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Abstract
Beam manipulation is a process to rearrange beam’s dis-

tribution in 6-D phase space. In many cases, a simple phase

space manipulation may lead to significant enhancement in

the performance of accelerator based facilities. In this pa-

per, I will discuss various beammanipulation techniques for

tailoring beam distribution in modern accelerators to meet

the requirements of various applications. These techniques

become a new focus of accelerator physics R&D and hold

great promise in opening up new opportunities in accelera-

tor based scientific facilities.

INTRODUCTION
The ability to tailor a beam’s 6-D phase space to meet

the demands of various applications is of fundamental inter-

est in accelerator physics. For instance, the electron bunch

length typically needs to be reduced in FELs to drive the ex-

ponential growth process while it may need to be increased

in storage rings to increase beam life time. Beammanipula-

tions include a wide array of techniques that use rf cavities,

dispersive elements, lasers, etc. to rearrange beam distribu-

tion in 6-D phase spaces. On the one hand, one has the free-

dom to use many elements to design a beam for a specific

application (see. e.g. [1]); on the other hand, beam manip-

ulation has to obey some basic rules (e.g. the emittances

of the subspaces cannot be partially transferred from one

plane to another if the beam is uncoupled before and after

the transformation [2]). Here I will discuss a few representa-

tive beam manipulation techniques and show how they may

enhance the capabilities of modern accelerators.

GENERAL DISCUSSIONS
In transverse plane, dipoles are used to bend the beam

and quadrupoles are used to focus the beam. When they are

integrated in a suitable way, they can form a closed loop (an

electron storage ring) which allows the beam to circulate for

millions of thousands turns. While it appears trivial to con-

trol the transverse beam size with quadrupoles, focusing the

beam to extremely small size requires special efforts. For

instance, a ∼500 m final focus beam line is needed to focus
the electron beam to nanometer (nm) level in linear collid-

ers [3]; another extreme is electron microscope where the

spherical aberration is corrected up to the 5th order to pro-

vide sub-50 pm resolution which allows one to see individ-

ual Hydrogen atom [4].

In longitudinal plane, beam phase space manipulation

typically requires an element to change beam energy and a

dispersive element to change beam path length. This is be-
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cause relativistic electrons travelmore or less with the speed

of light (e.g., for 1 GeV electron, 1− v/c ≈ 1.3 · 10−7. As a
result, for modern beams with typical small energy spreads,

the relative longitudinal velocities of electrons are so small

that they do not change their relative positions when the

beam travels along a straight line in a drift. With a disper-

sive element, one can force the particles to follow different

paths and the beam longitudinal distribution can be readily

shaped.

BEAM MANIPULATION FOR FELS
So farmost of the high-gain FELs in the short wavelength

(VUV to hard x-ray regime) have operated in the SASE

mode in which radiation from the electron beam shot noise

is exponentially amplified to the GW level. While a SASE

FEL has excellent transverse coherence, its temporal coher-

ence is rather limited (noisy in temporal profile and spec-

trum). In this sectionwe discuss several beammanipulation

techniques that may improve temporal coherence of FELs

by providing coherent bunching to seed the FEL amplifica-

tion process.

To provide bunching at short wavelength, fine structures

in beam current distribution have to be created. The cre-

ation of a charge density modulation at sub-optical wave-

lengths in an electron beam with lasers is analogous to the

manipulation of the electron bunch length in a magnetic

bunch compressor. The difference is that the energy chirp

(correlation between a particle’s energy and its longitudi-

nal position) is imprinted by lasers rather than RF cavities.

The process of longitudinal bunch compression, to the first

order, can be described as a linear transformation where

the bunch length is reduced while the energy spread (con-

servation of phase space area) and peak current (conserva-

tion of charge) are both increased. This is achieved by first

accelerating the beam off-crest in RF cavities to establish

a correlated energy chirp (e.g. with bunch head having a

slightly lower energy than the bunch tail), and then sending

the beam through a dispersive chicane. The particles with

lower energy are bent more in the chicane and therefore tra-

Figure 1: Various harmonic generation schemes for seeding

FELs.
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verse a longer path length than the higher energy particles

that are bent less. As a result, the low energy electrons slip

back longitudinally while the high energy electrons catch

up, which leads to bunch compression.

Replacing the RF cavity with a laser allows one to create

much finer structures in beam phase spacewithout changing

the overall bunch length. This is because the laser wave-

length is typically much shorter than the electron beam du-

ration, so the laser does not give beam a net energy chirp.

