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Abstract

Many accelerator applications such as advanced accel-
erator R&D, free-electron laser drivers and linear col-
liders, require high peak current electron bunches. The
bunch is generally shortened via magnetic compression.
In the present paper we review various bunch compression
schemes and discuss their limitations.

INTRODUCTION

There is a growing demand for generating and transport-
ing very bright electron bunches. Applications range from
linac-based light sources (both free-electron laser (FEL)
and spontaneous emission-based), future linear colliders,
to novel electron beam-driven acceleration schemes (e.g.
plasma wake-field acceleration). The generation of bright
electron bunches directly out of an electron sources is gen-
erally not an easy task. Instead it is preferred to create
relatively low peak current bunches at the source. Beam
manipulations are subsequently implemented in the down-
stream transport in order to obtain short electron bunches.
Several proposed projects [1, 2] call for peak current in the
multi-kiloamps regime resulting in bunch length of as low
as ~20um (corresponding to a duration of ~ 70 fs). The
process of manipulating an electron beam so to enhance
its peak current is called bunch compression. Many other
schemes aimed to produce short bunches have been pro-
posed, either with special design of electron source [4] or
by selecting only one part of the bunch, e.g. via dispersive
collimation or spoiling. These latter “selective” techniques
are not addressed in the present paper and a review in the
context of light source short radiation pulse production is
given in Reference [3]).

MAGNETIC COMPRESSION SCHEMES
Principle

A magnetic bunch compressor, in its simplest form, con-
sists of two elements: an energy “modulator” and a non-
isochronous achromatic sections. The energy modulator
provides a time-energy correlation (or chirp) along the
bunch length, the non-isochronous section introduces an
energy-dependent path length. Thus a proper tuning of the
modulator parameters to impart the needed chirp along the
bunch results in compression as the bunch propagates in the
non- isochronous section.
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Let’s first discuss the magnetic compression scheme by
considering a single particle linear model. Consider an
electron with longitudinal phase space coordinate (zg, dp)
w.r.t. the bunch center upstream of the energy modulator (&
denotes the fractional energy offset of the electron with re-
spect to the bunch center). Downstream of the modulator,
the longitudinal phase space coordinate, (2, 0., ), are

2o, (assuming vy > 1) (D

Zm =

Om = eVes (cos(kzo 4 @) — cos @) = kzp + O(2?)
wherein e is the electron charge, V. and ( are the acceler-
ating voltage and operating phase of the energy modulator
section, k is the rf wavenumber (k = 27/, f> Arp be-
ing the rf-wavelength), and &,, = & + eV,s cos(p) (&
being the initial electron energy). After passing through
a non-isochronous section characterized by its first order
momentum compaction, Rsg, the electron coordinates are
mapped, to first order, to the following:

2e = 20 + R560m, and d; = 0y 2

Thus the final electron position with the bunch, z., is re-
lated to the initial position, zg, via z. = (1 + kRs6)20
which gives the longitudinal matching condition x =
—1/R5¢ for minimizing the bunch length in a single stage
magnetic compressor. The constant « is the bunch chirp
and can be tuned via V;.; and/or ¢ variable. If one consider
rms quantities, the final rms bunch length downstream of
the compressor is:

1/2

Oz,c = ((1 + KJR56)20§,0 + (R5606,050/57n)2) 3)

When the longitudinal matching condition is satisfied, we
have 0, . = Rs6050E0/Em- Therefore compression at
higher energy (£,, — o0) would results in shorter mini-
mum bunch length. The above linear theory holds under the
condition (i.e. ko, < 1). In a real accelerator such a con-
dition is not a fortiori satisfied: e.g. in a photo-injector it is
common [5] to generate a long bunch length so to properly
compensate transverse emittance growth. The bunch com-
pression is then performed once this bunch has been ac-
celerated to high enough energy to sufficiently damp space
charge forces. As the bunch is accelerated in the struc-
ture, the longitudinal phase space accumulates some cur-
vature due to the cos-like time dependence of the rf-field
and the fractional energy spread downstream of the accel-
erating structure is expanded as 6, = k2o + pza + O(23)
instead of Eq. 1. In turn the bunch compressor needs to be
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treated to second order in energy (we consider the bunch as
a line charge and ignore transverse effects for the sake of
simplicity), and the electron longitudinal coordinate down-
stream of a bunch compressor now writes:

