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Abstract. The concepts of the advanced accelerators and light source rely on the production of
bright electron beams. The rms areas of the beam phase space often need to be tailored to the
specific applications. Furthermore, a new class of the forefront research calls for detailed specific
distribution such as the particle density in the time coordinate. Several groups are tackling these
various challenges and in this report we attempt to give a review of the state-of-the-art of the control
and manipulation of the electron beams.
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INTRODUCTION

Many advanced acceleration and light source concepts rely on the production of bright
electron beams. The Generation and transportation of such high brightness electron
beams at low energy are challenging due to the nonlinear space charge forces. One
recently explored approach targets at generating idealized particle distributions capable
of providing linear space charge forces thus preserving beam emittances; however, the
technique is not without its limitations. In some other applications, it is advantageous or
even necessary to "repartition” the six-dimensional phase space to individually "match”
the desired two-dimensional phase spaces. Finally, there are other applications, such as
the plasma wakefield accelerator (PWFA), or dielectric wakefield accelerator (DWFA)
schemes, whose performances (measured in term of the "transformer ratio") could be
considerably enhanced if driven by a linearly ramped bunch or a train of bunches with
linearly increasing charge. A micro-bunched electron beam could also has application in
the production of superradiant radiation. In this report we review recent developments
in the control and manipulation of electron beams. We classify the various manipulation
mechanisms in three categories: (1) shaping at-birth, (2) correlation techniques, and (3)
exchange between the phase spaces associated to two degrees of freedoms.

SHAPING AT-BIRTH

Some electron emission mechanisms offer, in principle, the possibility to tailor the
electron beam during the creation process. In photoemission electron sources, the spatial
distribution of the photoemitted electron bunch mirrors the intensity distribution of the
photocathode drive laser, provided the time response associated to the photoemission
process is much shorter than the laser pulse duration. In an effort to mitigate non linear



space charge forces (which are responsible for emittarioéogh), several types of
distribution have been considered. An ideal distributioovpling linear space charge
fields € O r and E; O 2) is the uniformly populated 3D ellipsoid. A method for
producing 3D ellipsoid bunch was recently proposed [1] aechanstrated in rf-guns
using metallic cathodes [2, 3]. The scheme, initially sisjge in Reference [4], relies
on the self expansion of a bunch under the influence of itsespharge fields. It was
shown that an ultrashort laser pulse, with proper transvgisgribution, impinging upon
a fast-response photocathode could produce a bunch thatiellg equilibrates to a 3D
ellipsoid provided
eEoT, 0o

C < £Eq <1, (1)
wheree, m, ¢ and & are respectively the unit charge, electron rest mass, iglot
light and electric permittivity of vacuunty is the surface charge density aiglis the
peak electric field on the photocathode. In practice, e.g.ringun operating with high
(~nC) bunch charges, there are significant deteriorationseoéllipsoidal character of
the distribution due to the cathode image charges. Howerembst applications the
3D ellipsoid shows significant improvement in beam brigbthever other commonly
considered distributions, this leads to the adoption ohsymeration mode by several
projects [5]. A disadvantage of this self-generating mdttmproduce a 3D ellipsoid
is the lack of control over the bunch duration. To address lthitation the use a 3D-
ellipsoid-shaped photocathode-drive laser was propded fis type of pulse shaping
is efficient as long as the time scale of the required didtiobus larger than the photoe-
mission response time. Several techniques have been edptmobtain a 3D-ellipsoid
laser pulse. Spectral shaping is, in principle, the moatgtitforward. A temporal pulse
stacker that stacks Gaussian pulses with different iniessind transverse sizes is also
a potential candidate [6]. The use of silica fiber bundle agfdminable mirrors is being
investigated as possible shapers [7]. Finally the spatiptgal coupling of the laser dy-
namics via chromatic aberration in an optical lens has bRewss to be a feasible way
to generate 3D ellispoid [8].