As a result, after dispersion the overall bunch duration is

kept constant. Instead, the time-varying laser field imprints

a sinusoidal energy chirp (called an energy modulation) on

the beam phase space which leads to varying local compres-

sion/decompression of the beam current on the scale of the

laser wavelength after dispersion. The result is a density

modulation in the current distribution of the beam, both at

the laser frequency and at its harmonics.

For example, the phase space evolution in high-gain har-

monic generation (HGHG [5]) scheme (Fig. 1a) is shown

in Fig. 2. A laser is first used to interact with the beam in a

modulatorto produce sinusoidal energymodulation in beam

phase space (Fig. 2b). After passing through a chicane, half

of the particles that have the negative energy chirp (blue par-

ticles in Fig. 2b and Fig.2c) are compressed, while the other

half with the positive energy chirp (red particles in Fig. 2b

and Fig. 2c) are decompressed. As a result of this trans-

formation, the energy modulation is effectively converted

into a density modulation (see Fig. 2d where the beam den-

sity consists of many spikes equally separated by the laser

wavelength) that contains harmonic frequency components

of the laser fundamental frequency.

Figure 2: Evolution of the phase space in HGHG scheme.

(a) before the modulator; (b) after the modulator; (c) after

the chicane; (d) density distribution after the chicane nor-

malized to the initial beam current. The horizontal axis is

the beam longitudinal position normalized to the laser wave-

length and the vertical axis is particle’s energy deviation

with respect to the reference particle normalized to the rms

slice energy spread of the beam. The energy modulation is

three times larger than the beam energy spread.

Analysis shows that thewidth of the current spike normal-

ized to the laser wavelength is approximately 1/A, where
A = ΔE/σE is the ratio of energy modulation amplitude

ΔE to the beam energy spread σE . Therefore, in general

generation of the hth harmonic requires the energy mod-
ulation to be approximately h times larger than beam en-

ergy spread, an undesired consequence for FEL applica-

tions where the increased energy spread may significantly

reduce the FEL gain. Another undesired consequence for

HGHG is that if the hth harmonic is to be achieved, the
peak current of the bump is also increased by about h times
(as can be seen in Fig. 1d), which may cause undesirable

collective effects. Furthermore, the spectrum of the bunch-

ing is found to be sensitive to beam imperfections such as

nonlinear beam energy chirps that may easily broaden the

bunching spectrum by changing the separation of the cur-

rent spikes [6, 7].

These limitations can be overcomewith the echo-enabled

harmonic generation (EEHG [8, 9]) scheme in the double

modulator-chicane system (Fig. 1b). In EEHG the beam

is also first energy modulated by a laser in the first mod-

ulator. But quite differently, the first chicane is chosen to

have a large momentum compaction such that after passing

through the strong chicane the density modulation is macro-

scopically smeared (Fig. 3a). Simultaneously, complicated

fine structures (e.g. ‘energy banding’) are introduced into

the phase space, which has been recently observed experi-

mentally [10]. A second laser is then used to further mod-

ulate the beam energy in the second modulator (Fig. 3b) to

imprint additional correlations in phase space. A second

weaker chicane orients these correlations vertically in the

energy space, which yields a charge density modulation at

very high harmonic frequencies. As a result of this nonlin-

ear process, the harmonic bunching structure emerges as a

recoherence effect after a short disappearance, like an echo

Figure 3: Evolution of the longitudinal phase space in

EEHG scheme. (a) after the first strong chciane; (b) after

the second modulator; (c) after the second weak chicane;

(d) density distribution after the second chicane.
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(Fig. 3c and Fig. 3d). The first stage of EEHG may also

be understood as bunch local decompression such that the

spread of each energy band is reduced compared to the ini-

tial energy spread; and the second stage of EEHG is then

similar to HGHG.

The key advantage of EEHG technique is that it can gener-

ate very high harmonicswith harmonic numbermuch larger

than the ratio of energy modulation to energy spread. This

makes it possible to generate very high frequency bunch-

ing while simultaneously keeping the beam energy spread

small, which allows the generation of soft x-rays from a UV

seed laser in a single stage. Another advantage of EEHG is

that by splitting the single current bump into many bumps

per wavelength, the peak current of each current bump can

be significantly reduced, which mitigates the potential col-

lective effects related to the high peak current. For instance,

as seen in Fig. 3d, with the energy modulation three times

larger than the beam energy spread, the peak current is only

increased by a factor of 2 while the harmonic number is ex-

tended to ∼ 20. Even higher harmonics can be produced
by increasing the momentum compaction of the first chi-

cane while keeping the energy modulation amplitudes es-

sentially unchanged. Furthermore, due to the highly nonlin-

ear phase space gymnastics that decompress local regions

of the beam, the spectrum of the bunching is made to almost

immune to the phase space imperfections. This allows the

generation of transform-limited highly coherent radiation in

realistic conditions when the beam has considerable nonlin-

ear chirps [11].

