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Many of the most significant advances in accelerator science have been due to improvements in our
ability to manipulate beam phase space. Despite steady progress in beam phase-space manipulation over
the last several decades, future accelerator applications continue to outpace the ability to manipulate the
phase space. This situation is especially pronounced for longitudinal beam phase-space manipulation, and
is now getting increased attention. Herein, we report the first experimental demonstration of the double
emittance exchange concept, which allows for the control of the longitudinal phase space using relatively
simple transverse manipulation techniques. The double emittance exchange beamline enables extensive
longitudinal manipulation, including tunable bunch compression, time-energy correlation control, and
nonlinearity correction, in a remarkably flexible manner. The demonstration of this new method opens the
door for arbitrary longitudinal beam manipulations capable of responding to the ever increasing demands of

future accelerator applications.
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Introduction.—The stunning success of the linear
accelerator-based light source (i.e., x-ray free electron
lasers) in the 2010s was driven by the development of
bunch compression and high-brightness sources in the
1990s and 2000s. Continued advances in phase-space
manipulation are needed to enable the next generation
particle accelerators. This is especially true for longitudinal
beam phase-space manipulation, and it has therefore
become an increasingly active area of research in modern
electron accelerator facilities [1-5]. These methods pursue
high brightness, high temporal resolution, controllable
bandwidth, etc. They are also getting remarkable attention
in the field of future accelerators such as plasma or structure
wakefield-based accelerators [6—12] due to the desire for
efficient and sustainable acceleration. Whereas the beam
manipulations in the transverse direction are routinely
achieved using magnets, longitudinal beam manipulations
often require specialized beamline configurations (e.g.,
magnetic bunch compressors [13]) and dedicated radio-
frequency (rf) systems (e.g., harmonic rf cavities [14] and
dechirpers [15,16]). The accelerator field would greatly
benefit from a flexible and arbitrary longitudinal beam
phase-space manipulation method capable of responding to
the demands of modern and future accelerator science.

We present a new method of longitudinal beam manipu-
lation based on the novel emittance exchange (EEX)
concept, which is a potential candidate for realizing flexible
and arbitrary longitudinal manipulation. EEX itselfis a well-
known technique that was proposed for exchanging the
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longitudinal and horizontal phase spaces [17-19]. Previous
applications have used a single EEX beamline for exploiting
the mature methods of transverse manipulation to control the
longitudinal phase space [20-25]. However, the single EEX
scheme is known to have several limitations in practical
scenarios [26-28] such as a large longitudinal emittance.
This results in a large final horizontal emittance that limits
horizontal focusing, brightness, and spatial resolution. To
maintain low transverse emittance, the idea of adding a
second EEX beamline to exchange the phase spaces once
again was proposed by A. Zholents and M. Zolotorev [28].
In this method, the control of the longitudinal phase space
(LPS) is done after first converting it to a transverse one (see
Ref. [29] for further details). Although the method was
proposed in 2011, it has not been demonstrated due to
concerns over certain limiting effects (e.g., terms higher
than second order and collective effects) and the absence of
a dedicated experimental facility. A program at Argonne
National Laboratory has been aimed at realizing the con-
cept over the last several years [26,27,30-32] for the
purpose of demonstrating the new concept of flexible
LPS manipulation.

In this Letter, we report on the first experimental demon-
stration of flexible LPS control based on a double EEX
(DEEX). This beamline provides three functions for longi-
tudinal bunch manipulation: tunable bunch compression,
time-energy correlation (i.e., longitudinal chirp) control, and
third-order nonlinearity correction. This method opens the
new door for arbitrary and flexible LPS manipulation, which
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Experimental beamline configuration. The beamline is composed of a photoinjector, matching quadrupoles (Quad set 1), a

DEEX beamline, and a LPS diagnostic section. The photoinjector includes an rf photocathode gun and four accelerating cavities that
accelerate the electron beam energy up to 44.5 MeV. The DEEX beamline consists of two EEX beamlines with a middle section for
transverse manipulations between them. The LPS diagnostic section follows the second EEX beamline, and it is equipped with four
quadrupole magnets (Quad set 3) for transverse focusing, a horizontal slit with a 100-pm opening, a TDC, and a spectrometer. Green
dots indicate reference positions 1, 2, 3, and 4 on the experimental beamline.

can be used to substantially advance the field of accelerator-
based science.

Experimental setup.—To enable complete emittance
exchange, we chose a beamline of two double dogleg-type
EEX beamlines [33,34] rather than the two chicane-type
EEX beamlines as were originally proposed [17,28]. We
designed the middle section (between the two EEX beam-
lines) to (i) limit the transverse offsets converted from the
timing jitter within the linear regimes of the external fields
and (ii) use a nonlinear magnet to control the nonlinearity
of the longitudinal time-energy correlation.