The generation of a 3D ellipsoid is generally non-trivialh&¥ has been more popu-
lar is the uniformly populated cylinder distribution witmall transverse-to-longitudinal
aspect ratio in the reference frarae /(yoj) < 1 (with y being the Lorentz factor and
o0, the transverse/longitudinal rms sizes in the laboratayn®) has been more pop-
ular. The cylinder distribution does in principle suppanelar space charge fields. In
practice however space charge-induced erosion signifyjcardreases the slice emit-
tances associated to the head and tail of the bunch. A cosopani the performances
associated to an initial 3D ellispoid and cylinder disttiba is shown in Fig. 1.

Cylinder distributions are relatively easy to produce. phése stacker technique was
initially explored [9], but more promising techniques bés® the use of acousto-optic
modulator (so-calledAzzLER) have also been investigated [10]. Recently a very simple
technique relying on beam shaping based on polarizatipertient group velocity in
birefringent crystal was successfully tested for infrgpdtocathodes drive lasers [11].
The extension of the scheme to uv laser seems straightfofda}.

Besides the production of distributions less prone to pbpaee dilution due to space
charge, shaping at-birth also provides the possibilitatiot distribution along, e.g., the
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FIGURE 1. Comparison of electron bunch properties generated fromta 8D ellipsoid and cylinder
distributions for the proposed photoinjector for the ILGttaccelerator at Fermilab. The images corre-
spond to the transverse density distribution inthe&) space for the an initial ellipsoidal (a) and cylinder
photocathode laser distribution. The bottom plot show thodugion of the corresponding emittance along
the injector beamline. In this particular case, which ipowates the initial thermal emittance for the,Ts
cathode, the 3D ellipsoid results in a 30% improvement otamce compared to the cylinder distribution.
The charge is 1 nC and for the two cases presented a genetidzgiton algorithm was used to minimize
the transverse emittance given the accelerator configarakhe rectangles indicate the locations of the
accelerating cavities.

temporal axis. Temporal shaping of the laser distributias been exploited by several
groups to precondition the electron bunch distributionfeRence [13], for instance,
discusses the optimum temporal shape of the photocathode ldser to produce an
electron bunch that will eventually acquire, after progagpa multi-GeV linac with all
collective effects included, a quasi-constant currerttitistion as needed for high gain
harmonic generation in a seeded FEL. Another applicatigor@tonditioned temporal
laser shaping is the generation of train microbunch withgigbsecond spacing. Such
trains have applications in the generation of Terahertecmit radiation [14, 15, 16, 17,
18].



CORRELATION TECHNIQUES

Correlations within one degree of freedom are often useddnipulate a beam (e.g.
transverse and longitudinal focusing). Nonlinear cotretes within one degree of free-
dom can be exploited to shape one of the associated prajechm example stems from
magnetic bunch compression. We consider the linac locgistteam of the magnetic
compressor to be composed of accelerating modules of @iffdrequencied,, with
associated accelerating voltagégs , and phase#,. The final fractional momentum
spread of an electron with initial coordinates, &) in the longitudinal phase is

V
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wherek, = 2mcf, and f, = nf (nis an integer and = f; is the fundamental frequency).

A simple example of usually unwanted effect is the accalemadf a "long" bunch

(0z < 21/ A violated) in the linac upstream of the bunch compressoruth £ase the
quadratic distortiond O k;Z%) results in a banana shape bunch current downstream of
the compressor. In this particular case the phase spaceesally linearized using, e.g.,

a third harmonic cavity to yield a higher peak current [19].

An example demonstrating the generation of linearly rammpaach using one har-
monic frequency i{ = 3) is shown in Fig. 2. The current profile distribution can be
approximately linearly ramped by the proper choice of thagehand amplitude of the
3rd harmonic with respect to the fundamental accelerativag! The introduction of a
large number of higher harmonic accelerating cavitiesa&pubvide a way to arbitrarily
synthesize any desired shapes for the projection in onedeaxgifreedom.