To push the harmonic number to beyond 100, very re-

cently a novel seeding scheme that uses a triple modulator-

chicane (TMC) system has also been proposed [12]. This

scheme is schematically shown in Fig. 1c where the first

and second chicanes have opposite momentum compaction

and the first and third lasers have the same wavelength and

π phase shift. To illustrate the physics behind the TMC
scheme, the evolution of the beam longitudinal phase space

is shown in Fig. 4. For simplicity, in Fig. 4 the lasers have

the same wavelength in the three modulators and only the

phase space within one wavelength region is shown.

The beam phase space after interactionwith the first laser

is shown in Fig. 4a where the energy modulation is 3 times

larger than the beam slice energy spread. Similar to the

EEHG scheme, separated energy beamlets are generated

(Fig. 4b) after the beam passes through the first chicane

with a moderate R56 as a result of bunch decompression
with a decompression factor D. After interaction with the
second laser of which the energy modulation is 20 times

smaller than beam slice energy spread, the beam phase

space evolves to that in Fig. 4c. Because the energymodula-

tion is much smaller than beam’s initial energy spread, it is

actually very difficult to see the difference between Fig. 4b

and Fig. 4c. The second chicane with opposite momentum

compaction (R(2)
56
= −R(1)

56
) compresses the beamlets by a

factor of D and amplifies the modulation imprinted in M2.
The resulting beam phase space is shown in Fig. 4d which

is similar to that in Fig. 4a. If no modulation is imposed

in M2, the second chicane will restore beam phase space

to the same distribution as that before the first chicane, be-

cause the transfer matrix from the exit of M1 to the exit

of the second chicane is unity. With a small energy mod-

ulation in M2, the second chicane will transform the beam

phase space to a distribution similar to that before the first

chicane with the presence of energy modulation from M2

superimposed on the modulation from M1 (Fig. 4d).

The laser in M3 is chosen to give the beam the samemod-

ulation amplitude as that in M1, but with π phase shift, so
that the overall energy modulation in M1 is canceled in M3.

After the cancellation, the modulation from M2 becomes

dominant, as shown in Fig. 4e. The wavelength of the mod-

ulation in Fig. 4e is roughly D times shorter than that in M2.
A third chicane with small R56 further converts the energy
modulation into density modulation (Fig. 4f). By integrat-

ing the modulators and chicanes in a clever way, the 22nd

harmonic is generated with a modulation in M2 that is 20

times smaller than beam slice energy spread and the final

energy spread growth is only about 15%.

The unique advantages of TMC scheme that only a small

energy modulation is needed in M2 and the second chi-

cane compresses the modulation imprinted in M2 to shorter

wavelength opens new opportunities for using low power

high-order harmonic generation (HHG) source (see, for ex-

ample [13]) at short wavelength to seed x-ray FELs. As

an example, in [12] the feasibility of generating significant

bunching at 1 nm and below from a low power ( 100 kW)

HHG seed at 20 nm assisted by two moderate power UV

lasers at 200 nm while keeping the energy spread growth

within 40% has been shown. The supreme up-frequency

conversion efficiency of the TMC scheme together with its

unique advantage in maintaining beam energy spread opens

new opportunities for generating fully coherent x-rays at

sub-nanometer wavelength from external seeds.