A DEEX beamline was installed at the Argonne
Wakefield Accelerator facility [27,35]. The experimental
beamline consists of a photoinjector, a DEEX beamline,
and a LPS measurement section; see Fig. 1. A 300-fs-long
laser pulse illuminated a photocathode, and 100 pC and
700 pC electron bunches were generated for each demon-
stration. Even though the laser pulse length was 300 fs, the
bunch length could be elongated at the beam emission and
low-energy beam propagation due to space-charge forces.
The following accelerating cavities accelerated the bunches
to 44.5 MeV. These conditions meant that the space-charge
forces in the beam, which can change the beam’s behavior,
were negligible in the DEEX beamline.

A first set of quadrupole magnets (Quad set 1 in Fig. 1)
was used as the DEEX beamline matching quadrupoles.
These were followed by a DEEX beamline that consisted of
two EEX beamlines and a middle section between them for
transverse manipulations. The first EEX beamline exposed
the incident longitudinal beam phase space as a horizontal
one into a middle section. A total of five quadrupole
magnets (Quad set 2) were located in the middle section for
transverse manipulations. Here, the quadrupole magnet’s
effective length was 0.11 m. Each EEX beamline consisted
of four rectangular dipole magnets with a transverse
deflecting cavity (TDC) between them. Each of the EEX
beamlines had two identical dogleg sections, which bend
the beam to the same degree but in opposite directions. The
dogleg provided a bending angle of 20° and a dispersion of
0.69 m. The power level applied to the TDC was adjusted to

satisfy the exchange condition. The required kick strength
(x) of the TDC was 1.44 m™', and the rf power applied
to the cavity was 2.46 MW. The total length of the DEEX
beamline was 12.68 m. Further details can be obtained from
Refs. [27,35,36].

A LPS diagnostic section was located at the end of the
beamline; it consisted of four quadrupoles (Quad set 3), a
100-pm-wide horizontal slit, a TDC, and a 20° bending
spectrometer. The Quad set 3 was used to focus the beam
transversely at a yttrium-aluminum-garnet measurement
screen, and the slit was used to transmit a vertical slice of
the beam. The TDC then streaked the beam vertically, and
the spectrometer bent it horizontally [37]. This projection-
based measurement requires a multiplication factor to
convert measured data to actual time and energy data.

Experimental results.—The final root mean square (rms)
bunch length (measured at position 4 in Fig. 1) can be
expressed in terms of the horizontal rms beam parameters
at the entrance of the second EEX beamline (i.e., at
position 3) as follows [25]:

1\)2 R%er 5
024 = {R51 + Rsy <Sx,2 —>} ors+ =5 (1)
fs 03

where o, 3 and ¢, 5 denote the horizontal rms beam size and
emittance after the last quadrupole in the middle section,
respectively. The phase-space slope before the last quadrupole
(i.e.,atposition 2)is given by s, » = 6,7 »/0> ,. Here, Rs; and
Rs, arethe (5,1) and (5,2) elements of the transfer matrix from
position 3 to position 4, and f5 is the focal length of the last
quadrupole. Note that a thin-quadrupole magnet was assumed
in Eq. (1) for simplicity; however, all data analyses used a
thick-quadrupole magnet (see Ref. [29] for further details).
The equation indicates that the final bunch length is a function
of the strength of the last quadrupole magnet; thus, the
compression is remarkably flexible. Moreover, contrary to
conventional magnetic bunch compressors, chirp control is
not required for the compression of the bunch.

Figure 2 summarizes the measurement and estimation
results. The initial bunch length of 0.36 £ 0.02 mm (red
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FIG. 2. Tunable bunch compression by DEEX beamline. The
last quadrupole magnet in the middle section was scanned during
the experiment. The red dots (with associated error bars)
represent the measured final bunch lengths (o, 4) for each value
of the quadrupole gradient (gs). The black curve indicates the
final bunch length, which is estimated using Eq. (1). Because
the quadrupole scan results are used to estimate ¢, 5 in Eq. (1), the
black curve includes a finite error range, which is displayed as the
blue shaded area. The red dashed line indicates the bunch length
(0,.1) at the entrance of the DEEX beamline (position 1).

dashed line) was compressed to the minimum final bunch
length of 0.08 4+ 0.01 mm using the optimized quadrupole
setting, which was identified using the transfer matrix of
each EEX beamline and the measured beam conditions.
We estimated the transfer matrices theoretically using the
design parameters; for example, the matrix elements in
Eq. (1) were Rs5; =—0.337 m and Rs5, = —0.755 m.
The beam conditions were measured using the quadrupole
scan method [38]. The measured beam parameters were
6,3=429+0.13mm, 5,,=1.128+0.002m™ ", and &, 3 =
0.4540.11 pm. The last quadrupole’s gradient (gs) was
varied from 1.91 to 2.33 T/m. We observed both bunch
compression and lengthening in a scan of the last quadru-
pole magnet in the middle section. The measured values of
0,4 are consistent with the estimated values.