In practice the introduction of a large number of harmonidificult, e.g. due to
the need of associated hardware (klystrons etc.. operatitige desired frequencies).
An alternative technique is the manipulation of the londiibal phase space by using
coupling it with one of the transverse phase spaces. Antridtisn of such an imple-
mentation is described and demonstrated in Reference TR@] sextupoles located in
a dispersive section of a dogleg beamline were used to inted second order path
length dependence on fractional energy spread Rsgd + Tsg602). It was shown that
such a simple technique could be used to generate linearged current bunches as
needed for enhancing the transformer ratio of a planned P@p&riment. Although
the technique is relatively simple in its implementatidmiroduces nonlinear coupling
term(s) between the longitudinal and the transverse phseswhich generally result
in transverse emittance growth. A similar method to taiter €nergy distribution of a
high power electron beam in an energy-recovering linac Wss @escribed in Refer-
ence [21]. Coupling between two degrees of freedom can asoesbd to temporally
shape the beam via interceptive technique. Reference B8pdstrates how a multi-
slit mask located at a high dispersion point of a disperssmtiogleg compressor could
generate a train of sub-picosecond electron bunches.dtuntiprovement of the mask
could also tailor the overall envelope of the micro-bunelirire.g. to generate a bunch
train with linearly ramped current.



2
2 =08 1
X0 > 0.6 <o
= -2 © 04 = -1
-4 & 02 2
= 0
-4-2 02 46 2 0 2 0 0.20.40.60.8
z (mm) z (mm) N (arb. units)
2
. E g.g R
R X
< g 04 <0
© -5 $ 02 © 5
- 0
-2 02 46 8 0 2 4 0 0.20.40.60.8
Z (mm) Z (mm) N (arb. units)
4 2
9 0 = 06 2
2 kY R —
3 £ 02 ~ 2
pd
-8-6-4-2 0 2 -2 0 2 0.20.40.60.8
Z (mm) Z (mm) N (arb. units)

FIGURE 2. Example of nonlinear distortion of the longitudinal phapace and corresponding projec-
tions. In this example an electron bunch is accelerated iimea bperating at 1.3 GHz followed by a 3.9
GHz accelerating section and a magnetic chicane. The tbreeaorrespond to three settings of phases,
amplitudes andRsg for the considered beamline. The three columns respegtirew the longitudinal
phase space downstream of the beamline, and the correggdadgitudinal and energy projection. The
tail of the bunch correspond o> 0 in these plots.

Finally the interaction of an electron beam with an electagnetic wave ( wavelength
< the bunch length) can naturally produce a train of attosgmmches as for instance
in an inverse free-electron laser (IFEL), either by bati§iunching or via a miniature
magnetic bunch compressor located downstream of the IFEJL [2

PHASE SPACE MANIPULATIONSWITHIN TWO DEGREES OF
FREEDOM

A new class of phase space manipulations, capable of repairtig the phase spaces
between two degrees of freedom, have recently emergededut®mes include the
generation of flat beam with certain transverse emittanoe [24] and the exchange of
emittance between one of the transverse and longitudirzsespaces [33].
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FIGURE 3. Proof-of-principle flat beam experiment at the Fermilab'® photoinjector. The top
schematic shows the experimental set-up. The skew quaeéruped to generate the flat beam are S1,
S2, and S3. The indicated distance are in mm and the X's stargtfeens. The bottom pictures show
the transverse beam distribution before (on screen X3),dagnstream (X7) the round-to-flat beam
transformation and after a 2 m drift (X8). The beam trans€istribution remains upright and its aspect
ratio does not significantly change between X7 and X8, whicticites of a high transverse emittance
asymmetry. The measured emittance ratio ggs, = 100+ 20.

