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Abstract

Longitudinal space charge (LSC) driven microbunchingahsity in electron beam for-
mation systems of X-ray FELs is a recently discovered effeotpering beam instrumen-
tation and FEL operation. The instability was observed ffedknt facilities in infrared and
visible wavelength ranges. In this paper we propose to udeaminstability for generation
of VUV and X-ray radiation. A typical longitudinal space ¢ga amplifier (LSCA) consists
of few amplification cascades (drift space plus chicaneh wishort undulator behind the
last cascade. If the amplifier starts up from the shot ndseamplified density modulation
has a wide band, on the order of unity. The bandwidth of thatiat within the central
cone is given by inverse number of undulator periods. A wevgh compression could
be an attractive option for LSCA since the process is broadiband a high compression
stability is not required. LSCA can be used as a cheap additiche existing or planned
short-wavelength FELs. In particular, it can produce tlemsd color for a pump-probe ex-
periment. It is also possible to generate attosecond puighe VUV and X-ray regimes.
Some user experiments can profit from a relatively large Wwadit of the radiation, and this
is easy to obtain in LSCA scheme. Finally, since the amptificemechanism is broadband
and robust, LSCA can be an interesting alternative to sefifdied spontaneous emission
free electron laser (SASE FEL) in the case of using lasesapéaaccelerators as drivers of
light sources.
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1 Introduction

Longitudinal space charge (LSC) driven microbunchingahsity [1/2] in electron linacs
with bunch compressors (used as drivers of short waveldrigtts) was a subject of intense
in infrared and visible wavelength ranges and can hampetrelebeam diagnostics and FEL
operation.

In this paper we propose to use this effect for generation¥\and X-ray radiation. We
introduce a concept of an LSC amplifier and present basiingcedlations in Section 2. We
discuss possible applications of such an amplifier in Se@&iand end up with discussion and
conclusions in Section 4.

2 Generic LSC amplifier

2.1 Scheme of an LSCA

Let us consider a scheme presented atFrig. 1. An amplificatiscade consists of a focusing
channel and a dispersive element (usually a chicane) witdpamized momentum compaction
Rss. In a channel the energy modulations are accumulated, tegpraportional to density
modulations and space charge impedance of the drift spatee kchicane these energy modu-
lations are converted into induced density modulationsdfemuch larger that initial ones [1],
the ratio defines a gain per cascade. In this paper we willljneimsider the case when the am-
plification starts up from the shot noise in the electron bé&though, in principle, the coherent
density modulations can be amplified in the same way). A numobeascades is defined by the
condition that the total gain (product of partial gains icleaascade) is sufficient for saturation
(density modulation on the order of unity) after the startfigm shot noise. As we will see,
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Fig. 1. Conceptual scheme of an LSC amplifier.



in most cases two or three cascades would be sufficient. Théfea density modulation has
a large relative bandwidth, typically in the range 50-100B%hind the last cascade a radiator
undulator is installed, which produces a powerful radiatigth a relatively narrow line (inverse
number of periods) within the central cone. This radiat®transversely coherent, and the lon-
gitudinal coherence length is given by the product of the Ineinof undulator periods by the
radiation wavelength. When LSCA saturates in the last cisaatypical enhancement of the
radiation intensity over spontaneous emission is givenfuyraber of electrons per wavelength.

2.2 Formula for a gain per cascade

Let us now present simple formulas for calculations of the gad optimization of param-
eters of an LSCA. As in the case of a SASE FELI[10], we assunteatithe entrance to the
amplifier there is only shot noise in the electron beam. Lebusider the linear amplification of
spectral components of the noise within the amplifier bam@. formula for amplitude gain per
cascade was obtained in studies of microbunching instigisiln linacs with bunch compressors

[1]:
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Herek = 1/X = 27 /) is the modulation wavenumbeéf, is the impedance of a drift space (per
unit length), 7, is the free-space impedandg; is the length of the drift spacé,is the beam
current,/, is the Alfven currentfRsq is the compaction factor of a chicariéjs the compression
facto, v is relativistic factor, and., is rms uncorrelated energy spread (in units of rest energy).
It is assumed here that energy modulations are accumulatgtdeam of the chicane but not
inside: there the self-interaction is suppressed dustoand R, effects [11,12,13]. We also
assume in the following that a length of the drift space is Imlacger than that of the chicane,
while the R5s of the drift space is much smaller. Also note that the form{awas obtained
under the condition of high gaird; > 1. In this case both the sign dt;; and the phase of
impedance are not important. The value of fhg is to be optimized for a highest gain at a
desired wavelength.