The minimum bunch length that the DEEX beamline
can generate is typically limited by two main factors. The
first limiting factor is the initial longitudinal emittance,
which becomes the horizontal emittance after the first
EEX [eg, 3 in Eq. (1)]. As shown in Eq. (1), the minimum
final bunch length is (Rsy€, 3/0, 3), which is determined by
the emittance. In this experiment, the photoinjector pro-
vided a relatively large longitudinal emittance (0.45 pm);
therefore, the demonstrated compression was limited to a
factor of 4.

The second limiting factor is the thick-cavity effect. In an
ideal EEX beamline, the thickness of the TDC is assumed
to be zero. However, a realistic EEX beamline includes the

finite length of the TDC; therefore, the initial LPS
contributes to the final LPS to some extent [18,28]. This
phenomenon is known as the thick-cavity (or thick-lens)
effect. The thick-cavity contributions increase the LPS and
bunch length compared with the case of an ideal beamline
[19]. Several methods were devised to mitigate or com-
pensate the thick-cavity effect [18,28,39]. A commonly
used method involves the application of a longitudinal
chirp through the rf cavities before the EEX. However, in
the case of a DEEX beamline, the thick-cavity effect at the
second EEX can be minimized using Quad set 1 before the
DEEX beamline. These quadrupoles generate an appro-
priate longitudinal chirp in the middle section via EEX
without any rf chirp control. During the experiment, the
Quad set 1 was adjusted to minimize the thick-cavity effect
in the second EEX beamline.

Flexible longitudinal chirp control is another unique
function of a DEEX beamline that other existing methods
cannot provide. This allows to avoid the use of dechirpers
or off-crest acceleration downstream of the bunch com-
pressor. The longitudinal chirp (C) after the DEEX beam-
line can be written as a function of the final bunch length at
position 4 and horizontal slope at position 3 in Fig. 1 [29]:

R B R B 2AR
c= (262 2 (2 P [y # (2)
2R52 2A 2R52 2A 0-2.4

where A= R51 + R52Sx,3 and B = R61 + R62Sx,3' ThlS
relationship assumes that the rms beam size at position 3
satisfies the condition

2 4 2p2 2
2 0.4~ \/Gz,4 —4A R528x,3

6)6,3 2A2 (3)

Similar to the tunable bunch compression described in
Eq. (1), the final longitudinal chirp is controlled by the
horizontal slope at the end of the middle section, which can
be easily adjusted by quadrupole magnets. Here, two or
more quadrupole magnets may be required to control the
slope while satisfying Eq. (3). Note that the chirp control
range is wide, even in the strong-compression regime
(A < 1). The chirp in this case can be approximated as

2
cofRe Rsa€5

4)

= 7
Rs 0z4

However, when the bunch is fully compressed and reaches
its minimum, the chirp becomes a fixed number (Rg,/R5,),
as expected from Liouville’s theorem.

During the experiment, we used several different combi-
nations of the last two quadrupole magnets in the Quad
set 2 so that the chirp was varied while the final bunch
length remained constant. Figure 3 shows the measured
LPS as well as the corresponding rms bunch length and
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FIG. 3. Longitudinal chirp control by DEEX beamline. (a)—(e)
show the measured longitudinal phase spaces with various
combinations of the last two quadrupole magnets in the middle
section. (f) shows o, and the final longitudinal chirps corre-
sponding to each case.

longitudinal chirp. The LPS is given in terms of the
longitudinal position (z) and relative energy deviation
(6). The quadrupole magnets in the middle section were
initially set to generate the final beam distribution, as
depicted in Fig. 3(a). Subsequently, we increased the
gradients of the last two quadrupoles. The combinations
of the quadrupole magnet strengths were (0.93,0.94) T/m,
(1.87,0.06) T/m, (3.69,—-2.94) T/m, (4.07,—-3.45) T/m,
and (3.69,—2.51) T/m. Each quadrupole combination
corresponds to Figs. 3(a)-3(e), respectively. The longi-
tudinal chirp gradually increased from —2.70 to 6.83 m~!,
whereas the rms bunch lengths were approximately
0.33 mm. A slight variation in the bunch length originated
from errors in the quadrupole magnet settings. The esti-
mation of A for each case is as follows: —0.17, —0.20,
—0.15, 1.00, and 0.56. According to Eq. (4), this range of
A provides a chirp tuning range of 9.8 m~!, which is in
reasonable agreement with the data in Fig. 3. There are
some features of the overcompression in Fig. 3(f) (i.e, cases
with the larger magnitude of chirp and smaller bunch
length). However, the level of the overcompression in the
DEEX beamline is much weaker than in the conventional
bunch compressor.

