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Abstract

The ideal drive beam current profile for the plasma
wakefield accelerator (PWFA) has been predicted by 1D
and 2D simulationsto be characterized by atriangular ramp
that rises linearly from head to tail, followed by a sharp
drop. A technique for generating such bunches experi-
mentally was recently demonstrated. We present here an
adaptation of this scheme to generate ramped bunches us-
ing the 23 GeV electron beam produced in the first two-
thirds of the SLAC linac, and discuss plans to implement
this schemefor high transformer ratio demonstration exper-
iments at the FACET plasmawakefield accelerator facility.

INTRODUCTION

A drive bunch having a ramped (i.e. triangular) current
profile that rises gradually from head to tail, followed by a
sharp drop, approximates the " doorstep” profile which lin-
ear plasmatheory [1] and recent 2D simulations[2] predict
to be the ideal shape for the current profile of the beam
used to drive the accelerating wake fieldsin a PWFA. This
type of drive beam maximizes the energy transfer from the
drive beam to the trailing witness bunch (a process quan-
tified in terms of a parameter called the transformer ratio,
defined by R = E/E_ where E. isthe peak accelerat-
ing field behind the bunch and E _ isthe peak decelerating
field within the bunch). One of the experimenta objec-
tives of FACET program at SLAC will be to generate and
demonstrate acceleration in aplasmawith high transformer
ratios (R > 2) by using a drive beam characterized by an
asymmetric current profile that rises linearly from head to
tail and then drops abruptly to zero. A technique for gen-
erating linearly ramped single-bunch current profiles has
been experimentally demonstrated [3], and another tech-
nique has been recently proposed [4]. In the following
sections, we use particle tracking and particle-in-cell (PIC)
simulationsto explorethe application of amodified version
of the techniquein Ref. [3] to create high transformer ratio
drive bunches for the PWFA experiment at FACET.

PIC SSMULATION RESULTS

The technique demonstrated in Ref. [3] requires inject-
ing an electron bunch with a positive energy chirp (i.e. par-
ticles at the head of the bunch are at higher energy) into
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Figure 1: Schematic of the FACET beamline (not to scale).
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Figure 2: Particle tracking simulations of the FACET
beamline showing longitudinal phase space (a) at entrance
of FACET chicaneand (b) after collimation withthe R 56 =
0 chicane optics, with (c) final ramped current profile cor-
responding to the distribution in (b).

a dispersive beamline, which serves as a bunch compres-
sor. The nonlinear curvature imposed upon the longitudi-
nal phase space distribution by the sinusoidal variation of
the accelerating fields, combined with the negative longi-
tudinal dispersion (or Rsg) in the compressor, resultsin a
hook-shaped distribution in longitudinal phase space, the
projection of which onto the z-axis gives aramped current
density.

In adapting this techniqueto the FACET experiment, we
observe that the second and third compression stages in
the FACET beamline (marked as "LBCC” and "FACET”
in Fig. 1) both operate with a negative Rs¢. The canonical
optics configuration for these compressors is designed to
produceafully compressed (14 m sigma, 23 kA) approxi-
mately Gaussian drive bunch at the interaction point. How-
ever, in the region between the LBCC and FACET com-
pressors, the shape of the phase space distribution is close
towhat is desired for ramped bunches, as seenin Fig. 2(a),
which showsaliTrack simulation of thelongitudinal phase
space. A simple option for approximating the technique of
Ref. [3] isthereforeto reduce the compression, and use the
FACET collimatorsto eliminate the low-energy tail seenin
Fig. 2(a). Anoptical configuration for accomplishing this
was recently proposed in Ref. [5].

An ELEGANT simulation of the longitudina phase
space of the SLAC beam after transport through the mod-
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Figure 3: Particle-in-cell simulation of the ramped bunch
of Fig. 2(c) in a pre-ionized plasma of density ng =
1.2 x 10'7em™2 showing () drive beam and plasma el ec-
tron density (in orange and blue respectively) and (b) axial
electric field as functions of z normalized to the plasma
skin depth.

