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Fundamental and harmonic microbunching in a high-gain self-amplified spontaneous-emission
free-electron laser
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Electron beam microbunching in both the fundamental and second harmonic in a high-gain self-amplified
spontaneous emission free-electron |dSASE FEL was experimentally characterized using coherent tran-
sition radiation. The microbunching factors for both modes &ndb,) approach unity, an indication of FEL
saturation. These measurements are compared to the predictions of FEL simulations. The simultaneous capture
of the microbunching and SASE radiation for individual micropulses correlate the longitudinal electron beam
structure with the FEL gain.
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Significant progress has been recently achieved in theuction. As this process evolves and the electron beam con-
worldwide effort of self-amplified spontaneous-emissiontinues to microbunch further, the coherence of the radiated
free-electron lase(SASE FEL research and development; field increases, and the SASE power grows exponentially
saturatior{1-3] and nonlinear harmonic radiati¢s,5] have  along the undulatorP=P,exp@L,). Here, P, is usually
been observed from the near infrared to UV wavelengths. Aaken as the coherent fraction of the spontaneous radiation in
signature of the high-gain FEL is the microbunching of thethe first field gain lengthz is the distance along the undula-
longitudinal electron beam distribution with a periodicity of tor, andL 4 is the power gain length. When the exponential
the FEL's fundamental wavelength. By measuring the degregrowth in radiated power endgevels off), the FEL is in a
to which the electron beam is microbunched, important mi-state termed saturatiqid1]. At saturation, the beam is most
croscopic properties of the SASE radiation system can bdensely microbunched, and further coherent power genera-
determined. A tightly microbunched system, characteristic otion is mitigated. As saturation is approached, the modulation
FEL saturation, will contain a microbunching structure rich of the beam current becomes deep and nonsinusoidal, with
in harmonics, and this harmonic microbunching will drive significant higher harmonic content. Thus the onset of FEL
the nonlinear harmonic radiatighlHR). NHR, for example, saturation is accompanied by the presence of significant har-
can be utilized in proposed x-ray FEL's to attain coherentmonics[11-13, both in the FEL light generated and the
harder x rays compared to those of the fundamental radidengitudinal electron beam distribution.
tion. The wavelengths at which the electron beam is mi-

Observations were made on fundamental SASE FEL mierobunched) ,,, are given by
crobunching using coherent transition radiati@TR) [6—8]

and also on an FEL oscillator using other meth¢g8ls A N Ay 1 K_2 i
direct correlation between the SASE FEL output and electron mbn=ArnT 5,20 2)

beam longitudinal microbunchingdetermined by CTRis
presented in this paper; both the fundamental and seconshere A\, is the undulator periody is the electron beam
harmonic microbuching factors are captured from the samenergy,K is the undulator parameter, amd=1,2,3,..., and
micropulse as the SASE radiation over the full range of FELn=1 corresponding to the fundamental mode. The harmonic
gain. Details of the harmonic microbunching measurementsicrobunching will generate radiation at the same wave-
in a SASE FEL, which drive NHR, are presented. Bunchinglength,\, ,, and because of the nature of the radiative pro-
factors for both the fundamental and second harmonic areess in a planar undulator FEL, odd harmonic radiation pro-
experimentally characterized, and compared with SASE FElduction is favored 13]. Because the higher harmonic SASE
theory and computer simulation. The results presented in thigrocess is driven by the fundamental microbunching, it is
paper verify that the fundamental microbunching drives theermed NHR. The growth of the NHR starts later in the un-
SASE FEL gain, harmonic microbunching, and nonlineardulator compared to that of the fundamental, as the funda-
harmonic generation. mental must have considerable gain before the harmonic mi-
An intense relativistic electron beam propagating througtcrobunching can develop. Experimental observation of NHR
a periodic magnetic undulator may undergo a radiationon the visible to infrared SASE amplifi€VISA) FEL has
producing interaction termed the SASE FEL instability]. been reported4].
This instability proceeds by generating light at the FEL's The theory of CTR and its application to longitudinal mi-
resonant wavelength, and allows the beam to microbunch arobunching measurements of electron beams has been ex-
the same wavelength. This process has a positive feedbadensively studiedi6—8,14,1%. A more physical picture of the
as microbunching stimulates moommherentradiation pro- process, known as the virtual photon, or the Weizsacker-
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Wllllz_am_s method[16]l, can also bg used to give the same 6 pum foil Mirror (\/20)
predmtyons concerning CTR mlcr(_)bu_nch_mbLS]. Both_ A (Rotated 45° (Rotated 45°
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SASE FEL is emitted Microbunched
P CTR Electron beam
Z
————— of fo——>
N x2  y? 7 Back
eNexp —~——=-—=— - emitted
20, 20, 207 $ O Back To CTR
p(X Y, Z) — o emlRtted detector
(2m)*4ogoy0, ?_ Reflected SASE T
O toward detector
© Undulator
X[ 1+ b, cognkz) |, 2 . . .
nZl ncosnk2) @ FIG. 1. CTR microbunch monitor. System simultaneously cap-