1 The wavenumber after the chicangls.



In this paper we will consider LSC induced energy modulaiona drift space or in an
undulator (at a wavelength that is much longer than the sasoone). In the latter casethe
relativistic factory in the formulas for impedance should be substituted by thgitadinal

relativistic factory, [14]:
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Here p(r] ) is the transverse distribution of the current density &lds the modified Bessel

function.

We requiest that a density modulation does not change signtfy in the drift space. This
may happen due to plasma oscillations or due to a spread gitlmiinal velocities for a finite

beam emittance. Thus, a drift space length is limited by tmalition:

Lg < min(Ly, Ly) . 3)
Here L, is the reduced waveleng#) of plasma oscillations:

(4)
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The second limitation follows from the condition that thedgtudinal velocity spread due to a
finite beam emittance does not spoil the modulations duthiegpissage of the drift:

X BX
L2 ~ —2 —_ — 3 (5)
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whereoy is the angular spread in the beatnis the beta functiorg = ¢, /~y is beam emittance,
€, IS the normalized emittance.

2.3 Formulas for an optimized LSC amplifier

Let us first consider the case without wavelength comprasSie= 1. We start optimization
assuming that the beam parameters are fixed: cufreardgrmalized emittance,, beam energy
v and energy spreagl, in units of the rest energy, and longitudinal gamma-fagtoiVe can
select a central wavelength, optimi&zgs; of the dispersion section for the chosen wavelength,

2 Under the conditiomi < XXy ,WhereX,, = )\, /2 is the reduced undulator period and is rms
transverse size of the beam.



choose beta-function and optimize a length of the drift sp@wr goal is to get a highest gain

at a shortest wavelength.

The impedance increases withachieves the maximum at

B
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and then decays in the asymptote of a pancake beam. Let usleoti'e wavelength about
27 X,y @S an optimum choice, since the impedance is the largestyamslierse correlations of
the LSC field are still on the order of the beam size. The impeéat this wavelength can be
approximated by
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It is slightly underestimated, but we ignore here numeriaedors on the order of unity. Note
that the impedance is rather flat around the optimal wavéenigreduces by 10-15 % when
the wavelength is by a factor of 2 smaller or larger than thengd one. The optimakss of the
dispersion section is

Ry ~ X (8)
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Substituting[(¥) and {8) intd 1), we get an estimate of theléode gain per cascade for the
wavelength given by {6):
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Thus, the gain per cascade is approximately equal to thétlmhigal brightness of the electron
beam multiplied by a number of LSC formation lengths.

Let us now consider the limitations on the drift lendth ()€eTirst limit (4) can be rewritten
with the help of (V) as:

i
Ly ~ X, ~ A2 VTA . (10)

So, in the casd.,; < L, the drift space length can be chosen tolle~ L. In this case the
expression for the gaifl(9) reduces to:
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This estimate for the gain was originally obtained[in [1].the considered limit we have a
relatively large beta-function. It is advisable to redutéifi technically possible), since the
wavelength[(6) and length of the drift spaCel(10) are alsaced but the gairi_(11) stays the
same. This happens until the spread of longitudinal vetxscitarts playing a role, i.e. when
Ly ~ L,. The corresponding beta-function is

o ey 2 (12
If one further reduces beta-functioft,< .., the maximal drift length is given b¥; ~ L. In
this case from[(5)[(6), andl(9) we find that the gain is prapodl to the beam brightness in
6-D phase space:

aniﬁz ! <i> : (13)

Although the gain can still be high for > ¢, it quickly decreases when one goes to shorter
wavelengths - contrary to the case](11). Thus, the conditipn~ L, ~ L, (and§ ~ 3,.,)
allows one to get the highest gain at the shortest waveleAgithis point we have:
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The amplitude gain per cascade is given[by (11), the betdiumis given by[(1R), and th&sg
is given by [(8).