The multipole magnets impart an nth order correlation to
the transverse phase space (e.g., Ax’ « x™). Thus, a series of
multipole magnets would provide or eliminate any corre-
lations that can be approximated by a polynomial series.
This concept is adopted by the DEEX beamline to correct
the nonlinearity in the initial LPS. Here, the first EEX
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FIG. 4. Third-order correction using an octupole magnet.
(a)—(e) show measured longitudinal phase spaces with different
octupole magnet strengths. The strengths of the octupole magnet
were (182, —182, —364, —546) T/m?>. Each value corresponds to
(a)—(e), respectively. (f) shows the third-order coefficient (a3) of
the polynomial fitting and the final bunch length (o, 4) for each of
the displayed cases.

beamline converts all longitudinal properties to horizontal
ones. Multipole magnets in the middle section correct the
nonlinear correlation. Then, the second EEX beamline
converts the linearized phase space back to the LPS. The
octupole is able to mitigate harmful double-horn features of
the bunch that appear after a strong compression and often
decrease accelerator performance and damage equipment
such as undulators [40]. We demonstrated the proof-of-
principle of the nonlinear correction using a single octupole
magnet in the DEEX beamline. From this demonstration,
the suppression of double-horn features was also observed.

The bunch charge was increased to 700 pC to strengthen
the space-charge force at low energy; thus, the third-order
correlation in the LPS became more evident. Additionally,
the bunch compression was performed such that the higher-
order correlations were more evident in the LPS, and they
affected the current and energy distributions. For the 700 pC
charge, the initial rms bunch length at the DEEX beamline
entrance was 0.67 £ 0.03 mm. The DEEX beamline com-
pressed the bunch length to 0.43 4- 0.02 mm, and the current
distribution after the compression exhibited a double-horn
feature, owing to folded structures that originated from a
third-order correlation [see Fig. 4(b)].

Figures 4(a)-4(e) show single-shot measurement results
of the LPS with different octupole magnet strengths.
Figure 4(f) shows the third-order coefficient (a;) from
the polynomial fitting of the measured LPS (see Ref. [29]
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for further details), and the corresponding rms bunch
length. Here, a; indicates the strength of the third-order
correlation in the LPS distribution. An octupole strength of
182 T/m?® [Fig. 4(a)] provided a stronger third-order
compression. Thus, the outer particles on the head and
tail of the beam were pushed further inside, and aj
decreased from —17.77 to —45.43 m. Owing to a strength-
ened third-order compression, the bunch was further
compressed, whereas the double-horn feature became
stronger compared with the octupole-off case in
Fig. 4(b). When the polarity of the octupole-magnet field
was flipped, the compression became weaker [Fig. 4(c)].
When the octupole strength was —364 T/m? [Fig. 4(d)], a;
became 2.43 m, which was the smallest magnitude among
the presented cases. The phase-space distribution was
almost linear in this case, and the double-horn feature
disappeared. When the magnitude of the octupole strength
was increased further, the LPS distribution exhibited
an S shape [Fig. 4(e)] in the opposite direction to that in
Fig. 4(b). The bunch was significantly lengthened, and a;
further increased.

Outlook and summary.—We demonstrated DEEX-based
longitudinal manipulations, including chirpless tunable
compression, linear time-energy correlation control, and
nonlinearity control. More importantly, all these properties
can be manipulated simultaneously by a single beamline.
These manipulations can enable the optimization of the
entire beam’s longitudinal properties for a specific appli-
cation, which may significantly enhance the performance
of present accelerators or enable new future accelerators.
The DEEX beamline would generate attosecond bunches
[21] and impart a large longitudinal chirp for broadband
radiation generation [41]. Or, it could be applied to other
novel radiation schemes such as fresh-slice injection [42]
and two-color radiation [43]. The recent study of imple-
menting the DEEX beamline to the XFEL Oscillator is
another good example supporting the strength of the DEEX
method. In Ref. [44], the DEEX beamline was imple-
mented in LCLS-II [45], and it was numerically demon-
strated that a bunch compression down to ~0.1 ps and an
energy spread of ~0.001% were feasible, which satisfies
the XFEL Oscillator’s stringent energy-spread require-
ments for monochromatic radiations [46,47].

Because EEX is a developing method of beam manipu-
lation, it introduces various hurdles to overcome such as
timing and energy jitter, collective effects, etc. While the
challenges particular to our Letter were overcome, it will
be necessary to overcome different challenges for different
applications. Despite these future challenges, the results
reported here show the potential of the DEEX beamline as a
method for achieving arbitrary longitudinal beam manip-
ulations. Further study and development of the DEEX
method may reveal a new and powerful way for accelerator
scientists to respond to ever challenging demands of
modern and future accelerator sciences.
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