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Abstract
The generation of flat beam using round-to-flat beam

conversion of an incoming canonical-angular-momentum

dominated electron beam could have important applica-

tion in the field of advanced acceleration techniques and

accelerator-based light source. In this paper we explore the

temporal compression of flat beams and especially com-

pare the resulting phase space dilutions with the case of

round beam. Finally, we propose and detail a possible ex-

periment to investigate the flat-beam bunch compression at

the Advanced Superconducting Test Accelerator currently

in construction at Fermilab.

INTRODUCTION
An important asset of the ASTA photoinjector [1] is its

capability to generate beams with high-transverse emit-

tance ratios known as flat beams. Immersing the photo-

cathode in a magnetic field introduces a canonical angu-

lar momentum 〈L〉 = eB0σ
2
c , with B0 the magnetic field

on the photocathode surface, and σc the RMS transverse

size of the drive-laser spot on the photocathode [2]. As the

beam exits the solenoidal field the angular momentum is

purely kinetic resulting in a beam coupled in the two trans-

verse planes. The transverse eigen-emittances (the eigen-

values of the beam matrix) are not degenerated. Three skew

quadrupoles in the beamline can apply the torque necessary

to cancel the angular momentum [3, 4]. In this process

the final beam’s transverse emittances, downstream of the

round-to-flat-beam (RFTB) converter, equates the eigen-

emittances [3]

(εx,i, εy,i) =

(
2βγL, ε2u

2βγL
)
, (1)

where εu is the normalized uncorrelated emittance of the

magnetized beam prior to the transformer, β and γ the

Lorentz factors, L ≡ 〈L〉/2pz , and pz is the longitudinal

momentum. Note that the product εx,iεy,i = (εu)
2. In our

notations, the smaller emittance is associated to the verti-

cal direction and the emittance ratio ρ ≡ εx,i/εy,i > 1.

If compressed these flat beams may have applications in

Smith-Purcell FELs [5] or for beam-driven acceleration
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techniques using asymmetric structures [6]. It may also

be possible to mitigate the bending-plane emittance growth

in the bunch compressor [7]. Finally, when combined with

transverse-to-longitudinal emittance-exchange techniques,

the RFTB method enables repartitioning of the beam emit-

tance within the three degrees of freedom.

FLAT-BEAM GENERATION
A description of the ASTA photoinjectotr and its perfor-

mances associated to round beams generation is presented

in Ref. [1]; see Fig. 1. The electron source includes of a

1.3-GHz 1+1/2 radiofrequency (rf) gun [8] surrounded by

two solenoids. The generated beam is then injected in two

superconducting rf (SRF) cavities and accelerated up to

50 MeV. A set of three skew quadrupoles (RFTB in Fig. 1)

located downstream of the accelerating section can be used

to transform an angular-momentum-dominated beam into a

flat beam. The flat beam can be compressed using a chicane

bunch compressor (BC1) and either send to a user beamline

or further accelerated. The longitudinal dispersion of BC1

is R56 = −0.19 m. A third SCRF cavity (CAV39) oper-

ating at 3.9 GHz will eventually be incorporated to correct

for nonlinear longitudinal phase space distortions.

Figure 1: Overview of the ASTA photoinjector. The leg-

end is as follows “L1” and “”L2” are solenoids, “CAV1”,

“CAV2” and “CAV39” are SRF accelerating cavities,

“RFTB” is the round-to-flat beam, “BC1” is a magnetic-

chicane bunch compressor and “ACC1” is the first acceler-

ating cryomodule. The distances (in meters) shown at the

bottom are referenced to the cathode surface.

In order to optimize the performance of the flat-beam

generation we improve the methods previously intro-

duced [9]. We take the particle coordinates in the transverse

trace spaces to be X̃ ≡ (x, x′) and Ỹ ≡ (y, y′) where

x and x′ are the position and divergence coordinates and˜ is the transpose operator. We introduce the correlation
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matrix such that Y = CX and statistically extend its def-

inition to C ≡ 〈YX̃〉〈XX̃〉−1
where 〈XX̃〉 and 〈YX̃〉

are 2 × 2 blocks of the 4D beam matrix Σ. The form

of the correlation matrix is constraints and can be shown

to be C2,1 = −(1 + a2)/b where a ≡ C1,1 = −C2,2

and b ≡ C1,2 which insures |C| = 1 [9]. Upon knowl-

edge of the incoming C matrix downstream of CAV39,

the RFTB is tuned to apply the necessary torque to insure

all the elements of C identically vanish downstream of the

RFTB [9, 3]. Considering the RFTB configuration imple-

mented at ASTA (three skew quadrupole with 0.167 m ef-

fective length separated by 0.38 m) and limited strengths

(typically k1 ≤ 30 m−2), flat beam generation is only pos-

sible for a limited values of the parameters a and b associ-

ated to the incoming correlation matrix; see Fig. 2.
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Figure 2: Required strength for the 3 skew quadrupoles

used in the RFTB [quadrupoles 1, 2 ,3 are respectively

shown in plots (a), (b) and (c) or (d), (e), and (f)]. The

right and left columns respectively corresponds to the two

possible solutions for the quadrupole settings [10].