To estimate the total gain (and number of cascades) requareghch saturation in LSCA,
one has to estimate typical density modulation for the gtarfrom shot noise. The power
spectral gain of the amplifier depends on the number of caseadror an optimal wavelength
(@) as a central wavelength ( neglecting the dependenceedfrthedance o), and for the
optimized Rs¢ from (8), one easily obtains from](1) that the total powemgaiproportional
to k2" exp(—nk?), wherek = k/ky. Thus, the relative bandwidth of the amplifier is in the
range 50-100 %, depending on the number of cascades. Thefeative shot noise density
modulation can be estimated as|[11]:

1
Psh = \/F)\’

(16)



whereN, = I\/(ec) is a number of electrons per central wavelength of the araglgpectrum,
A = 27 A. At saturation the density modulatign,; is on the order of unity, so that the total

amplitude gairps.:/ psh iS:

Gtot = GlGQGn ~ \/N)\ s (17)

where(,, is the gain in the:-th cascade. The total power gain of the saturated amplihat (
shows an enhancement of power in a radiator with respectoiotapeous emission) is simply:

GP = G2, ~ N, . (18)

We have presented a simple scheme for optimization of LS@2wk should note that it is
not strict and serves for orientation in the parameter spabte For instance, one can choose a
drift length that is significantly shorter than the limit giv by [3) and increase the number of
cascades instead. In this case the fornidla (9) should betaisedtulate the gain. For instance,
three cascades with the gain 10 in each give about the saalg#&in as two cascades with the
gain 30 in each, but the total length of the amplifier (for thms beta-function) can be almost
twice shortéﬂ If in addition one reduces beta-function (since the dpéice got shorter), one
can go to shorter wavelength and higher gain per cascad#é t8®gain per cascade gt~ ..
is very large, it could be beneficial to go to the limif ~ L, < L, - if the beta-function is not
getting too low for technical realization. On the other haindmany cases even beta-function
given by [12) is too small and technically not feasible. lattbase one would have to use larger
values ofg and go to the limit defined by plasma oscillations only, thsimg Eqgs.[(B){(111). If
the wavelength of interest differs significantly from theeagiven by [(6), one should use more
general formulas of the previous Section. In any case, thaulas of this Section are only
estimates, and for more accurate gain calculations onddhea more general formulas of the
previous Section (but then one has to specify distribujicarsd in addition to include dynamics

in drifts and chicanes more accurately.

3 If one assumes that gain is the same in all cascades, gairapeade is proportional to its length,
and the length of a drift is always much larger than the lemdth chicane, then from Ed._(IL7) one gets
formally that the shortest total length is achieved at thalner of cascades ~ In Gy, and the gain per
cascade~,, ~ e ~ 2.718.... However, in practice it is advisable to keep gain per caseadeast in the
range5 — 10.



2.4 Wavelength compression

As one can see from the formulas of the optimized LSCA, a gipperating wavelength
of an optimized LSCA is significantly longer than a waveldntjtat can be reached in SASE
FELs (they can lase at ~ ¢). In order to go to shorter wavelengths for given electroanbe
parameters in LSCA, one would have to use wavelength cormsipresrhe broadband nature of
the amplifier makes this option especially attractive. bdjehe compression factor is given by
the formula:

C=(1-hRs)"", (19)

whereh is the linear energy chirp (the derivative of relative enestppe). For a larg€’ a
variation of the compression factor reads:

AC Ah
& =0 (20)

After the compression the bands of density modulations digeoradiator must overlap. This
leads to the following requirement on the compression ktybi

AC _ Ak
C ko

(21)

where Ak, = max(Akgen, Akraq), and Akg.,, and Ak,,, are bandwidths of the density
modulation and of the radiator, respectively. Thus, théibta of the chirp must satisfy the
requirement:

Ah 1 Akpas

hSC &

(22)

For coherent FEL-type modulations and an undulator as at@dhk,,../k < 1 what
might set very tight tolerance for the chirp stability andilipractically achievable compression
factors. For an LSCA, howevefk,,../k = Akqen/k ~ 1, so that for a given chirp stability
one can go for much larger compression. Alternatively, fgivén compression factor one can
significantly loosen the tolerances. Note also that noalities of the longitudinal phase space
do not play a significant role in the case of LSCA.