ified optics is shown in Fig. 2(b). Collimation has been
used to remove the high and low-energy tails, resulting in
a 63 % loss in total charge (from 3 nC to 1.1 nC). The
resulting current profileis shown in Fig. 2(c). A particle-
in-cell simulation using the UCL A-based code QUICKPIC
of the current profile from Fig. 2(c) propagating in a pre-
ionized plasma of density ng = 1.2 x 107cm~3 is shown
in Fig. 3. The color contour plot in Fig. 3(a) shows drive
bunch electron density in orange (propagating to the right)
and plasma electron density in blue. The strong radial elec-
tric field of the drive bunch expels plasma electrons from
its path, producing a set of rarified ion bubbles (shown in
white) characteristic of the plasma wake in the so-called
blowout regime, where the drive bunch density n;, is much
larger than the plasma density no. For the case of Fig. 3,
ny/no = 23. Fromthelinear theory for atriangular current
profile of length L, the transformer ratio is approximately
R =~ kpL/2 = 5. Thisis surprisingly consistent with the
value obtained by dividing the peak accelerating field by
the peak decelerating field from the longitudinal electric
field profilein Fig. 3(b), R = E/E_ = 6, even though
the simulated case is highly nonlinear.

IMPROVED OPTICS

We notethat the isochronous optical configuration of the
prior section was derived independently of the canonical
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Figure 4: Symmetric beta functionsin the FACET chicane
for (a) Rs6 = 4 mm and (b) R5¢ = 0 cases with same in-
put/output Twiss parameters, obtained using alternate lat-
tice configuration.

lattice configuration for generation of high peak current
single and double bunches described in Ref. [5], and thus
requires very different matching conditions at the chicane
entrance. |deally one would like to be able to switch be-
tween the vari ous experimental modes of operation without
having to retune the upstream matching optics. To derive
an isochronous configuration compatible with this scheme,
the chicane lattice was re-optimized via a matching algo-
rithm using the beam optics code MAD8. A set of chi-
cane quadrupole current values was thereby derived which
allows for continuous adjustment of the longitudinal dis-
persion (Rs5) from -10 mm to O without modification of
the upstream or downstream optics. This constitutes an ex-
tension of previously obtained canonical optics designedto
allow such variation between -10 mm and -4 mm in order
to switch between the single and doubl e bunch (drive + wit-
ness) scenarios[6]. ELEGANT simulationsof theresulting
beta functions for the Rs¢ = 4 mm (high peak current sin-
gle bunch) and R5¢ = O (ramped bunch) cases are shown
respectively in Fig. 4(a) and (b). The current profile and
expected transformer ratio for the R5¢ = 0 case with this
configuration were found to be equivalent to those of Fig.
2(c).

In developing a continuous knob to vary the Rs¢ of
the chicane, the question naturally arises whether an
isochronous configuration is optimal for maximizing the
transformer ratio. By extending the R 56 to positive values,
and thereby decompressing the bunch, one could produce
alonger ramp, with higher transformer ratio, but at the ex-
pense of decreased peak current. In addition, sextupoles
magnets in the existing design could potentially be used
to impose a quadratic transformation on the longitudinal
phase space (via the second order longitudinal dispersion,
or Tse6) to enhance the triangular shape of the bunch. To
serve as ametric for the triangularity of the bunch, the cur-
rent profile was fitted to a function consisting of two Gaus-
sians of equal amplitude, joined at their peaks but with dif-
ferent fitted sigmas (o for the head and o2 for the tail of
the bunch).

The canonical input phase space distribution at the
FACET chicane entrance was then artificially manipulated
via a first and second order matrix transformation using
Mathematica. The values of the R5¢ and T5¢6 Were then
scanned over a range of values (—3 mm to +3 mm and

Advanced Concepts and Future Directions



Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA

©
Col: 00050017

(a) Variation of R56, T566

-02 -01 0 01 02 03 04

0 005 01 015 02

025 03

(b) o2 (mm) ( d) z (mm)
Variation of R56, T566 7000 R56 =0003
30 v )
6000
25 L R56 = 3mm, T566 = 0.3 m
- . . 5000
20 3 3 4000
E i} 1A)
T . H . 3000
. 3 i
10 . : i 2000
. . JIEN
’ i I i i I | o "““/Jﬂm \\
3 =2 -1 o 1 B 3 -1 -075 -05 -025 0 025 05
R56 (mm) tps)

Figure 5: Parameter scan of longitudinal phase space trans-
formation showing (&) front vs. back-of-bunch sigma val-
ues, (b) approximate transformer ratio vs. R 56, (c) initia
(red) and final (black) longitudinal phase space for the pa-
rameter points highlightedinred in (a) and (b), and (d) the
current profile corresponding to the phase space density in

(©).