tures CTR(microbunching and SASE.
whereN is the number of electrons in the buneh,, , are
the transverséx,y) and longitudinal(z) beam sizes, respec-
tively, k, is the fundamental wave number from Ef), nis ~ SASE and CTR signals. To select a desired microbunching
the harmonic number, ar), is the microbunching factor for  signal, bandpass filters with known spectral resporises-
the nth harmonic. The analysis for CTR assumes that thdered at 850 and 415 nm with 50 and 10 nm bandwidths,
microbunching period in the beam’s rest frame is small comfespectively were positioned before the CTR detector. To
pared to the transverse beam Size, ka)-’xyy/'y> 1, which is minimize the pOSSIbIllty of cross contamination in each mea-
indeed the case for this FEL. For a given harmonic the CTReUrement, two filters were employed, resulting in an attenu-
energy emitted when the electron beam strikes a Conductin@tion at least six orders of magnitude outside the bandpaSS.

surface may be obtained using both traditiotzainihilation Three factors must be taken into consideration when ana-
[6,14] and virtual photon modelgL5], lyzing the measured microbunching factors. First, the elec-

tron beam propagates 30 cm after the undulator exit before
reaching the foil. At saturation, the electron beam is opti-
mally microbunched and has a large energy spread, causing
the electrons to debunch in the drift space. This leads to a
o ) ) reduction of the bunching factors. In addition, the beam ex-
Predictions from Eq(3) will be compared to the experimen- pands transversely after exiting the strong-focusing undula-
tal results and simulations when determining the mi-tor Eq. (3) indicates that this transverse expansion signifi-
the harmonic microbunching is reduced significantly from[lg] was used to study these effectEENESISsimulates the
that of the fundamental due to its strong dependencelon  v/|SA FEL interaction and electron beam dynamics through
The SASE FEL microbunching experiments reported herghe postundulator drift space. Second, the electron beam
were performed using the VISA FEL, located at Brookhavenpropagates through the foil before creating part of the mea-
National Laboratory’s accelerator test facilitATF). The  syred CTR. Thin-target scattering effects in the foil induce
VISA FEL saturated, with optimum electron beam condi-transverse motion in the electrons that can reduce the CTR
tions, before the end of a 4-meter-long permanent magnefeneratedi6]. For the 45° positioned casesyuén foil and the
undulator. The VISA undulator has a periOd of 1.8 cm, builtparameters given in Table I, the CTR energy is reduced by
in strong focusing and an undulator paraméder1.26[17].  apout 35% for both the fundamental and second harmonic.
The hlgh brightness beam used to drive the VISA FEL iSAnd ﬁna"y, we note the two CTR sources in F|g 1. The
generated from a 1.6 ceB-band photoinjector. A beam en- effects of TR interference between two parallel foils are ex-
ergy of 71 MeV is obtained after acceleration through twogmined in Ref[20]. When the fields from the two sources
SLAC-type traveling wave accelerator sectiofis8]. The  combine, those emitted from the mirror will have an addi-
beam is then delivered to the VISA undulator through ational Sana”y dependent phase. As this phase varies
matching beamling2]. strongly over the emission at the mirror, due to the use of
The microbunching diagnostic station was installed 30 chonparallel emitters, the interference between the two CTR
downstream of the undulator exit and consists of a thin alusgyrces is diminished. Furthermore, the foil used here has
minum foil and a3 in. laser quality mirror, separated by significant surface roughness. The CTR emission from the
~2.2 cm. The light-tight 6um foil is used to separate the
SASE radiation from the CTR, as shown in the schematic TABLE I. Electron beam and FEL parameters at microbunching
given in Fig. 1. The SASE radiation is reflected downwarddiagnostic, 30 cm after undulator.
from the front surface of the foil. Back-emitted CTR from

