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Abstract

We report our experimental demonstration of longi-
tudinal phase space modulation using a transverse-to-
longitudinal emittance exchange technique. The experi-
ment is carried out at the A0 photoinjector at Fermi Na-
tional Accelerator Lab. A vertical multi-slit plate is in-
serted into the beamline prior to the emittance exchange,
thus introducing beam horizontal profile modulation. After
the emittance exchange, the longitudinal phase space coor-
dinates (energy and time structures) of the beam are mod-
ulated accordingly. This is a clear demonstration of the
transverse-to-longitudinal phase space exchange. In this
paper, we present our experimental results on the measure-
ment of energy profile as well as numerical simulations of
the experiment.

INTRODUCTION

Recent years have witnessed an increasing demand for
precise phase-space control schemes. In particular, elec-
tron bunches with a well-defined temporal distribution are
often desired. An interesting class of temporal distribution
consists of a train of microbunches with sub-picosecond
duration and separation. Applications of such trains of mi-
crobunches include the generation of super-radiant radia-
tion [1] or the resonant excitation of wakefield in plasma
wakefields accelerators or dielectric-loaded structures [2].
We have recently explored an alternative technique based
on the use of a transverse-to-longitudinal phase space ex-
change method [3, 4]. The method consists of shaping the
beam’s transverse density to produce the desired horizontal
profile. The horizontal profile is then mapped onto the lon-
gitudinal profile by a beamline capable of exchanging the
phase space coordinates between the horizontal and longi-
tudinal degrees of freedom. Therefore the production of a
train of microbunches simply relies on generating a set of
horizontally-separated beamlets upstream of the beamline.
The backbone of the proposed technique is the transverse-
to-longitudinal phase space exchange which was recently
proposed as a means to mitigate the microbunching insta-
bility in high-brightness electron beams [5] or to improve
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the performance of single-pass FELs [6]. A simple opti-
cal lattice capable of performing this phase space exchange
consists of a horizontally-deflecting cavity, operating on
the TM110 mode, flanked by two horizontally-dispersive
sections henceforth referred to as “doglegs” [7]. Under the
thin lens approximation the initial transverse phase space
coordinates (x0, x

′
0) are mapped to the longitudinal phase

space coordinates (z, δ) following [8]{
z = − ξ

ηx0 − Lξ−η2

η x′
0

δ = − 1
ηx0 − L

η x
′
0,

(1)

where L is the distance between the dogleg’s dipoles, and
η and ξ are respectively the horizontal and longitudinal dis-
persions generated by one dogleg. The coupling described
by Eq. 1 can be used to arbitrarily shape the temporal dis-
tribution of an electron beam [9].

EXPERIMENTAL SETUP

The experiment was carried out at the Fermilab’s A0
Photoinjector [10] and the corresponding setup is discussed
in Ref. [11]. A ∼ 16 MeV beam produced by a photoin-
jector can be directed to a “straight ahead” or emittance
exchange (EEX) beamlines.

The “straight ahead” beamline incorporates an
horizontally-bending spectrometer equipped with a
cerium doped yttrium aluminum garnet (YAG:Ce) screen
(henceforth referred to as XS3) for energy measure-
ment. The horizontal dispersion value at XS3 location is
|ηx,XS3| = 317 mm.

The other beamline, the emittance exchange (EEX)
beamline, implements the aforedescribed double-dogleg
emittance exchanger [12]. The doglegs consist of dipole
magnets with ±22.5◦ bending angles and each generate a
horizontal and longitudinal dispersions of η � −33 cm
and ξ � −12 cm, respectively 1. The deflecting cavity
is a liquid-Nitrogen–cooled, normal-conducting, five-cell
cavity operating on the TM110 π-mode at 3.9 GHz [13].
The lattice downstream of the EEX beamline includes three
quadrupoles, a suite of standard beam diagnostics and a
vertical spectrometer. Downstream of the EEX beamline,
at X24, coherent transition radiation (CTR) generated as
the beam impinges an Aluminum screen can be measured

1In our convention the head of the bunch is for z < 0.
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using a bolometer. The vertical dispersion generated by the
vertical spectrometer at the downstream XS4 YAG screen
is |ηy,XS4| = 944 mm.

For the proof-of-principle experiment, the production
of a transverse modulation was achieved by passing the
beam through a set of remotely insertable vertical slits at
X3. This multislit mask, nominally designed for single-
shot transverse emittance measurements, consists of 50 μm
wide slits made out of a 3-mm-thick tungsten plate. The
slits are separated by 1 mm. Less than 5 % of the incoming
beam is transmitted through the mask. This mask is obvi-
ously not optimized for the present experiment: a smaller
slits spacing would be more beneficial to increase the total
transmitted charge and to get a smaller separation between
the bunches after the EEX beamline.

ENERGY MODULATIONS

The beam was first diagnosed in the straight-ahead line
and the spectrometer to ensure especially that no energy
modulation was observable. The resulting set of observa-
tions is depicted in Fig. 1.
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Figure 1: Characterization of the transversely modulated
beam upstream of the emittance exchanger showing the
beam transverse density at X3 (before inserting the mul-
tislit mask) (a), the beam density at X5 after insertion of
the multislit mask at X3 (b), an example of beam energy
spectrum measured at XS3 with X3 slits inserted (c). The
plots (d, e, f) in the right column are the corresponding hor-
izontal projections.

