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Abstract

We report on the successful experimental generation of electron bunches with ramped cur-
rent profiles. The technique relies on impressing nonlinear correlations in the longitudinal phase
space using a superconducing radiofrequency linear accelerator operating at two frequencies and a
current-enhancing dispersive section. The produced ~ 700-MeV bunches have peak currents of the
order of a kilo-Ampere. Data taken for various accelerator settings demonstrate the versatility of
the method and in particular its ability to produce current profiles that have a quasi-linear depen-
dency on the longitudinal (temporal) coordinate. The measured bunch parameters are shown, via
numerical simulations, to produce gigavolt-per-meter peak accelerating electric fields with trans-

former ratios larger than 2 in dielectric-lined waveguides.

PACS numbers: 29.27.-a, 41.85.-p, 41.75.Fr



Electron acceleration is a rapidly-advancing field of scientific research with widespread
applications in industry and medicine. Producing and accelerating high-quality electron
bunches within very compact footprints is a challenging task that will most probably use
advanced acceleration methods. These techniques can be categorized into laser-driven [1-3]
and charged-particle-beam-driven methods [1-7]. In the latter scheme, a popular configu-
ration consists of a “drive” electron bunch with suitable parameters propagating through a
high-impedance structure or plasma medium thereby inducing an electromagnetic wake. A
following “witness” electron bunch, properly delayed, can be accelerated by these wakefields.

Collinear beam-driven acceleration techniques have demonstrated accelerating fields in
excess of GV/m [9, 10]. The fundamental wakefield theorem [3] limits the transformer ratio
— the maximum accelerating wakefield over the decelerating field experienced by the driving
bunch — to 2 for bunches with symmetric current profiles. Tailored bunches with asymmetric
, e.g. a linearly-ramped, current profiles can lead to transformer ratio > 2 [11]. To date,
there has been a small number of techniques capable of producing linearly-ramped electron
bunches. A successful experiment demonstrated the production of 50-A ramped electron
bunches using sextupole magnets located in a dispersive section [12] to impart nonlinear
correlation in the longitudinal phase space (LPS). Unfortunately, the method introduces
coupling between the longitudinal and transverse degrees of freedom which ultimately affects
the transverse brightness of the drive and witness bunches.

In this Letter we present an alternative technique that uses a radiofrequency (rf) linear
accelerator (linac) operating at two frequencies. It has long been recognized that linacs
operating at multiple frequencies could be used to correct for LPS distortions and improve
the final peak current [13, 11]. We show analytically and demonstrate experimentally how a
two frequency linac could be operated to tailor the nonlinear correlations in the LPS thereby
providing control over the current profile.

We first elaborate the proposed method using a 1D-1V single-particle model of the
LPS dynamics and take an electron with coordinates (z,9) where z refers to the longi-
tudinal position of the electron with respect to the bunch barycenter (in our convention
z > 0 corresponds to the head of the bunch) and § = p/(p) — 1 is the fractional mo-
mentum spread (p is the electron’s momentum and (p) the average momentum of the
bunch). Considering a photo-emission electron source, the LPS coordinates downstream

are (20,00 = agzo + bozs + O(z3)) where ag, and by are constants that depend on the



bunch charge and operating parameters of the electron source. For sake of simplicity
we limit our model to second order in zy and dy. Next, we examine the acceleration
through a linac operating at the frequencies f; and f,, = nf; with total accelerating voltage
V(z) = Vi cos(kiz+p1)+V, cos(knz+¢y,) where Vi, and ¢4 ,, are respectively the accelerating
voltages and operating phases of the two linac sections, and ki, = 27 f; ,/c. In our conven-
tion, when the phases between the linac sections and the electron bunch are ¢;, = 0 the
bunch energy gain is maximum (this is refer to as on-crest operation). Under the assumption
k1,20 < 1 and neglecting non-relativistic effects, the electron’s LPS coordinate downstream
of the linac are (2, = 2,8 = @20 + biz2) where a; = ag — e(k,Vising; + k,V, sinp,)/Ej,
by = by — e(k?V; cos o1 + K2V, cosp,)/(2E;) with e being the electronic charge and Ej the
beam’s average energy downstream of the linac. Finally, we study the passage of the bunch
through an achromatic current-enhancing dispersive section [henceforth referred to as “bunch
compressor” (BC)]. The LPS dynamics through a BC is approximated by the transforma-
tion 2y = Rs60; + Ts6607 where Rsg (also referred to as longitudinal dispersion), and Txgg
are the coefficients of the Taylor expansion of the transfer map (z;|;) of the BC. Therefore
the final position is given as function of the initial coordinates following z; = ayzo + bz}
with ay = 1 + a;Rs6 and by = b Rs6 + alzT s66- laking the initial current to follow the
Gaussian distribution Iy(zp) = Iy exp[—22/ (202,)] (where Iy is the initial peak current), and
invoking the charge conservation I¢(zf)dz = Iy(z9)dzo gives the final current distribution
I(zp) = o/ A2 (zp) expl—(ay + AV2(2))?/ (86202 )|O[A(z7)] where A(z) = a2 + 4byz
and O() is the Heaviside function. The latter current distribution does not include the effect
of the initial uncorrelated fractional momentum spread oj,. The final current, taking into
account oy, is given by the convolution Iy(zy) = [ dZyI}(Zf) exp[—(zy — Z5)?/(207)] where
Oy = R5GJ§0. The final current shape is controlled via ay and by and can be tailored to
follow a linear ramp as demonstrated in Fig. 1.