If the wavelength compression is applied, one should usadta (1) to calculate gain per
cascade, and adjust;s to optimize the gain depending on compression factolOne can
consider different options for compression. One pos$yisi to create an energy chirp before



beam enters LSCA. In this case one can adjtsgtin different cascades in order to have a mild
compression in each cascade - but this might shift the wagtiebeyond the optimal range
in the drifts of last cascades. In that case one should maiketlat the number of cascades
and their parameters are adjusted such that a saturatioB©ALs finally achieved. Another
possibility is to create an energy chirp before the lastadsdfor instance, by a laser in a short
undulator [26]), and get the desired compression in theclaisine. In this case, perhaps, one
would need very strong energy chirp. An interesting optiana short electron bunche with a
high current would be to use an energy chirp, induced by L®Ggthe whole bunch (then for
compression one should use, for instance, doglegs insteaddoanes, taking into account the
sign of the energy chirp). In this case one should carefudiyst parameters of the amplifier
cascades since LSC (and a chirp) might strongly increase noe cascade to the next one.
However, loose tolerancds (22) can make such an optiorbfeasi

2.5 Undulator

At the entrance of the undulator we have chaotically moedlaiectron beam with a typ-
ical amplitude of the order of unity at saturation. The tenapgorrelations have the scale of
a wavelength, and the spectrum is broad. The undulatortradligvithin the central co
\/)\/Tw (hereL,, is the undulator length) has a relative bandwidth! < 1, whereN,, is the
number of undulator periods. In the case when Fresnel nuisberall,c? /(AL,) < 1, the ra-
diation power within the central cone is equal to the powespmfintaneous emission multiplied
by the power gainV, of the LSCA. In this limit the power does not depend on the neinds
undulator periods. One can easily see that the Fresnel mimabkvays small if the condition
(©) is satisfied, transverse size of the beam in the unduisititre same as that in amplifica-
tion cascades, and there is no wavelength compressiorisingbe the transverse coherence is
guaranteed. However, with a strong wavelength compressitre last chicane of LSCA, the
Fresnel number might no longer be small, so that one shoeldnase general formula for the
radiated power [15]. In that case the transverse cohereatstdl be relatively good if in the
drifts of LSCA the wavelength is given by the condition (6)ibis longer. Indeed, transverse
correlations are established in this case due to LLSC [4]. WVedl discuss in this paper non-
linear harmonic generation in LSCA, since it would be higbpeculative without numerical
simulations. We can only mention here that this should bsiptesin a saturated LSCA.

4 There is also emission of powerful radiation beyond there¢obne.



2.6 Numerical example

Let us illustrate the formulas of this Section with a numariexample. We consider the
electron beam with the following parameters: the energy 8 Ge~ 6 x 103), peak current 2
kA, normalized emittance Zm, rms energy spread 0.3 Me¥.(= 0.6). The energy modula-
tions due to LSC are accumulated in the focusing channelhiatde. = ~+ (no undulators are
placed there). From the formula {12) we fifid ~ 1.4 m. Although this low value assumes that
the focusing channels are densely packed with the quadesipblis technically possible. From
(d4) or (6) we getx ~ 2.5 nm, i.e. the wavelength is about 15 nm. The optimdtss for this
wavelength is about 2bm (and the chicane may fit in the space between two quadryaes
that periodicity of the channel is not disturbed) . Accogdia (158), the length of the drift space
is about 20 m. The gain per cascade can be found ftain (11))atger than 40. According
to (I17), the total gain should be aboi@®, so that only two cascades are sufficient. As it was
mentioned before, such a high gain per cascade is not optioralthe point of view of the
total length of the system, and 3-4 cascades would be moferabte. For instance, for 3 cas-
cades one needs the gain per cascade about 10, so that tthedeagascade would be about
5 m. The chicanes can be made very compact. Behind the lastneha tunable-gap undulator
with the period length of 5 cm and a number of periods 30 cambmlied. The total length
of this system is less than 20 m. The undulator selects awalanarrow band of about 3 %
from the broad-band density modulations. The peak powdrinvihe central cone is estimated
at a gigawatt level, assuming that amplification of densibdaoiation reached saturation in the
last cascade. As it was discussed before, a shift of theatemtivelength by a factor of 2 does
not change the impedance significantly. The gain is alsc@feweakly as soon as the
is tuned correspondingly. The undulator wavelength isstdpliby tuning the gap. Therefore,
wavelength tunability in the range 7-30 nm is easily pogsitaithout increasing the total length
of the system.