ZC = Zi + R5657?’L + T5666'r2n? (4)

wherein the constant T5¢6 is the second order momentum
compaction of the bunch compressor. Expression of mo-
mentum compactions (Rsg, and T5g6) for various bunch
compressors can be found in Reference [6]. Similar to the
linear case we can calculate the rms bunch length down-
stream of the compressor:

02, = (1+4£KRse)%02 0+ (2*)(uRse + £°Tse6)”
+2(2%) (1 + KRs6) (uRs6 + £ Ts6) +
Rs603 + Tse6(0%), )

wherein (A™) is the n-th order centered moment of A. The
minimum bunch length is no more achieved for the afore-
mentioned “linear” matching condition. A way to correct
for the second order aberration in Eq. 5 is either to (1) de-
sign a bunch compressor with the proper ratio Rss/T566
or (2) to include higher frequency accelerating section(s)
in order to render the accelerating potential constant over
the bunch length [7, 8]. The use of an higher harmonic
rf-field provides an independent control of ;. and x param-
eters and it has been preferred in recent designs (e.g. [10])
because it does not introduce coupling between longitudi-
nal and transverse phase spaces contrary to a bunch com-
pressor designed to have the proper Rsg/T566 ratio. This
higher harmonic compensation scheme is integrated in the
LCLS and TESLA X-ray FEL designs [9, 10]. The re-
sults of linearizing the longitudinal phase space along with
its impact downstream of the compressor are illustrated in
Fig. 1. Theoretically, it is conceivable to synthesize an ar-
bitrary pulse shape by introducing an arbitrary number of
rf harmonics.

In the spirit of trying to tailor the bunch distribution, it is
planned at Neptune Lab (UCLA) to use a dogleg type non-
isochronous system to compress and shape the beam cur-
rent distribution as a linear ramp [11]. Such a ramped cur-
rent profile has applications in plasma-wakefield accelera-
tion to maximize the so-called transformer ratio, i.e. the ac-
celerating over decelerating longitudinal field excited as the
beam passes through the plasma. The dog-leg, which has a
positive Rsg in our convention, incorporates sextupoles to
tune the values of T5gg given the Rs¢.

We have, up to now, considered the modulator wave-
length to be much longer than the incoming bunch length
(Arf > 0) so that the modulator effectively introduces
a chirp along the bunch. Recently the use of an inverse
free-electron laser (IFEL) as a modulator was studied, and
simulations showed the possibility to reach bunch durations
in the sub-femtosecond regime [13]. In such a proposal,
a laser with wavelength A = 0.8 pm interacts via an un-
dulator with a 100 MeV electron bunch. The thereby im-
parted energy modulation along the bunch allows to com-
press the bunch in a subsequent magnetic compressor; the
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Figure 1: longitudinal phase spaces downstream of a bunch
compressor (top plots) and corresponding time-distribution
(bottom plots) with (right plots) and without (left plots) an
harmonic rf-section to linearize the phase space upstream
of the compressor.

bunch then consists of a train of microbunches with width
of ~ 200 attoseconds.

Finally, the energy chirp along the bunch can also be in-
troduced by the beam self-field, for instance by resistive
or geometric wakefields. The use of these latter effects to
chirp the bunch prior to a compressor was proposed as a
last (optional) stage bunch compression for the TESLA X-
ray FEL [14] and has recently been realized at the SPPS
facility at SLAC (see below).

Limiting Effects

The main limitation associated to magnetic bunch com-
pression comes from synchrotron radiation: as an electron
travels on a curved trajectory, e.g. in bending magnets, it
emits radiation due to centrifugal acceleration. This emis-
sion process causes the electron to loose energy as o< y* 1,
and the corresponding fractional energy spread dilution and
bend-plane emittance growth for a bunch of electrons are
respectively proportional to oc 4515 and oc v°I3 wherein
the I,,’s stand for the n-th synchrotron integrals [15]. Radi-
ation emitted by a collection of electrons have two regimes:
coherent and incoherent as illustrated in Fig. 2(a). The
coherent radiation results in a significant self-interaction:
at a retarded time the radiation can overtake the bunch
on a straight line and interact with electrons ahead in the
bunch. This bunch self-interaction is relevant when the
path length in the bend is comparable to the so-called over-
taking length, (240,p?)'/3, where p the curvature radius.
This is the regime of coherent synchrotron radiation (CSR)
— the power radiated [16] is oc N2 (N being the number of
electrons in the bunch). This effect is favored in magnetic
bunch compressors employed in FEL’s and linear collid-
ers, where short (ps-level) and highly charged (@) ~ 1 nC)
bunches travel through magnets with small bending radii
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Figure 2: Synchrotron radiation spectrum associated to
a Gaussian bunch a), and corresponding coherent syn-
chrotron radiation overtake function as the bunch orbit on a
curved trajectory with radius of 1.6 m b). The bunch energy
is 140 MeV, its charge 1 nC and rms length o, = 250 pm.