The experiment described in this Letter was performed at the Free-electron LASer in
Hamburg (FLASH) facility [15]. In the FLASH accelerator, diagrammed in Fig. 2, the
electron bunches are generated via photoemission from a cesium telluride photocathode
located on the back plate of a 1+1/2 cell normal-conducting rf cavity operating at 1.3
GHz on the TMg19 m-mode (rf gun). The bunch is then accelerated in a 1.3-GHz and 3.9-
GHz superconducting accelerating modules (respectively ACC1 and ACC39) before passing
through a bunch compressor (BC1). The ACC39 3rd-harmonic module was installed to
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FIG. 1: (color online) Analytically-computed current profiles for several values of by for fixed
ar = 2.5 (a) and for several values of ay with by = 0.7 (b). The numbers in (a) [resp. (b)] are the

values of by [resp. agl; for all the cases o, = 0.05.

nominally correct for nonlinear distortions in the LPS and enhance the final peak current of
the electron bunch [16]. Downstream of BC1, the bunch is accelerated and can be further
compressed in BC2. A last acceleration stage (ACC4/5/6/7) brings the beam to its final
energy (maximum of ~ 1.2 GeV). The beam’s direction is then horizontally translated using
a dispersionless section referred to as dogleg beamline (DLB). Nominally, the beam is sent to
a string of undulators to produce ultraviolet light via the self-amplified stimulated emission
free-electron laser (FEL) process. For our experiment, the bunches were instead vertically
sheared by a 2.856-GHz transverse deflecting structure (TDS) operating on the TM;;o-like
mode and horizontally bent by a downstream spectrometer [17]. Consequently the transverse
density measured on the downstream Cerium-doped Yttrium Aluminum Garnet (Ce:YAG)
scintillating screen is representative of the LPS density distribution. The horizontal and
vertical coordinates at the Ce:YAG screen are respectively x; ~ ndp, where n ~ 0.75 m is
the horizontal dispersion function, and y, ~ kzr where k ~ 20 is the vertical shearing factor
and (zp,0p) refers to the LPS coordinate upstream of the TDS. The exact values of 7 and
r are experimentally determined via a beam-based calibration procedure.

The accelerator parameters settings are gathered in Tab. I. The nominal settings of BC2
were altered to reduce its longitudinal dispersion RéQG) and the ACC2/3 and ACC4/5/6/7
accelerating modules were operated on crest. Such settings insure that the BC2 and the
DBL sections do not significantly affect the LPS beam dynamics. Therefore the measured

current profile is representative of the profile downstream of BC1.



TABLE I: Settings of accelerator subsystems relevant to the LPS dynamics used in the experiment

and simulations.

parameter symbol value unit
ACC1 voltage Vi [140-157] MV
ACC1 phase ¢1  [-10,10] deg
ACC39 voltage Vs [13,21] MV
ACC39 phase 03 [160-180] deg
ACC2/3 voltage Via—s 311 MV
ACC2/3 phase $1,2-3 0 deg
ACC4/5/6/7 voltage Via—7 2339 MV
ACC4/5/6/7 phase ©14-7 0 deg

BC1 longitudinal dispersion Rélﬁ) ~ 170 mm

BC2 longitudinal dispersion Ré? ~15 mm
Single-bunch charge Q 0.5 nC
Bunch energy E ~ 690 MeV

LPS diagnostics._Ce:YAG screen
DLB>*" "7\

] S—  —  — ) to
ACC2/3 ACCA4/5/6/7 T]IE:S\P~L ‘/‘;— --- FEL

laser ACC39 horizontal spectrometer

FIG. 2: (color online) Diagram of the FLASH facility. Only components affecting the longitudinal
phase space beam (LPS) dynamics of the bunches are shown. The acronyms ACC, BC, and DBL
stand respectively for accelerating modules, bunch compressors, and dogleg beamline (the blue
rectangles represent dipole magnets). The transverse deflecting structure (TDS), spectrometer

and Ce:YAG screen compose the LPS diagnostics.