In the flat beam production scheme, the photocathode is iseden an axial mag-
netic field. The beam is thereby produced in the presence igindisant longitudinal
magnetic field and has an average angular momentum giveh)by eBoo?, where
Bo the magnetic field on the photocathode surface, @nthe root-mean-square (rms)
transverse size of the drive-laser spot on the photocatf&ijeAs the beam exits the
solenoidal field, the angular momentum is purely kinetiailtgsg in a beam coupled in
the two transverse planes. Three skew quadrupoles in thelineacan apply a proper
total torque needed to cancel the angular momentum [26,2iliatrated in Fig. 3. As
a result, the beam final transverse emittance are given by

ﬁyf»eﬁ{ & ~2ByL

e =\ (e8)2+ By 2+ (Byz) PEET T I ©)
n = 2By.

whereg = Byey is the normalized uncorrelated emittance of the magnebeedh prior
to the transformerf3 andy the Lorentz factors,? = (L)/2p;, and p; is the longitudi-
nal momentum. Note thate; = (g¥)2. It is worthwhile noting that the amount of
emittance exchange can be tuned using the axial magneticdiethe cathode, this
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FIGURE 4. Evolution of the two-dimensional emittances in an idealteance exchanger. The emit-
tance exchanger swaps the horizontal emittance with thgitladinal emittance. In this example, an
incoming beam with emittancés, o, £y,0, &,0) = (3,3,10) umis converted, downstream of the exchanger,
into a beam with emittancgy, &, &z) = (10,3,3) um. . The diagram pictorially represents the emittance
exchanger: the green rectangle (D1, D2, D3, and D4) standipoies and the magenta rectangle (TC)
for deflecting mode cavity. In this idealized simulation t&¥ity is assumed to be a thin lens. The four-
dimensional emittance is defined as= defZ4]"/* where, is the beam matrix in théx,x',z &) sub
trace space.

is possible because the beam is born in a magnetic field anefdéhe sees only one
fringe field region of the solenoid: the corresponding "raktrix" of the solenoid is
non-simplectic. To date beams with transverse emittarimeof~ 100 have been exper-
imentally demonstrated [28, 29] in a photoinjector; see Bigmproving the emittance
ratio and the associated peak current is one of the goalsidonéxt generation exper-
iments. If successful, the production of high peak curréeies beam could be used in
slab dielectric structure [30] and/or novel radiation s@usuch as an image charge un-
dulators [31].

Phase space exchange between the transverse and thedoraitiegrees of freedom
is also possible. The technique was first suggested in Refe{82] and latter rediscov-
ered and explored as a possible way to suppress the micihoibgniostability in the
Linac Coherent Light Source (LCLS) [33]. As discussed indRelces [34, 35] a de-
flecting mode resonant cavity flanked by two dogleg can achasvattance exchanger
between the longitudinal and the bending-plane transvErgeee-of-freedom. Given the
dispersion value generated by one doglggand the deflecting cavity strengkh the



total transverse matrix of the exchanger is
A B
M = Mp_Mca/MpL = { C D } : (4)
Under the thin lens approximatio®, = B = 0. When the conditiork = —1/n is

satisfied, a perfect emittance exchange is achieved [3dJ&g 4. For the general non-
thin lens case, the final emittances are approximately [33, 3

2 2 2 2
&x |A© B } [Sxo} 2

= + A& 0&z0l, 5

{ 822 ] [ |CZ\ |D2\ 52270 x,0€z, (5)

wherel is the 2«2 identity matrix andA? > 0 is a function ofn}, Rsg (the longitu-
dinal dispersion of the dogleg), and the incoming Courane®r parameters. It can
generally be minimized, e.g. by choosing the proper initiae-energy chirp, making in
practice the emittance exchange possible [36, 37]. Twopedéent proof-of-principle
experiments to demonstrate such an exchange are beingeduastermilab and Ar-
gonne [37, 38]. An application of this phase space exchamgedduce a train of mi-
crobunches is discussed in Reference [39].
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