This numerical example illustrates that LSCA can not diyeopmpete with FELS in terms
of shorter wavelengths (although the wavelength comprassin help), higher power and bril-
liance etc. For instance, a SASE FEL with the given electreend parameters could success-
fully saturate at 1-2 nm wavelength within 30-50 m of undotdéngth and produce a few gi-
gawatts of peak power within a bandwidth that is smaller thaer cent. However, LSCA can
be a cheap solution for generation of longer wavelengthatemt with a relatively high beam
energy, and can have other attractive applications thatiaceissed in the following Sections.
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3 Possible applications of LSCA

3.1 LSCA as a cheap addition to existing or planned X-ray FELs

Undulator beamlines of the existing and planned X-ray FELttenoconsist of long drift
spaces and long undulators. Insertion of a few chicanes amdrd undulator at the end may
allow for a parasitic production of relatively long wavetgh radiation (as compared with the
FEL wavelength) by the same electron bunch. This would ekteran inexpensive way the
wavelength range of a facility. Moreover, since both radiapulses are perfectly synchronized,
they can be used in pump-probe experiments.

As a first example let us consider the undulator beamline SA&HEhe European XFEL
[16]. There is a long drift space (about 300 m) in front of SASEdulator, and 200 m long
drift behind the undulator. The undulator itself has thaltténgth of 200 m (magnetic length
165 m plus 35 meters of intersections). Let us consider thetrein beam with the following
parameters: energy 17.5 GeV, normalized slice emittanten® mrad, peak current 3-4 KA,
slice energy spread 1.5 MeV. The tunable-gap undulatosismasd to be tuned to the resonance
with the wavelength 0.05 nm, so that= 1.9 x 10*. The optimal beta-function in the undulator
for these beam parameters is about 15 m, and it is about 30iAQha drifts. The core of the
bunch with high current saturates at the FEL wavelength enuhdulator, so that this part
of the bunch is spoiled (has a large energy spread). We camgatts of the bunch with the
current about 1 kA assuming that there is no FEL saturatieretiNVe propose to install three
compact chicanes just in front of the undulator, just behindnd at the end of the second
drift. Thus, we have three amplification cascades of LSCA dparates parasitically. The last
chicane is followed by a short undulator. From the formulafe previous Section we find that
the optimal wavelength for LSC instability i ~ 4 nm. The optimalRss is about 8um for
all cacsades. Beta-function in all cascades is much lahgerd.., moreover the lengths of all
cascades are shorter than reduced wavelength of plasnilatosts, i.e.L; < L;. Therefore,
we use formulal(9) to calculate gain in every cascade. We fiatithe total gain is given by
the following product of partial gaings;,; ~ 8 x 13 x 5 ~ 500. This is larger than the
gain required to reach saturation, about 300 according @ /e choose an undulator with
50 periods and a period length 10 cm. Radiation power withedentral cone exceeds that
of spontaneous emission by 5 orders of magnitude and is HE3\bevel with the bandwidth
about 2 %, radiation is transversely coherent. The turtglgiéin be easily achieved in the range
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of 2-10 nm by changing th&;s and the undulator gap. The soft X-ray pulses are synchrdnize
with hard X-ray pulses produced by the core of the same bwswkhat these two colors can
be used in @ump-probe experiments. Alternatively, theylmeeparated and used by different

experiments|.

Note that in this example we considered a parasitic use dieaenline and of an unspoiled
part of the electron bunch. With a dedicated use of the higheat part of the bunch one can
essentially reduce the total length of the amplifier. Let aissider the same electron bunch as
before, but now we assume that the core of the bunch with thrertL3 kA is not spoiled by
FEL interaction (for instance, some bunches are kickedantfof the undulator by the fast
kicker [17]). We consider an operation of LSCA in the drifthied the undulator, requiring
beta-function to be about 10 m (somewhat larger that thus the optimal wavelength is 2 nm.
Choosing length of the drift in an amplification cascade t@0@en (it is much smaller thak,),
and theRss ~ 4 um, we find with the help of (9) that the gain per cascade is abolb reach
saturation one would need four cascades, so that the toghlef the amplifier would be about
120 m. A gigawatt-level radiation power would then be praetuwithin the central cone of a

short undulator, tunability between 1 nm and 5 nm is easy taiob

Parasitic use of long drifts and unspoiled parts of an edectream is possible at other
facilities, for example, at the soft X-ray FEL user facilfzASH [18/19]. There is about 45 m
long drift space in front of the 27 m long undulator. Withootmg into the details, we notice that
by installing two chicanes (in front of the undulator and ibeht, Rss ~ 200 m) and a short
radiator undulator one can parasitically generate powsftfl radiation with the wavelength
around 100 nm.

