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Abstract

A single-shot longitudinal phase space diagnostics ex-
periment is currently being commissioned at the Argonne
Wakefield Accelerator (AWA). The diagnostic beamline
consists of two magnetic dipoles that bend the beam hor-
izontally followed by an rf deflecting cavity that streaks
the beam vertically. Using this configuration, the incoming
longitudinal phase space can be mapped to a final (x, y)
plane which can be directly measured, e.g., using a YAG
screen. In this paper we discuss the performances of such
longitudinal phase space diagnostics and present its exper-
imental status.

INTRODUCTION

Many advanced-acceleration and light-source concepts
rely on the production of bright electron beams. Diag-
nosing these beams with unprecedented parameters can
be challenging. In this paper we discuss the design
and construction of a single-shot longitudinal phase space
(LPS) diagnostics about to be commissioned at the Ar-
gonne Wakefield Accelerator (AWA) [1]. A transverse-to-
longitudinal phase space exchange (PEX) experiment has
been proposed as a mean to shape the electron beam’s cur-
rent distribution. In this scheme a horizontally-deflecting
cavity is flanked by two dispersive sections arranged as
doglegs [2, 3]. As a first step toward building this PEX
beamline, we have installed the upstream dogleg and a
transverse deflecting cavity (TDC); see Fig. 1. In its present
configuration, the TDC deflects the beam vertically thereby
providing an opportunity for single-shot LPS measurement
while commissioning and characterizing the key compo-
nents of the PEX beamline. In the constructed “LPS beam-
line”, the initial LPS coordinates (z0, δ0) are mapped to
the transverse plane (x, y) while minimizing other corre-
lation terms. Therefore the method can image the initial
LPS distribution on a transverse screen located downstream
of the TDC. Similar experiments have recently been per-
formed at other facilities [4, 5]. In our configuration, the
dispersive section is upstream of the TDC; see Fig. 1. The
TM110-like TDC operates at 1.3 GHz and consists of 1/2-
1-1/2 cells [6]. The TDC is nominally operated at the zero-
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crossing phase of the field so that the head and tail of the
bunch are subject to opposite transverse momentum kicks
thereby streaking the beam [7].

The LPS beamline is located downstream of the AWA’s
main beamline, after the beam, produced in an L-band rf-
gun, has been accelerated to ∼ 15 MeV in a 1.3-GHz
booster cavity. The simulations presented below start at
s = 2.79 m from the photocathode and the transport line to
the first dipole magnet (D1 located at s � 5.4 m) includes
a solenoid (at z � 3.1 m) that provide some control over
the transverse Courant-Snyder (C-S) parameters upstream
of the LPS diagnostics beamline.

BEAMLINE DESIGN

The LPS beamline consists of two magnetic dipoles,
an rf transverse deflecting cavity, three quadrupoles and
three YAG screens. The dogleg horizontally disperses
the beam so that the horizontal position downstream is
x(s) = ηx(s)δ0 + hx where ηx(s) is the horizontal dis-
persion function at the axial location s, δ0 is the initial
fractional energy spread, and hx is a quantity that includes

Figure 1: 3D rendition of the single-shot LPS diag-
nostics. GV is the gate valve, Q1, Q2, Q3 represent
the quadrupoles, YAG1,YAG2, and YAG3 are the YAG
screens, D1, D2 are dipoles, and TDC is the transverse de-
flecting cavity. [Courtesy of S. Doran (AWA)]
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other contributions (such as initial emittance). The TDC
deflects the electron beam vertically and the beam position
downstream of the TDC is related to the longitudinal coor-
dinate upstream of the TDC, zc, via y = κzc + hy where
κ ≡ (2π/λ)|e|Vy/E is the TDC’s normalized deflecting
strength (here e is the electronic charge, λ � 0.23 m is
the free-space rf wavelength, Vy the deflecting voltage, and
E the beam’s energy [8, 9]. In the latter equation, hy de-
scribes the contribution from other initial coordinates. If
the dogleg is made achromatic then zc = z0 (where z0 is
the longitudinal position upstream of the LP beamline) and
under linear and single-particle-dynamics approximations,
the longitudinal emittance upstream of the LPS can be in-
ferred from

ε2z0 =

(
βγ

ηκ

)2

[〈x2〉〈y2〉 − 〈xy〉2 +Hx0,y0 ],

where γ is the Lorentz factor and β ≡ (1 − 1/γ2)1/2 and
Hx0y0 is a resolution-limiting term depending on the initial
transverse emittances.

The quadrupole magnet Q1 controls the longitudinal dis-
persion R56 of the dogleg and can especially be use to set
the dogleg achromatic (R56 = 0), doing so also sets the
downstream dispersion. The quadrupoles Q2 and Q3 are
tuned to insure the beam spot on YAG3 is dominated hor-
izontally by the dispersion term (ηxδ0) and vertically by
the streaking term (κz0). Finally, two horizontal slits are
used in the setup. A first slit, with variable vertical gap, lo-
cated upstream of the LPS diagnostics beamline, samples
the beam thereby mitigating space charge effects in the LPS
beamline. A second slit with 100-μm vertical gap, located
upstream of the TDC, limits the vertical beam size through-
out the TDC and minimize possible energy spread dilution
due to the dependency of the axial electric field on the ver-
tical coordinate (in the paraxial approximation Ez ∝ y for
the TM110 mode).