Calibrated joulemeters were used for measuring both the
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the front surface of the foil is also emitted downward and is Beam Energyy 139
negligible since it has at least three orders of magnitude less Fundamental wavelengtky ; 845 nm
energy than the SASE. Both forward CTRom the back Spot sizeoy, oy 60 um, 120 um
surface of the fojl and the back-emitted CTRrom the mir- Pulse lengthg, 54 um

ror) are directed into the microbunching detector. The beam ChargeQ 145 pC

and relevant FEL parameters at the foil are given in Table |
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FIG. 2. Measured fundamental CTR vs SASE. Beam is longitu- 0.5
dinally microbunched at a period of 845 nm. 04l
=0
foil is more diffuse than that from the mirror, and the overlap g 0.3k 1
of the two CTR signals necessary for interference is again =
significantly reduced. The lack of CTR interference was con- 1
firmed when a charge coupled device camera focused onto o1k
the far field onto a similar microbunching monitor observed
no interference pattern, but a strong CTR signal; the CTR 0-00 ] = 3 ”
collected from the foil and mirror add independently. (b) z(m)

To understand the relation between the microbunching
and radiation in a SASE FEL, we first examine the qualita- FG, 3. cenesissimulations.(a) Fundamental bunchinig, vs z
tive nature of the CTR energyn as a function of the SASE at peak FEL gain(b) Second harmonic bunchirlg, vs z at peak

energy,Usase. Both the fundamental CTR enerdy; and  FEL gain. Debunching observed during the 30 cm drift after the
Usasg Were captured simultaneously for many micropulsesundulator.

and Fig. 2 shows these measurements. This is a shot-to-shot

measurement from low FEL gain to saturation. During expo.latOI’ drift, where the particle input used comes from previous
nential gain, we expect both; andUsasgto be proportional ~ simulations of the injector and beam transport to the undula-
to b2 and observe that they are indeed proportional to eackor [2]. Figure 3 plots the microbunching factoy as a func-
other before Saturatidﬂpwer SASE energies in F|g)2Th|S tion of Z., as Ca:ICUIated from GENESIS for the case with
measurement confirms that microbunching is integral to thééar-optimal gain. When the FEL enters saturation before the
SASE gain process and that the fundamental microbunchingndulator end, no further microbunching occurs, confirming
and SASE radiation have the same exponential dependenéée measurement in Fig. 2. These simulations predicttthat

(growth rate [10], is reduced td, =0.52 at the diagnostic station from its op-
timum value,b;=0.60, immediately preceding the undulator
) z exit. Using the parameters in Table I, data in Fig. 2, and
biEsase<ex :1 ’ (4) including foil scattering effect§6], Eq. (3) predicts a mea-