(p ~ 1 m). The magnitude of CSR longitudinal wake func-
tion scales as [17]:

Wy=— ©)

60(27T)3/231/30z p2/3

€o being the electric permittivity for vacuum. Eq. 6 as-
sumes the bunch has a Gaussian charge density. The CSR
overtake function is presented in Fig. 2. Although CSR-
induced beam degradation is a major limitation, scheme to
neutralize the deleterious impact on bend-plane emittance
dilution have been proposed: possible solutions include
split chicane or periodic FODO arcs with proper betatron
phase advance [18, 19].

CSR studies via simulation unveiled a micro-bunching
instability [20] that was analyzed in References [21, 22,
23]. Such an instability is deleterious for FEL perfor-
mances, since it affects the beam parameters on time scale
comparable to the so-called cooperation length. It was later
realized that any energy or density modulations in the lon-
gitudinal phase space can be amplified in a magnetic bunch
compressor system [24, 25]. In Fig. 3 we present an ex-
ample of gain calculation for the CSR microbunching in-
stability [23]. Although the gain can be substantial, it can
be significantly reduced via Landau damping, e.g. by in-
troducing energy spread via the IFEL process [24, 26].

Example of Experimental Results

The Tesla Test Facility - phase 1 (TTF1), at DESY, has
driven a FEL in the saturation regime in the vacuum ul-
traviolet (VUV) spectrum. A key parameter for achieving
such a results was the peak current. During commission-
ing, the longitudinal phase space was measured [27] and
the expected banana shape of the phase space (see Fig. 1)
was observed as depicted in Fig. 4. However due to resolu-
tion limit of the measurement, it was not possible to obtain
a precise value for the peak current. From the achieved FEL
performances (gain length, number of mode, etc...) a poste-
riori simulations were used to reconstruct the bunch profile,
and the peak current was estimated to be ~2.5-3 kA [28].

The sub-picosecond photon pulse source (SPPS) [29],
at SLAC, currently holds the record in achieved peak cur-
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Figure 3: Microbunching gain calculation for a bunch com-
pressor located at 5 GeV, with a R5¢ = 25 mm. The bunch
is not compressed and its peak current is kept to 6 KA. The
four cases presented are: (1) £ = 1 x 102 mm-mrad,
o5 =2x 1075, (2) § = 1 mm-mrad, o5 = 2 x 1076,
(3) € = 1 mm-mrad, o5 = 2 x 1075, and (4) £ = 20 mm-
mrad, o5 = 2 x 1076,
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Figure 4: Measured longitudinal phase space at the TTF-1
accelerator a) with corresponding energy b) and density c)
profiles. Note positive time corresponds to bunch head.

rent. The compression occurs in three stages and the final
current reaches up to ~30 kA. First the bunch out of the
damping ring is compressed by a factor 6, down to 1.2 mm
in the ring-to-linac transfer line. The bunch is then accel-
erated off-crest to 9 GeV and compressed through a four-
bend chicane [30] down to o, ~ 50 um. Finally the bunch
is accelerated to 28.5 GeV and the geometric wakefield of
the S-band linac provides a chirp than allows further com-
pression down to ~12 pm in the FFTB dog-leg.
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VELOCITY AND BALLISTIC
COMPRESSION SCHEMES

Principle

In this section we elaborate a simple model that de-
scribes how the velocity bunching works. A more detailed
discussion is given in Reference [31]. An electron in an rf
traveling wave accelerating structure experiences the lon-
gitudinal electric field:E, (z,t) = E,sin(wt — kz + 1,),
where F, is the peak field, k the rf wavenumber and 1), the
injection phase of the electron with respect to the rf wave.
Let ¢(z,t) = wt — kz + 1, be the relative phase of the
electron w.r.t the wave. The evolution of v (t, z) can be
expressed as a function of z solely:

dip dt w gl
L= —k="—k=k| ———-1]). @
d Ydz Be ( e ) 7
Introducing the parameter o = ke"—%_g, we write for the en-
ergy gradient [32]:
d
d—z = aksin(y). (8)