The optimization of the flat beam production consists in

first optimizing the photoinjector settings (solenoid field,

photocathode laser spot size) such to minimmize the 4D

emittance ε4D ≡ |Σ|1/4 downstream of the accelerating

section. The simulation were performed with ASTRA [11]

and a multi-objective optimizer [12]. Beside minimizing

the 4D emittance a second objective was to maximize the

emittance ratio computed as the ratio of the achieved eigen

emittances. Figure 3 displays the evolution of the 4D emit-

tance and emittance ratio for an optimized case with param-

eter listed in Table 1. We confirmed that the 4D emittance

after optimization of the flat beam configuration attained a

value similar to the round-beam configuration simulated in

Ref. [1]; see Table 1.

FLAT-BEAM COMPRESSION
Downstream of the RFTB, the bunch can be short-

ened in the BC1 compressor. Introducing the longitudi-

Table 1: Comparison of Achieved Beam Parameter for the

Round- and Flat-Beam Configuration.

Parameter Flat-Beam Round-Beam Units

Configuration Configuration

Q 3.2 3.2 nC

E 47.18 48.77 MeV

εx 105.04 5.43 μm

εy 0.31 5.44 μm

ε4D 5.53 5.44 μm

ρ � 334 � 1 −
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Figure 3: Evolution of the eigen-emittance (green and blue

traces) and associated ratio (red) along the photoinjector.

The ordinate z = 8.5 m corresponds the the exit of CAV39.

nal phase space (LPS) chirp as C ≡ −〈zδ〉/〈z2〉 [where

(z, δ) is the longitudinal position and relative momentum

offset of the particles], maximum compression occurs at

C = −1/R56 � 5.2 m−1.

Two major issues arise when compressing a flat beam.

Since the RFTB is located between the accelerating sec-

tion and BC1, the beam dynamics during the flat-beam

transformation might be subject to larger fractional mo-

mentum spread (as the linac need to impact a correlated

energy spread for compression in BC1). Second, the beam

dynamics of the flat beam during compression need to be

investigated.

In order to explore the behavior of flat beams in the

BC1 compressor as a function of initial emittance ratios ρ,

we took particle distribution associated to a 3.2 nC bunch

and numerically scaled the macroparticle coordinates to

produce the desired transverse emittance ratios while con-

straining the product εx,iεy,i = 52 μm2 to be consistent

with the achieved 4D emittance. The simulations are car-

ried with IMPACT-Z [13] and CSRTRACK [14]. The for-

mer program simulates CSR using a 1D model (projected

model) while the latter program has a more precise but
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CPU-demanding point-to-point (P2P) algorithm. The one-

dimensional model is valid provided [15]

D(s) � 1, with D(s) ≡ σx(s)

σz(s)

√
σx(s)

R(s)
, (2)

where R(s) is the trajectory’s radius of curvature and σx(s)
and σz(s) are respectively the transverse and longitudinal

root-mean-square (RMS) sizes at the curvilinear beamline

position s.

Due to the large transverse aspect ratio of the bunches,

it is anticipated that the projected CSR model used in IM-

PACTZ is inadequate, thus we use CSRTRACK’s P2P model

to simulate the flat beams dynamics throughout BC1. The

parameters used for flat beam simulations follow those

used in the previous section, with the exception of the

macroparticle horizontal size use in the CSRTRACK P2P

model. Due to the much greater transverse dimension

we set the horizontal size of the Gaussian macroparticles

used in the P2P algorithm to σh = 0.2 mm. In addi-

tion, IMPACT-Z simulations were also carried to evaluate

the emittance growth in the vertical plan. The simulated

emittance growth is shown in Fig. 4 for a 3.2-nC bunch with

an initial LPS chirp of C = 5.2 m−1. As expected the rel-

Figure 4: Bending plane transverse-horizontal emittance

growth in BC1 (red traces) simulated with CSRTRACK

(dashed line) and IMPACT-Z (solid lines) as functions of the

initial transverse emittance ratio. Corresponding IMPACT-Z

results for the vertical emittance (black line), and 4D emit-

tance (magenta).

ative emittance dilution is reduced as the initial emittance

ratio ρ increases. The agreement between CSRTRACK and

IMPACT-Z for the bending-plane emittance dilution is re-

markable (within ∼ 30 %) given the large transverse hori-

zontal beam sizes. In addition, IMPACT-Z predicts that the

vertical emittance increases by a factor 1.5 to 1.8 over the

range of considered initial emittance ratios ρ ∈ [1, 500].
We also observe that the 4D emittance growth is mitigated

for the larger initial flat-beam emittance ratios [7].
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