sured bunching factds; =0.50, which is in close agreement
wherel 4 ; is the gain length for the fundamental SASE ra- with simulations.
diation. A fundamental SASE growth ratiey ;~19 cm, for Figure 4 shows measurements of the second harmonic
this FEL has been report¢d,4]. The range of SASE values longitudinal microbunchingl),, vs Ugase. The unfiltered
in Fig. 2 comes not only from SASE statistics, but also fluc-SASE energy is dominated by the fundamental since higher
tuations in the electron beam due to system instabilitiesharmonics account only for about 1% of the fundamefal
These fluctuations are inconsequential, however, since bot#hgain at highUgagg, the second harmonic microbunching
the SASE and microbunchin@ TR) are measured for every stops growing, an indication that the beam is not mi-
micropulse; a unique microbunching factor can be attribute@robunching further. Simulations in Fig. 3 show the second
to each SASE shot. harmonic microbunchindy,, as a function ot. Once again
Simultaneous measurement of the CTR and SASE enegt saturation, the harmonic microbunching stops growing,
gies provides another technique in which SASE FEL saturaconfirming the trend shown in Fig. 4.
tion can be verified independently. At highsase and above The microbunching on the second harmonic can be re-
saturation in Fig. 2, the proportionality described by E). lated to that on the fundamental using the theoretical predic-
is missing. Even though marginally more SASE radiation istion [11] b%ocexp(z/Lg,Z)ocexp(&/Lg‘l)ocb‘ll. Here, the radia-
produced in the undulator, the lack of increase in the mition gain length for the second nonlinear harmonic, is related
crobunching is further evidence that the FEL is in saturationto that of the fundamental by, ,=L 4 ,/2. This relationship,
To compare these results to a microscopic model of theerified experimentally at VISAM], means that), should be
beam,GENESIswas used to simulate the FEL and post undu-quadratic withUgase. The data show thdtl, is a stronger
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2 previous observation of the third nonlinear harmonic SASE
A [ o . e signal[4]. Bandpass filters for the third harmonic were situ-
E16f R ’ . ated in front of the CTR detector, but no conclusive signal
= [ was measured. Equatiof8) predicts a detectable signal
2 ol " (down from the fundamental by a factor of)3but GENESIS
I predicts that the effect of the debunching lpnreduces the
§ [ov 0 CTR by another factor of 10 on the third harmonic, rendering
g 08 o the signal undetectable.
° "'.:- ] In conclusion, the dependence of the longitudinal mi-
0.4 "';-.; crobunching up to the second harmonic on the observed
NP I I PRI R B SASE FEL gain into saturation has been measured using
0 10 20 30 40 50 60

CTR. For single micropulses traversing the undulator, SASE
energy and,, b, were simultaneously measured. The linear

FIG. 4. Measured second harmonic CTR vs SASE. The beam igroportionality of U, on SASE energy up to saturation is
longitudinally microbunched at a period of 422 nm in addition to clearly established, as is the lack of further microbunching
845 nm in Fig. 2. growth after saturation. The linear relationship between the

fundamental microbunching and SASE growth is evidence
, , . . the fundamental microbunching drives the FEL radiation.
function of Usase than is the fundamental microbunching por the fundamental microbunching measurements the ex-
signal,U,, but establishing a quadratic dependence from the,erimental results were in excellent agreement with the pre-
relatively small portion of the data before the saturation ofyictions of CTR theory and FEL simulations. The second
U, is difficult. o _ harmonic microbunching appears strongly in this SASE FEL
To generate a prediction for the expected bunching factorear saturation, as expected. Less impressive agreement was
we refer to theGENESIS results displayed in Fig. 3. The gpiained for the second harmonic microbunching case due to
bunching factor at the foil ish,=0.2, reduced fromb,  ncertainties in debunching, transverse beam expansion, and
=0.40 at the undulator exit. Using the measurements fromy possible need to generalize CTR theory. In addition, the
Fig. 4, the measgred peak harmo'mc bunching factor calcuy,g jowest microbunching factors( andb,) were charac-
Igted from Eq.(3) is b2=_.13. The o_hscrepancy between Pre- terized; the electrons in the beam are strongly bunched at
dicted and measured microbunching may be due to a varietys5 and 422 nm. These results show the dependence of
of factors, such as the uncertainty in the debunching, tGASE gain and nonlinear harmonic radiation on the longitu-

which higher harmonics are more sensitive. Also, the asgina| structure of the electron beam, the driving mechanism
sumption of a Gaussian electron beam longitudinal distribugpf a0 FEL.

tion may also have contributed since the real bunch shape

displays some non-Gaussian structi2g We would like to express our gratitude to D. Davis for his
The difficulty in obtaining information about higher har- technical support. This work was partially supported by the

monic microbunching is further demonstrated by the searcly.S. DOE under Grant Nos. DE-AC02-98CH10886 and DE-
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