Both HGHG and EEHG have been demonstrated exper-

imentally. So far the record for HGHG is the 60th har-

monic obtained in a two-stage configuration [14] and that

Figure 4: Evolution of the longitudinal phase space in TMC

scheme.(a)-After the first modulator; (b)-After the first chi-

cane; (c)-After the second modulator; (d)-After the second

chicane; (e)-After the third modulator; (f)-After the third

chicane.
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for EEHG in a single stage is 15th harmonic [15]. While

the EEHG is still in the early experimental development

stage [15–18], the two distinct advantages of EEHG, i.e.

high frequency up-conversion efficiency and insensitivity

to electron beam phase space imperfections have both been

demonstrated. For instance, Fig. 5 shows the radiation

spectra of HGHG and EEHG produced with a 2.4 micron

seed laser when the beam has considerable quadratic energy

chirp. The beam is accelerated at an off-crest phase (about

2.5 degrees from on-crest phase) to imprint a positive en-

ergy chirp and the exact energy chirp is varying from the

fluctuation of timing jitter and RF phase jitter. From the re-

sults, one can see that while the radiation from HGHG has

large fluctuations in the central wavelength and relatively

large bandwidth, that from EEHG is essentially unchanged

with a much narrower bandwidth. These results should for-

ward the development of future seeded x-ray FELs that aim

to produce laser-like x-rays.

Figure 5: Fifty consecutive radiation spectra for EEHG (a)

and HGHG (b) with a chirped beam. Note, the central wave-

length of HGHG signal is shifted by the linear chirp and the

bandwidth of the HGHG signal is increased by the nonlin-

ear chirp, while those for EEHG are essentially unaffected.

BEAM MANIPULATION FOR THZ
RADIATION

For structures at THz wavelength and above, the drive

laser as required in a photocathode rf gun may be shaped

accordingly to generate the desired pattern in beam current

distribution, taking advantage of the promptness of the pho-

toemission process [19–21]. Alternatively, onemayuse two

lasers to manipulate the beam longitudinal phase space for

generation of charge density modulation at THz frequency.

For instance, in the scheme proposed in [22] a laser is used

to generate energy modulation in the beam phase space in

the first undulator; after interacting with the second laser,

the beam phase space consists of fast modulation at the

sum frequency and a slow modulation at the difference fre-

quency (see Fig. 6). After passing through a chicane, the

energy modulation at the difference frequency can be con-

verted to density modulation. If the frequencies of the two

lasers are close to each other, the difference frequency will

be much lower than the laser frequency. In this case the

relativistic electron beam is used as the nonlinear medium

to down-convert the frequency of two optical lasers to THz

range, and therefore one can generate long-scale periodic

structures in electron beam through short-scale laser modu-

lations.

This technique has been demonstrated at SLAC’s

NLCTA where density modulation around 10 THz was gen-

erated by down-converting the frequencies of an 800 nm

laser and a 1550 nm laser [23]. One of the many advan-

tages of this technique is the flexibility it offers to tune the

central frequency of the modulation, which can be achieved

through tuning of laser wavelengths, beam energy chirp,

and chicane momentum compaction. In principle, this al-

lows one to generate coherent narrow-band THz radiation

covering the whole THz range. A variant of this scheme

that allows one to use two lasers with the same wavelength

to produce THz using the EEHG setup has also been briefly

discussed in [23] and studied in detail in [24]. Here an en-

ergy chirp is used to produce a slight shift of the wavelength

of the modulation from the first laser, which also leads to

density modulation at THz frequency when superimposed

with the second laser modulation. This schemes removes

the need of an OPA for producing lasers with different wave-

lengths for THz generation.

It is also possible to use a transverse mask to generate

fine structures in beam transverse distribution, and then use

emittance exchange technique [25–27] to convert the spa-

tial structures into time structures [28]. For a beam line

that couples the beam dynamics in x and z planes, analysis
shows if its 4 by 4 transfer matrix has such a form that it is

2 by 2-block antidiagonal, then a particle’s final transverse

Figure 6: Energy modulation with a laser at λ1 (blue line)
and at 0.9λ1 (red line); a combination of the two energy
modulations (magenta line); the black dotted line illustrates

the envelope of the slow modulation at the difference fre-

quency of the two lasers.
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coordinates will only depend on its initial longitudinal coor-

dinates, and vice versa. As a result, beam’s transverse and

longitudinal degrees of freedomwill be exchanged after the

beam passes through the beam line. The first beam line for

transverse-to-longitudinal EEX proposed in 2002 consists

of a RF deflecting cavity in the center of a chicane [25].

This scheme is easy to implement, but the exchange is not

complete. Later a complete EEX beam line was found in

which the deflecting cavity is put between two identical

doglegs [26]. However, this scheme introduces offset in

beam trajectory which might be undesirable in some cases.