The beam was then transported through the EEX beam-
line. Powering the cavity to its nominal deflecting volt-
age resulted in the appearance of an energy modulation
at XS4; see Fig. 2. These observations clearly demon-
strate the ability of the EEX beamline to convert an incom-
ing transverse density modulation into an energy modula-
tion. In the present measurement the incoming horizon-
tal Courant-Snyder (C-S) parameters at the EEX beamline
entrance were empirically tuned to maximize the energy

modulation. However other C-S parameters settings can
map the initial modulation into a temporal modulation as
can be inferred from Eq. 1.
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Figure 2: Characterization of the transversely modulated
beam upstream of the emittance exchanger showing the
beam transverse density at XS4 with the deflecting cavity
off (a) and on (b), The plots (c,d) in the right column are
the corresponding vertical projections. The vertical axis y
is proportional to the fractional momentum spread.

Start-to-end simulations were performed in order to pro-
vide insight on the experimental results. The program AS-
TRA [14] was used to model the beam dynamics from the
cathode to X3 using the same photoinjector settings as used
during our experiment. The effect of the multislit mask
was simulated and the resulting distribution was tracked up
to XS4 using ELEGANT [15] without including collective
effects. The quadrupoles upstream of the EEX beamline
were empirically tuned following the experimental proce-
dure resulting to simulations in qualitative agreement with
the measurements [11]. The corresponding simulated lon-
gitudinal phase space downstream of the EEX beamline is
shown in Fig. 3(a). The phase space is significantly corre-
lated and therefore has both energy and temporal modula-
tions.

TEMPORAL MODULATIONS

To characterize the expected temporal modulations we
detect coherent transition radiation (CTR) shining out of a
single-crystal quartz windows as the beam impinges an alu-
minum mirror. The spectral intensity radiated by a bunch
of N electrons by the CTR process is related to the single
electron intensity dI

dω

∣∣
1

via dI
dω

∣∣
N

= dI
dω

∣∣
1
[N +N2|S(ω)|2]

where S(ω) is the intensity-normalized Fourier transform
of the normalized charge distribution S(t) [16]. The CTR
occurs at frequencies smaller than the cut off frequency
fc ≡ c/{2πσz[1 + [σ⊥/(γσz)]

2]1/2} where σz and σ⊥
are respectively the bunch length and transverse size at the
CTR radiator location (the beam is assumed to be cylindri-
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Figure 3: Simulated longitudinal phase space (t, δ) down-
stream of the EEX beamline (a) and resulting bunch form
factor [red trace in plot (b)]. The blue trace in plot (b) is the
bunch form factor computed for the entire beam (360 pC)
at X24 i.e. when the X3 slits are not inserted. In image (a)
t > 0 corresponds to the tail of the bunch.

cally symmetric). In addition if the bunch consists of a train
of identical microbunches with periodicity τ the spectrum
will be enhanced at frequencies fn = n/τ (n is an integer).
The CTR spectrum is representative of the temporal bunch
distribution providedσ⊥ � γσz . In addition imperfections
due to the frequency-dependent transmissions of the THz
beamline components alter the spectrum of the detected
CTR. The computed bunch form factors (BFFs) |S(ω)|2
from the simulated macroparticle ensemble are shown in
Fig. 3 for the case of the entire bunch, i.e. without slits X3
inserted, (blue solid trace) and for the case corresponding
to image (a) of Fig. 3 (red dash trace). At f1 � 0.7 THz
[indicated by the vertical green dash line in Fig. 3 plot (b)]
the microbunch train BFF is strongly enhanced due to the
intra-bunch coherence and is higher than the single bunch
BFF.
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Figure 4: Simulated autocorrelation functions versus op-
tical path difference (OPD) without (a) and including (b)
frequency dependent transmission of the THz beamline el-
ements. In plot (b) the traces corresponds to four values of
σ⊥ (for these simulations γ = 30).

In our experiment the CTR is collimated by an off-axis
parabolic mirror and sent to a Michelson autocorrelator.
The autocorrelated signal is detected using a He-cooled
bolometer. A train of N microbunches is expected to yield
an autocorrelation function with 2N − 1 peaks; see Fig. 4
(a). To date we successfully measured the autocorrelation
function associated to the beams discussed in the previous
section with estimated charge ≤ 20 pC. However we have

not been able to observe a multi-peaked autocorrelation
function. We briefly elaborate on possible causes. Firstly
only frequencies in the band [0.1, 3] THz are transmitted
through the system (the upper frequency limit comes from
the crystal quartz vacuum windows) this should not affect
our ability to resolve the multibunch structure but would
prevent us from measuring the size of each microbunch;
see blue trace in Fig. 4 (b). Another possible cause comes
from the large transverse beam size at the CTR radiator
location. As shown in Fig. 4 (b), the autocorrelation
function amplitude weakens and its multi-peaked features
eventually washes out as the transverse spot size increases.
The transverse spot size on the CTR radiator could not be
monitored during the experiment due to technical difficul-
ties. However the large horizontal transverse emittance
downstream of the exchanger (γεx � 20 μm with typical
betatron functions β � 10 − 20 m can easily results in
transverse rms beam sizes in excess of 2 mm. In the next
round of experiment, we plan on carefully monitoring
and minimizing the transverse beam size. Based on
our calculations this should insure the observation of
multi-peaked autocorrelation functions. In addition, we
plan to upgrade the crystal quartz vacuum window to a
diamond window thereby allowing the transmission of
higher frequencies. Such an improvement should enable
the precise measurement of the microbunch lengths within
the train.
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