In order to validate the simple analytical model described above, numerical simulations
of the LPS beam dynamics were carried using a multi-particle model. The simulations
also enable the investigation of possible detrimental effects resulting from collective

effects such as longitudinal space charge (LSC) and beam self interaction via coherent



synchrotron radiation (CSR) [1&]. In these simulations, the beam dynamics in the rf-gun
was modeled with the particle-in-cell program ASTRA [19] and the obtained distribution was
subsequently tracked in the accelerating modules using a 1D-1V program that incorporates
a one-dimensional model of the LSC. The program CSRTRACK [20], which self-consistently
simulates CSR effects, was used to model the beam dynamics in the BC1, and BC2 sections.
An example of simulated LPS distributions and associated current profiles computed for
different settings of ACC1 and ACC39 parameters appear in Fig. 3. The results indicate
that the production ramped bunches is possible despite the intricate LPS structures
developing due to the collective effects and higher-order nonlinear effects not included in
our analytical model. The simulations also confirm that the current profile upstream of the

TDS (as measured by the LPS diagnostics) is representative of the one downstream of BC1.
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FIG. 3: (color online) Simulated LPS distribution [(a) and (b)] with associated current profile
downstream of BC1 (solid blue trace) and DBL (dash red trace) [(c) and (d)]. The set of plots

[(a), (c)] and [(b), (d)] correspond to different (Vi 3,¢1.3) settings.

Figure 4 displays examples of measured LPS distributions with associated current profiles

obtained for different settings of ACC1 and ACC39. As predicted, the observed current
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profiles are asymmetric and can be tailored to be ramped with the head of the bunch
(z > 0) having less charge than the tail; see Fig. 4 (b-d). The latter feature is in contrast
with the nominal compression case at FLASH where the LPS distortion usually results in a
low-charge trailing population as seen in Fig. 4 (a).

We now quantify the performance of the produced current profiles to enhance beam-driven
acceleration techniques by considering a drive bunch injected in a cylindrical-symmetric
dielectric-lined waveguide (DLW) [6]. The DLW consists of a hollow dielectric cylinder with
inner and outer radii @ and b. The cylinder is taken to be diamond (relative electric permit-
tivity €, = 5.7); and its outer surface is contacted with a perfect conductor; see Fig. 5 (a).
The measured current profiles are numerically convolved with the Green’s function associated
to the monopole mode to yield the axial electric field [21]. These semi-analytical calcula-
tions were benchmarked against finite-difference time-domain electromagnetic simulations
executed with VORPAL [22]. The transformer ratio is numerically inferred as R = |Ey/E_|
where E_ (resp. F.) is the decelerating (resp. accelerating) axial electric field within (resp.
behind) the electron bunch; see Fig. 5 (b). The achieved R and E values as the structure
geometry is varied are shown in Fig. 6. As a € [20,300] pm and b € a + [20,300] pm
are varied the wavelengths of the excited wakefield modes change. The simulations show
that profiles (b) and (c) of Fig. 4 can yield values of R > 2. A possible configuration
with (a,b) = (20,60) pm, results in R ~ 5.8 with E* ~ 0.75 GV/m; see corresponding
wake in Fig. 5 (b). Such high-field with transformer ratio significantly higher than 2 and
driven by bunches produced in a superconducting linac could pave the way toward compact
high-repetition-rate short-wavelength FELs [23].

Finally, the proposed technique could be adapted to non-ultrarelativistic energies using
a two- (or multi-) frequency version of the velocity-bunching scheme [24]. Such an im-
plementation would circumvent the use of a BC and would therefore be immune to CSR
effects.

In summary we proposed and experimentally demonstrated a simple method for shaping
the current profile of relativistic electron bunches. The technique could be further refined
by, e.g., including several harmonic frequencies.
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FIG. 4: (color online) Snapshots of the measured longitudinal phase spaces (left column) and
associated current profiles (right column) for different settings of the ACC1 and ACC39 accelerating
modules. The values (V1, ¢1; V3, ¢3) [in (MV,° MV ,°)] are: (150.5, 6.1; 20.7, 3.8), (156.7, 3.8; 20.8,
168.2), (155.6, 3.6; 20.6, 166.7), and (156.8, 4.3; 20.7, 167.7) for respectively case (a), (b), (c), and

(d).
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FIG. 5: (color online) Cylindrical-symmetric dielectric-loaded waveguide considered (a) and axial

wakefield produced by the current profile shown in Fig. 4 (¢) for (a, b)=(20,60) pm.
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FIG. 6: (color online) Simulated transformer ratio versus peak accelerating field (a) for the four
measured current profiles (displayed as different colors with label corresponding to cases shown in
Fig. 4). Transformer ratio (false color map) as a function of the DLW inner radius a and dielectric
layer thickness b — a with corresponding |E™| shown as isoclines with values quoted in MV /m for

case (c) of Fig. 4.
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