Recently a chicane type exact EEX beam line was also pro-

posed [27] where a pair of quadrupoles is used to form a

negative unity transfer matrix for the transverse plane in the

chicane. The negative unity section reverses the dispersion

of the first half of the chicane, which is optically equivalent

to flipping the sign of a dogleg. This beam line also pro-

vides exact EEX and may be easier to implement because

it doesn’t introduce offset, and turning off the quadrupoles

and deflecting cavity makes the beam line a simple chicane.

Because the transverse and longitudinal phase space are ex-

changed, one can produce tailored beam distribution in lon-

gitudinal plane by shaping the initial beam distribution in

transverse plane [28].

BEAM MANIPULATION FOR ADVANCED
ACCELERATORS

Advanced accelerators driven by laser and electron beam

hold great promise in downsizing accelerator based scien-

tific facilities through the orders of magnitude higher accel-

eration gradient. With a special mask, one may generate a

beam with linearly ramped current [29] through emittance

exchange that will significantly increase the transformer ra-

tio in electron beam driven advanced accelerators.

Here I will focus on how one may enhance the perfor-

mance of inverse FEL (IFEL) where a high power laser is

used to boost beam energy in an undulator. In rf accelera-

tors, the electron bunch is much shorter than the wavelength

of the rf field, and therefore a monoenergetic beam can be

routinely obtained. However, obtaining a monoenergetic

beam in laser accelerators is not trivial, because typically

the electron bunch length is much longer than laser wave-

length and different particles would see different phases

(some get accelerated while others are decelerated). One

promising way to obtain monoenergetic beams in laser ac-

celerators is to first use a laser to generate microbunches,

and then put the bumps at the acceleration phase so that

most of the particles see more or less the same field which

will lead to net acceleration. This has been demonstrated

both at FIR wavelength [30] and optical wavelength [31].

As shown in Fig. 7, with the electron bunch being much

longer than laser wavelength, in a single stage IFEL half

of the electrons are accelerated while the other half decel-

erated (middle). In a cascaded IFEL, much more electrons

can be accelerated by a strong laser pulse after being packed

into optical microbunches by a weaker initial laser pulse

Figure 7: Benefits of cascading in an optical IFEL: a rel-

ativistic electron beam with small energy spread (top) can

be accelerated with a co-propagating laser (middle), or with

two lasers in sequence (bottom).

(bottom), which leads to reduced beam energy spread and

higher trap efficiency.

BEAM MANIPULATION FOR UED/UEM

Accelerator based ultrafast electron diffraction (UED

[32–34]) and ultrafast electron microscopy (UEM [35–37])

facilities are complementary to FELs and may also provide

both high temporal and spatial resolution in probing mat-

ter at extremely high precision. In UEDs, one of the main

challenges is how to produce beam with ∼ 10 fs duration
and sufficient number of electrons (say ∼ 106). The beam
at the exit of the photocathode rf gun typically has a posi-

tive energy chirp from the longitudinal space charge force,

which would further increase bunch length in the following

drift. One solution is to use an rf cavity to reverse the energy

chirp and then the bunch length may be reduced in a drift or

chicane. The other is to use an Alpha magnet that has pos-

itive R56 to compress the beam. With these manipulation
in longitudinal plane, one may realize ∼ 10 fs resolution in
UED.

In UEMs, one of the main challenges is to produce beam

with energy spread below 10−4 and normalized emittance
below 0.1 micron [36, 37]. To reduce beam emittance, the
beam charge needs to be reduced and bunch length needs

to be increased to mitigate the space charge effect. How-

ever, as bunch length increases, the nonlinear rf curvature

tends to increase the beam global energy spread. This can

be compensated for with a harmonic cavity, similar to that

in FELs where harmonic cavities are used to linearize the

beam longitudinal phase space to enhance the performance

of bunch compressors. For instance, as shown in Fig. 8,

with the compensation in the harmonic cavity, beam energy

spread can be reduced from 10−3 to below 10−4.
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Figure 8: Beam longitudinal phase space at the exit of the

s-band photocathode rf gun (a) and at the exit of the c-band

harmonic cavity (b).

SUMMARY
In this paper, various techniques for manipulating beam

distribution in phase space are discussed. I focused on the

techniques that I’m most familiar with. There are many

techniques not included in the discussion, such as beam

conditioning, emittance partitioning, etc., and the interested

readers can find more information elsewhere. For read-

ers particularly interested in beammanipulationwith lasers,

more information can be found in the review article [1].

These techniques becomea new focus of accelerator physics

R&D and I believe very likely these advanced concepts will

open up new opportunities in accelerator based scientific fa-

cilities and the science enabled by them.
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