—0.3 mto +0.3 m respectively). The collimation was ap-
proximated by apair of energy filters which were indepen-
dently varied by + 3 to 0.5%. The results of this param-
eter scan in terms of the resulting o1, o2 values and their
ratio are shown respectively in Fig. 5(a) and (b). Since
thetail of the bunch must lie within the accelerating region
(02 < k, 1), and since the transformer ratio scales approx-
imately as R = k, L /2, theratio of the two sigmavaluesis
ametric for the maximum transformer ratio (o1 /o2 =~ 2R).
Predictably, the highest o1 /o5 value [highlighted in red in
Fig. 5(a), (b)] within the scan range occurs at maximum de-
compression (Rs¢ = +3 mm). Less obviousis that the cor-
responding Ts¢6 Value is 0.3 m, or three times larger than
the value for the canonical lattice configuration. Theinitial
and transformed phase spaces are shown in red and black
respectively in Fig. 5(c), with the resulting current profile
and fitted bi-gaussian function shown in (d) in black and
red respectively. The maximal value of o1 /o2 = 30 would
correspond roughly with a transformer ratio of 15. How-
ever, the peak current /,, is reduced from the isochronous
case of Fig. 2 by afactor of 2. Since the accelerating gradi-
ent for atriangular bunch in the blowout regime scales with
square root of peak current, this would correspond to a /2
reduction in gradient.

It should be emphasized that the resultsin Fig. 5 are an
artificially imposed phase space transformation, and not the
result of particletrackingin arealistic lattice. Theability to
match the FACET chicane opticsto thelongitudinal disper-
sion values corresponding to Fig. 5(d) appearsto belargely
limited by the lack of sufficiently many independent sex-
tupoles to simultaneously increase the 7566 and minimize
chromatic emittance growth in the beam line. It is also of
interest to generate a witness bunch behind the drive beam
to selectively sample the peak accelerating phase of the
wake. The present technique does not appear well suited
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to this goal, as the required decompression of the bunch
does not alow for a clean separation of drive and witness
bunch within the span of a single plasma skin depth. One
aternative is to alow the tail of the bunch to extend suf-
ficiently far into the first accelerating bucket to sample the
high gradient portion of the wake. These will be subjects
of continuing study.

CONCLUSIONS

We have proposed a scheme for generating high trans-
former ratio drive bunches for the FACET plasma wake-
field experiment using an isochronous chicane configura-
tion and energy collimation. The optics have been designed
to allow for changing the longitudinal dispersion of the chi-
cane in order to accommodate the requirements of this and
other planned plasma wakefield experiments without the
need to significantly retune the upstream matching optics
or linac parameters. Particle-in-cell simulations of the re-
sultant bunches propagatingin a pre-ionized plasmaof den-
sity 1.2 x 10'7 cm~3 predict atransformer ratio of 6, which
exceeds the limit for symmetric drive bunches by a factor
of 3. A parameter scan of the first and second order lon-
gitudinal phase space transformation suggests that higher
transformer ratios may be possible with this approach by
linearly decompressing the bunch and imposing a second
order quadratic energy correlation, but at the expense of a
reduction in peak current and peak accelerating gradient.

ACKNOWLEDGEMENTS

We thank Yuri Nosochkov and Mark Woodley for help-
ful discussions and assistance with the use of MADS.

REFERENCES

[1] K. L. F Bane, Pisin Chen, and P. B. Wilson. On Collinear
Wake Field Acceleration. Technical Report SLAC PUB-
3662, Stanford Linear Accelerator Center, Stanford, CA
94305, April 1985.

[2] K.V. Lotov. Efficient operating mode of the plasmawakefield
accelerator. Physics of Plasmas, 12:053105, May 2005.

[3] R.J. England, J. B. Rosenzweig, and G. Travish. Generation
and Measurement of Relativistic Electron Bunches Charac-
terized by a Linearly Ramped Current Profile. Phys. Rev.
Lett., 100:214802, 2008.

[4] P Piot, Y. E. Sun, J. G. Power, and M. Rihaoui. Generation
of relativistic electron bunches with arbitrary current distri-
bution via transverse-to-longitudinal phase space exchange.
Phys. Rev. ST-AB, 14:022801, 2011.

[5] R. J. England, J. Frederico, M. J. Hogan, P. Muggli, and
C. Joshi. Drive beam shaping and witness bunch generation
for the plasma wakefield accelerator. In Proceedings of the
2010 Particle Accelerator Conference, 2010.

[6] Y. Nosochkov, M. J. Hogan, and W. Wittmer. Optics tuning
knobs for FACET. In submitted to Proceedings of the 2011
Particle Accelerator Conference, IEEE, 2011.



