of chirped LCLS pulse (top left). Wavelength
dependence of multilayer reflectivity (top right). Schematic side view of pulse/multilayer
interaction (bottom).

Short Pulse Timing

A notable feature of the SPPS is the sub-picosecond duration of the radiation pulse. This
invites the use of SPPS for fast time-resolved experiments. In considering this application,
one must consider the expected pulse-to-pulse variations in timing, intensity and pulse
width. The bunch compression process in the accelerator is sensitive to RF phase and bunch
charge since variations in either of these cause changes in the relative correlated energy
spread of the bunch. Random fluctuations in the accelerator RF phase and in the electron
gun output will cause a spread in the pulse widths and pulse arrival times as seen by the x-ray
experimenter. This spread can be estimated by particle tracking using a large number of
randomized initial starting conditions. Inhe spread is shown resulting from an rms
variation of 0.1° S-band in linac phase, a U.I% rms variation in linac voltage, a 0.5° S-band
rms phase variation of the damping ring plus a 2% rms variation in bunch charge. The mean
pulse width of 82 fsec has a rms variation of 19 fsec and the pulse arrival time varies by 0.26
ps rms.
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Figure 9 Estimated distribution in pulse width (Ieft) and pulse arrival time (right) arising
from phase and intensity variations in the accelerator.

These calculations show that, while the width of the SPPS pulse is well-defined at the 100 fs
level, the pulse arrival time fluctuates around the nominal value (defined by a synchron-
ization signal) by a significant fraction of a picosecond. This means that timing experiments
requiring synchronization, such as pump-probe experiments in which the SPPS x-ray pulse is
the probe and an external laser is the pump, would have their timing resolution limited by
the jitter in the pulse arrival time. Any jitter in the firing of the pump laser would of course
further limit the experimental resolution.

For pump-probe experiments that can be repeated, there is a way around this limit on the
time resolution. The technique involves precisely measuring the actual time interval between
pump and probe signal, for every shot. The experimental data can then be reordered ex post
facto. In this case, the limit on time resolution would be determined by the lengths of the
pump and probe pulses, and the precision in measuring the time interval between them.

At the femtosecond level, measuring the time interval between a laser pulse and an x-ray
pulse is not an easy task. One possible scheme is shown inThis scheme contains
two key features: 1) an x-ray/laser coincidence detector with fs resolution, and 2) a
geometric trick that translates time intervals into displacements. The x-ray and laser pulses
enter the coincidence detector at a large crossing angle. Their transverse dimensions are
tailored so that their overlap will occur in a small region of space, whose position depends
on the time interval between them. The overlap is detected by a physical process that
requires the simultaneous (at the fs level) presence of x-ray and optical radiation. cha
process could be a non-linear interaction with atomic electrons in a gas. Glover, et al.™; have
shown that x-ray photoelectron spectra can be highly modified by the presence of a strong
laser beam. Therefore, a position-sensitive detector tuned to the difference in photoelectron
spectrum and located at the crossing region of the x-ray and laser pulses, could measure the
time interval between them with fs precision.
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Summary

The opportunity to use the SLAC linac beam with only the relatively simple addition of a
new bunch compressor chicane provides a remarkably fast way to embark on a program of
femtosecond X-ray science. The SPPS is fully compatible with the operation of PEP II and
other SLAC programs, using spare machine cycles in the accelerator. The undulator would
be installed in an available space in the FFTB beamline where there is also space for an
adjacent X-ray user facility. The brightness and pulse width are significantly better than any
existing X-ray sources and would yield exciting new results in many fields. The SPPS
proposal represents an intermediate step towards the vast leap in beam parameters for the
planned Linac Coherent Light Source. Many of the LCLS techniques for bunch
compression, tuning and diagnostics will be tested first hand within the same infrastructure
as the future LCLS. As a result we can further expect to strengthen the LCLS design and
considerably reduce its commissioning time. The same applies to the experience gained with
pump probe experiments and handling of high power X-ray beams.

The ultra-short pulse electron beams are also of considerable interest to the high energy
physics program at SLAC. Advanced accelerator research using plasma wakefields expect
dramaticlilffects with shorter bunch lengths. A future laboratory astrophysics experimental
program—would fully exploit the intense fields associated with the high peak currents of
femtosecond pulses.
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