The system of coupled differential equations (7) and (8)
with the initial conditions vy(z = 0) = v, and ¥(z = 0) =
1, describes the longitudinal motion of an electron in the
rf structure. Such a system is solved using the variable sep-
aration technique to yield:

acosth+v—+/72—-1=C. 9

Here the constant of integration is set by the initial con-
ditions of the problem: C = acosth, + v, — /72 — 1.
The latter equation gives insights on the underlying mech-
anism that provides compression. In order to get a sim-
pler model, we consider the limit: 9o = lim, o P(7) =

arccos (cos(wo) + ﬁ), we have assumed v, > 1. Af-

ter differentiation of Eq. 9, given an initial phase di), and
energy d, extents we have for the final phase extent:

sin(¢)o)

o = Sl
Hence depending upon the incoming energy and phase ex-
tents, the phase of injection in the rf structure v, can be
tuned to minimize the phase extent after extraction, i.e. to
ideally (under single-particle dynamics) make d¢oc — 0.
We note that there are two contributions to di): the first
term 01/, comes from the phase slippage (the injec-
tion and extraction phases are generally different). The sec-
ond term v, /07, is the contribution coming from the
initial energy spread. To illustrate the compression mecha-
nism we consider a two macro-particles model. In Figure 5
we present results obtained by numerically integrating the
equation of motion for two non-interacting macro-particles
injected into a 3 m long traveling wave structure. Given the
incoming phase A1), and energy A~, spreads between the

)d%. (10)

? " 2a72sin(Ys
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two macro-particles, and the accelerating gradient of the
structure (taken to be 20 MV/m), we can optimize the in-
jection phase to minimize the bunch length at the structure
exit.
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Figure 5: Simple two-macropaticle illustration of the ve-
locity bunching scheme. Snapshots of the longitudinal
phase space a), and energy b) and phase ¢) spread evo-
lutions as the two macroparticle are transported in a 3 m
long traveling wave structure operated with an accelerat-
ing gradient of 20 MV/m. The initial energy of ~4.5 MeV
corresponds to the beam energy upon exit from an rf-gun.

Similarly to velocity bunching, ballistic bunching oc-
curs for non-ultra-relativistic electron bunches. In such
a scheme, an energy chirp is imparted along the bunch
and the compression occurs in the downstream drift (the
momentum compaction of a drift of length L is Rs¢ =
—L/~?). Ballistic bunching is of common use in con-
junction with DC-gun electron sources e.g. as planned for
the production of polarized electron beam for linear collid-
ers [33], or for CW high power FELs [34].

Limiting Effects

Velocity and ballistic bunching have to occur at low
energy, downstream of the electron source. In the case
of rf-gun, the accelerating structure, located immediately
downstream of the gun, plays also an important role in the
so-called transverse emittance compensation process [35]:
it needs to be operated to provide acceleration as pre-
scribed by the so-called invariant envelope matching condi-
tion [36]. Such a requirement is, at first, incompatible with
operating this first structure far off-crest. This limitation
was taken into account for the design of SPARC-FEL [37]
and a magnetic field superimposed on the first accelerat-
ing structure was proposed to prevent significant transverse
emittance growth [38]. This technique is however not ap-
plicable for a superconducting linacs.
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Recent Experimental Results

To date a series of experimental results have been ob-
tained at several facilities.

At the deep ultraviolet FEL (DUVFEL) in
Brookhaven [39], a 3 m long S-band (f=2.856 GHz)
linac located immediately downstream of an rf-gun was
used to bunch the beam [40]. The bunch was injected
at various phases, and the bunch length was measured,
after being accelerated to ~70 MeV, via the zero-crossing
method [41, 42]. An example of measurement of bunch
length compared to the expectation is presented in Fig. 6 —
sub-picosecond bunch length were achieved with a bunch
charge of ~ 0.5 nC.
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Figure 6: Measured bunch length variation as the phase of
the linac located downstream of the rf-gun is varied. The
measurements were performed at the DUVFEL in BNL.

At the Neptune Lab [43] of UCLA, a similar experiment
was performed and the transverse emittance growth as the
rf-section far operated far off-crest was also measured [44].