3.2 Generation of attosecond pulses

There are many proposals to produce attosecond pulses tum [20,21,22,23,24,25,26].
In principle, by using strongly nonlinear manipulationgiwihe longitudinal phase space, one
can reduce X-ray pulse duration down to several cycles [2éle we note that the broadband
nature of the LSC instability suggests that few-cycle psilzan be naturally produced in LSCA.
There might be different solutions, we consider the onelaimid the current-enhanced SASE
schemel]24]. The main idea is that a very short slice (on therasf 100 as) is created in the

5 As an option one can consider the bending system (with popédjustedRss) between SASE1 and
the downstream soft X-ray undulator SASE3][16] as an altesmao the last chicane. Then the short
undulator is placed in SASE3 beamline thus extending itselesngth range.
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electron bunch such that the current in this slice is muchdrighan that in the rest of the bunch.
The FEL saturation in this slice is achieved earlier so thatgower in it is much higher. This
local enhancement of the current is achieved due to the ratdnlof the electron beam in

energy by few-cycle laser in a short undulator, and then loygus chicane.

Let us consider again SASE1 beamline at the European XFEL M@V we assume a
dedicated mode of operation of the LSCA (and no SASE operatith the goal of production
of the attosecond pulses. A relatively low-current beanakprirrent about 100 Q is required
for the operation of this scheme. Somewhere at the begirofitige first drift we modulate the
beam by 5 fs long pulse from Ti:S laser system in the two-geuiodulator. Amplitude of the
energy modulation is about 3 MeV. In the chicane with fhg ~ 0.6 mm we obtain a spike
with the current about 1 kA and the rms width about 10 nm. Theldication of shot noise
within this spike to saturation takes place in three amplifan cascades as described above,
in the example with the parasitic use of SASE1 beamline. TfieXsray pulses (in the range
2-5 nm) with the duration about 100 as and peak power a fewredndegawatts are produced
in the undulator with the number of periods from five to tentéNthat LSC not only plays a
positive role in amplification mechanism, it also induceseaergy chirp along the spike. In
this scheme it cancels first the linear part of a chirp induegd laser, and then it induces
the chirp of the opposite sign but of the same order. Thegspshead to a weak compression
(decompression) in the chicanes but do not disturb the tperaf the scheme.

3.3 LSCA as a source of radiation with a relatively large baiuth

FEL radiation has narrow band, typically 0.1-1 %. For somgeexnents, however, a rela-
tively large bandwidth is required, up to 10 %. In FELs an@ase can be achieved by imposing
on the electron beam an energy chirp, which is translatedradiation frequency chirp. This
approach has technical limits: accelerator has a finiteggnacceptance, and it is not always
possible to impose required energy chirps on very shorthesdn an LSCA the density modu-
lation is broadband, and the radiation bandwidth (withaad¢bntral cone of undulator radiation)

is given by inverse number of undulator periods.

6 Beam can be compressed in a single bunch compressor or witteth of velocity bunching.
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3.4 LSCA driven by a laser-plasma accelerator

The technology of laser-plasma accelerators progressé$2wk a GeV beam is already
obtained[[28]. The electron beam with the energy about 200 as sent through the undula-
tor, and spontaneous undulator radiation at 18 nm waveiemgs obtained [29]. The VUV and
X-ray FELs driven by these accelerators are proposed [BO;Biwever, it is not clear at the
moment if tight requirements on electron beam parametetdhagir stability, overall accuracy
of the system performance etc., could be achieved in theyeexs.

Contrary to FELs, the amplification mechanism of LSCA is veryust. For example, it can
tolerate large energy chirps. In the case of an FEL the erghiyg parameter ish/p?, where
p is the FEL parameter [33] defining, in particular, SASE FElndhaidth. The energy chirp
parameter should be small as compared to unity in order taffeatt FEL gain. Contrary to that,
mechanism of LSCA is broadband, so that "effectités on the order of one. In other words,
in a drift space the influence of the chirp can be always négde©f course, if one would like
to avoid compression (decompression) in chicanes of LS@&, should requirédRss < 1.