SINGLE-PARTICLE DYNAMICS
Single-particle-dynamics simulations of the LPS beam-

line were performed with the tracking program ELE-
GANT [10]. The simulations start downstream of the
booster cavity and include a solenoid location ∼ 1.4 m up-
stream of the LPS beamline. We consider the case of a 100-
pC bunch with initial C-S parameters (αx,y, βx,y)=(-10.5,
10.7 m) and transverse normalized emittances εn,x,y =
0.87 μm. The dogleg is set so that its R56 vanishes, re-
sulting at D2 exit, in a dispersion vector (ηx, η′x)=(0.13 m,
1.11) where η′x ≡ dηx/ds is the dispersion slope.

We employ an iterative procedure to devise the settings
of the quadrupoles Q2 and Q3 (which control the beta-
tron functions and horizontal dispersion at YAG3) and of
the upstream solenoid. We first turn off the TDC and
vary the magnetic field B̂z of the upstream solenoid. For
each setting, the strength of Q2 and Q3 are varied within
the permissible ranges. An example of such a scan (for
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Figure 2: Horizontal rms beam size σx (left) and dis-
persion ηx (right) as function of quadrupoles Q2 and Q3
focal length. Only values of 0 < σx < 10 mm and
030 < |ηx| < 50 m are shown [with lower (resp. upper)
values corresponding to blue (resp. red)]

B̂z = 0.175 T) is depicted in Fig. 2. The locus of op-
timum setting corresponds to values where the transverse
rms beam size is dominated by dispersion while maintain-
ing a small vertical beam size.

To assess detrimental effects limiting the imaging of the
LPS onto the transverse plane at YAG3, we take an initial
transversely-Gaussian macroparticle distribution with the
same C-S parameters as above. The initial LPS is populated
so that macroparticles are located on the lines of a two-
dimensional grid of the form

Φ(z0, δ0) =
∑
i

δ(δ0 − iΔδ0)
∑
j

δ(z0 − jΔz0),

where δ() is the Dirac function, i and j are indices than
span negative and positive values and Δδ0 and Δz0 are the
grid line separation along the two LPW axis; see top plot
in Fig. 3. The distribution is then tracked in the LPS beam-
line using the settings devised previously [here we take
(fQ2, fQ3)=(1 m−1, 1 m−1)].

The final transverse distribution at YAG3 location ap-
pears on the bottom plots shown in Fig. 3 for the two
zero-crossing phases of the TDC. The local blurring of the
grid lines observed at YAG3 comes from the finite (non-
vanishing) values of the horizontal and vertical betatron
functions while the curvature of the overall distortion is
a consequence of second order effects (chromatic aberra-
tions). Therefore, measurements of the transverse distribu-
tion for the two zero crossing of the TDS are required for
an accurate reconstruction of the initial LPS.

MULTI-PARTICLE SIMULATIONS
Cathode-to-YAG3 multi-particle simulations using 100k

macroparticles were performed with the particle-in-cell
tracking code IMPACT-T [11].

When the normalized deflection strength of the TDC
is set at κ = 3.7 m−1, the simulations indicate that
the longitudinal-to-vertical calibration factor at YAG3 is
Cyz = 3.31 mm/mm (or 0.96 mm/ps) while calibration of
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Figure 3: Initial LPS (top plot) and transverse distribution
for the two zero-crossing phases of the TDC (bottom plots).

the horizontal axis as a function of fractional energy spread
is Cxδ = 17.40 mm/%. These values agree well with the
ones obtained by another method [12]. Taking the optical
resolution of the YAG3 imaging system to be 40 μm in
both direction, the above calibration factors would trans-
late in an instrumental resolution of 12 μm (or 40 fs) and
2 × 10−3 for respectively the longitudinal (or time) and
fractional energy spread measurements.

Figure 4 shows the initial LPS distribution (z0, δ0) be-
fore the first dipole and the final distribution transverse
(x, y) at YAG3. One of the complications we observe is
the presence of correlation between δ0 and the transverse
initial coordinates (x0, y0). Therefore the slit upstream D1
also acts as an energy filter (particle with large y0 tend to
be at larger value of δ0).

z
0
 (mm)

δ 0(%
) 

−2 −1 0 1 2

−0.5

0

0.5

x(
m

m
)

y(mm) 
−10 −5 0 5 10

−10

−5

0

5

10

x(
m

m
)

y(mm) 
−10 −5 0 5 10

−10

−5

0

5

10

Figure 4: LPS upstream of the diagnostics beamline (top
left) and beam’s transverse density distributions on YAG3
without (bottom left) and with (bottom right) the two hori-
zontal slits inserted in the beamline.

STATUS & FUTURE WORK

The LPS diagnostics described in this paper has been in-
stalled at AWA and will be commissioned within the next
few week. Figure 5 shows the current beamline at the end
of the existing AWA beamline. We plan on using this di-
agnostics to explore velocity bunching and investigate the
evolution of the LPS associated to high-charge electron
bunches.

Figure 5: Photograph of the current experimental setup.
The YAG3 screen (not shown) is located downstream of
the quadrupole Q3 on the lower left of the picture.
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