CONCLUSION

We reviewed two types of compression either employed
in currently operating linear accelerators or included in the
design of foreseen accelerators. We have not however ad-
dressed the integration of such compression schemes in an
accelerator complex. In present designs [1, 2, 12], it is
common to compress the bunch in a staged fashion. Such a
staged compression is needed to (i) avoid driving the beam
back into the space-charge dominated regime, (ii) to be less
sensitive to time/energy jitter, (iii) to mitigate coherent syn-
chrotron radiation effects. Among the two compression
schemes we discussed, magnetic bunch compression, de-
spite its limitations, seems well mastered and most of the
current state-of-art accelerators (either operating or under
design study) rely on this type of compression.

532

Proceedings of LINAC 2004, Liibeck, Germany

REFERENCES

[1] LCLS Conceptual Design Report, SLAC-R-593 (2002)

[2] TESLA Technical Design report, TESLA-FEL-01-05 (2001)
[3] P.Emma, Proc. EPAC’04; preprint SLAC-PUB-10535 (2004)
[4] F. B. Kiewiet, et al., Proc. EPAC’00, p. 1660 (2000)

[5] K. Fléttmann, et al., Proc. EPAC’02, p. 1798 (2002)

[6] T.O.Raubenheimer, et al, Proc. PAC’93, p. 635 (1993)

[7] T. Smith, et al., Proc. LINAC’84, SLAC-303, p. 421 (1986)
[8] D. Dowell, et al., Nucl. Instr. Meth. A398,p. 273 (1997)

[9] P. Emma, et al., LCLS TN-01-1 (2001)

[10] K. Flottmann, et al., report TESLA-FEL-2001-06 (2001)
[11] R. Englang, et al,. Proc AAC’02, AIP CP647, p. 884 (2002)
[12] T. Limberg, et al., Proc. EPAC’02 Paris (2002)

[13] A. Zholents, et al., Proc. PAC’01, p. 723 (2001)

[14] H. Schlarb, et al., Proc. PAC’97

[15] M. Sands, report SLAC 121 (1970)

[16] J.S. Nodvick, et al., Phys. Rev. 96, p. 180 (1954)

[17] Ya. Derbeneyv, et al., report TESLA-FEL-1995-05 (1995)
[18] P. Emma, et al., Proc. PAC’97 , p. 1679 (1997)

[19] D.R. Douglas, report JLAB-TN-98-012 (1998)

[20] M. Borland, ICFA CSR workshop 2002, Zeuthen Germany
[21] E. Saldin, et al., report TESLA-FEL-2002-02 (2002)

[22] S. Heifets, et al., Phys. Rev. ST, A&B 5, 064401 (2002)
[23] Z. Huang, et al., Phys. Rev. ST, A&B 5, 074401 (2002)
[24] E. Saldin, et al., report TESLA-FEL-2003-02 (2003)

[25] Z.Huang, et al., Proc. PAC’03, p. 3138 (2003)

[26] Z.Huang, et al., Phys. Rev. ST, A&B 7, 074401, (2004)
[27] M. Hiining, et al., Nucl. Instr. Meth. A475, p. 348 (2001)
[28] M. Dohlus, et al., Phys.Part.Nucl.Lett 1, p. 114 (2004)
[29] M Cornacchia, et al., SLAC-PUB-8950 (2001)

[30] L. Bentson, et al., Proc. EPAC’02, p. 683 (2002)

[31] L. Serafini, et al., in AIP conf. proc 581, p. 87 (2001)

[32] K.J. Kim., Nucl. Instr. Meth. A275, p. 201 (1989)

[33] A. Curtoni, et al., report TESLA-2001-22 (2001)

[34] P. Piot, et al., Proc. EPAC’98, p. 1447 (1998)

[35] B. Carlsten, Nucl. Instr. Meth. A285, p. 313 (1989)

[36] L. Serafini, et al., Phys. Rev. E55, p. 7565 (1997)

[37] L. Serafini, et al., Nucl. Instr. Meth. A528, p. 586 (2004)
[38] L. Serafini, et al., Proc. PAC’01, p .2242 (2001)

[39] L.-H. Yu, et al., Proc. PAC’01, p. 2830 (2001)

[40] P.Piot, et al., Phys. Rev. ST, A&B 6, 033503 (2003)

[41] D.X. Wang, et al., Phys. Rev., E 57(2), p. 2283 (1998)
[42] W. Graves, et al., Proc. PAC’01, p. 2224 (2001)

[43] S. Anderson, et al., Proc. PAC’99, p. 2006 (1999)

[44] P. Musumeci, et al., Proc. PAC’01, p.2117 (2001)

Accelerators and Facilities
Electron Linacs