If the Rsq is chosen according t@1(8), then the condition for the chap be formulated as
hXx < oy/7.

In an FEL there are stringent requirements on straightnefisedrajectory: the electron
beam must overlap with radiation over a long distance. Inctise of LSCA one should only
require that the angles of the electron orbit should be sn#ilatx/o, what means for the
optimal wavelength_!.

One can speculate (since some important parameters of beamsever been measured)
that LSCA could be an interesting alternative to FELs, attlea the first step towards building
light sources based on laser-plasma accelerators. One afdbkt important unknown parame-
ters is the slice energy spread (slice size is given by a&ypiavelength amplified in LSCA),
since the measured value is usually a projected energydpleaninated by an energy chirp
along the bunch. An interesting option would be to use anggnehirp, induced by LSC and
wakefields over the whole bundh [32]30], for the wavelengtimjgression as discussed in Sec-
tion 2. Taking into account the sign of the energy chirp, dmeusd use, for instance doglegs
instead of chicanes. One can also consider LSCA as a prd@nfitiaking sure that it does not
saturate) with the final amplification in an FEL.
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4 Discussion

In this paper we introduced the concept of the Longitudipaic® Charge Amplifier (LSCA)
that can operate in VUV and X-ray ranges. Although such arifiergan not directly compete
with FELs in terms of shorter wavelength, higher power liariice etc., one can nevertheless
find interesting applications for it. In particular, it cae b cheap addition to some existing or
planned FEL systems helping to extend operating range tistanger wavelength and to pro-
vide the second color for pump-probe experiments. Broadibature of the amplifier supports
production of short (down to few cycles) VUV and X-ray pulsBandwidth of the radiation
from the undulator of LSCA can be controlled by choosing thmher of undulator periods. In
particular, one can produce powerful radiation with a reddy large bandwidth what might be
difficult in an FEL. Robustness of LSCA makes it an interegtiternative to an FEL in light
sources driven by laser-plasma accelerators.

There are many different possibilities that were not cosr®@d in this paper and are left
for future studies. In particular, we did not study nonlinearmonic generation, an effect that
should occur at the saturation of LSCA. Since amplificati@thanism of LSCA is broadband,
the bands of harmonics might even partially overlap. Thetah wavelength within the central
cone is controlled by tuning the undulator parameter. Algoa planar undulator there might
be a set of odd harmonics on axis.

We have considered in this paper a start up of LSCA from shisenélowever, LSCA can
also amplify a coherently seeded density modulation. Isi¢hse one needs an undulator and a
chicane in front of the first cascade of LSCA. The electrombgats energy-modulated by a
laser beam in the undulator, and in the chicane these enaydulations are converted into co-
herent density modulations. Particularly interestingmlge a seeding in a few-period undulator
by attosecond pulses, obtained by high harmonics gener@idG) in gases by powerful few-
cycle lasers [34]. Short few-cycle density modulationsloammplified through LSCA without
lengthening, and few-period radiator undulator would pi@powerful few-cycle VUV radia-
tion. This option is not available in an FEL amplifier due tosamow bandwidth.

It was briefly mentioned in the paper that LSCA can serve asarpplifier for a SASE
FEL. There might be other options, for instance putting LS®igh a short undulator in an
optical cavity, thus having, for instance, a regenerativpldier with a desirable bandwidth.
We should also notice here a possibility of using LSCA for samplification (not necessarily
to saturation) of shot noise in light sources based on spentss radiation in undulators, for

15



example driven by energy-recovery linacs. In this way omesignificantly enhance radiation

intensity and brilliance.

Finally, we have to mention that a possibility of a harmful@ 8istability at short wave-
lengths (VUV and soft X-ray) should not be forgotten. Suchiretability can develop para-
sitically in FEL systems (at wavelengths that are much lonigen the FEL wavelength) with
dispersive elements, such as chicanes in high-gain hacngameration schemes (especially
dangerous can be "fresh bunch” chicanes), achromatic fendgeparation of beamlines, chi-
canes in seeding and self-seeding schemes etc. If LSCilitstdbvelops to a significant level
of density modulations, strong energy modulations (acéiadocal energy spread) can be in-
duced in last parts of FELs thus hampering their operation.
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