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We report evidence of self-amplified spontaneous emiSS&SE at 1064 and 633 nm. To our knowledge,
these are the first measurements of SASE at such a short wavelength and employ the smallest period wiggler,
8.8 mm, used to date in a successful SASE experiment. The experiments were performed with the MIT
microwiggler at the Accelerator Test Facility at BNL. Single-pass, on-axis microwiggler emissions within a 25
nm bandwidth have been recorded as a function of beam charge and show a clear enhancement over sponta-
neous emission. For the measurement at 1064 nm, a single micropulse at 34 MeV with a variable charge of
0-1 nC and less than 5 ps full width at half maximum bunch length was passed through the microwiggler and
emissions into a limited solid angle and bandwidth, selected by an aperture and interference filter, were focused
onto a silicon photodiode. Enhancement of the emissions, from 2 to 6 times the spontaneous emission level,
was observed at the highest charges. In addition, we observed SASE gain at a wavelength of 633 nm at a beam
energy of 48 MeV, without detailed measuremep&1063-651X98)06805-9

PACS numbd(s): 41.60.Cr

I. INTRODUCTION We report a demonstration of the startup of SASE at 1
pm and preliminary results at 633 nm, which, to our knowl-
Understanding the physics of self-amplified spontaneougdge, is the first observation of its kind at visible wave-
emission(SASBE in a free-electron lasefFEL) has been a lengths. We have performed a check, using transition radia-
subject of considerable theoretical and experimental effort ifion, for coherent spontaneous emission and find none.
recent years. This research has been motivated by the pos&urthermore, while previous work generally made use of
bility of using a FEL operating in the SASE mode to producelong-period wigglers, having periods on the order of 5 cm,
high-brightness x rays. In the SASE mode of operation, av& have used a microwiggler in these experiments. Our ex-
high_current electron beam propagates through a |0ng Wigperimen?.al- results are consistent with theoretical and numeri-
gler and amplifies its own spontaneous emission. The phyg:al predictions. _ _
ics of a SASE FEL is not sufficiently characterized and has This paper is organized as follows. In Sec. Il we describe
only been demonstrated at wavelengths separated by up t8e experimental set-up, in Sec. Il we present the measure-
four orders of magnitude from proposed dev|§ﬂe§] ments, in Sec. IV we brleﬂy describe the theory and compare
Initial experiments were conducted at microwave frequenWith experiments, and in Sec. V we present conclusions.
cies and more recent experiments have been reported at 12-5
um [2—8]. Moving ;tudies toward shorter wavelengths is Il. EXPERIMENTAL SETUP
technically challenging because of tighter demands on the
guality of the system. Longer-wavelength experiments are The electron beam at the Brookhaven Accelerator Test
favored by higher gain and less sensitivity to emittance andFacility (ATF) [11] is produced by a high-brightness photo-
energy spread. Experiments at longer wavelength have notesthode rf gur{12] and accelerated up to 60 MeV by two
that the amplified noise is greater than would be expecte&-band linear accelerator sections. The drive laser illuminat-
from shot-noise theory. In the microwave region this is noting the magnesium cathode has a pulse duration of 10 ps full
surprising since the frequency separation between microwidth at half maximum{FWHM). The transport line consists
waves, the beam pipe cutoftharacteristic of wake field)s  of three 20° dipole magnets and multiple quadrupole mag-
and beam plasma frequency is not great. In far infrarediets. The dispersive section between the first two dipoles
wavelength experiments the large ratio of wavelength teenables measurement of the beam energy spread and, using a
bunch length can provide coherent enhancement of spontaellimating slit, control of the beam charge. The nominal
neous emission without SASE gain. Levels of coherent enbeam parameters are energy spread 0.15% rms and 2
hancement of four orders of magnitude have been reportest 10 ® mrad rms normalized emittance. Our definition of
by several group§9,10] working in the far-infrared region. the rms emittance is given in Sec. Il A. The exact values
These experiments, therefore, cannot study the growth of calepend on other beam parameters and will be given below.
herent radiation from spontaneous emission or particle noisdiagnostics include phosphor-coated flags, stripline beam
which is the operative mechanism expected for forthcomingposition monitors, and Faraday cups. More information on
x-ray FEL experiments. the ATF can be found in Ref11].

1063-651X/98/5(5)/60938)/$15.00 57 6093 © 1998 The American Physical Society



6094 M. BABZIEN et al. 57

Alignment X «——  Photodiode — X IIl. EXPERIMENTAL RESULTS
}\ =— Laser 1, «— Bandpass Filter — ;T A. Electron beam measurements
L 7 [— In order to provide data that can be inserted into theoret-
N e ical models, the electron beam must be characterized. Impor-
f ‘ tant beam parameters measured are the longitudinal current
\ 1 Pellicle B distribution, emittance, and energy spread. These measure-
N\ = ments are needed to check that the wiggler emissions are
B > ™= Collimating Slit Faraday Cup —» K@ consistent with theoretical and numerical predictions.

The current distribution is measured by changing the rf
FIG. 1. Experimental configuration showing the salient diagnosPhase of the second linear accelerator section to produce a
tics for the optical radiation and the electron beam measurementénear dependence of the particle enefgslative to a nomi-
Moving from left to right, the collimating slit after the first bending nal energy on longitudinal position or arrival time at the slit
magnet is used to select a longitudinal slice; the pellicle after th¢15]. The collimating slit in the dispersive region acts as a
second bending magnet and the photodiode are used for the opticiter, which passes only a narrow slice in time. The precision
transition radiation measurements; the mirror, iris, filter, lens, andbf this method is limited by the stability of the rf system,
photodiode are used for the optical emission measurement; and thehich is approximately=1 ps, and the intrinsic energy
Faraday cup is used for beam charge measurements. spread of the bunch, which at0.3% corresponds to 0.7 ps.
A Faraday cup and charge-sensitive analog-to-digital con-
verter are used to measure transmitted charge and the rf
The MIT microwiggler is a tunable, pulsed electromagnetPhase of the second linear accelerator section is scanned. The
with a period of 8.8 mm, which provides a peak on-axis fielg@bsolute phase and relative phase shift are used to calibrate
of 0.45 T. Sixty-one periods were used for these experi{he time scale. _ o
ments. Each of the half periods is individually adjustable and 1 he result of the SASE calculation depends sensitively on

a tuning procedure is employed that consistently provide he beam density in six-dimensional phase space. In particu-

rms spreads in the peak field of better than 0.1%, thus prof"r’ the transverse emittances are used, in simulation and

viding the field quality essential for research in Short_theory, to parametrize the beam distribution in the two trans-

wavelength generation. Further details of the MIT microw- ¥ ¢ phase.spacesx(,x) and.(py,y). We measured the
) ) . mittance using two methods: the quadrupole magnet scan
iggler construction and capabilities have been publishe

nd a two-screen method. Since we cannot make a complete
eIsewhere{lS,_14]. . . . mapping of the beam distribution in phase space, we follow
_A schematic of the experiment components is shown iny «ommon practice and approximate the distribution by an
Fig. 1. Located on either end of the wiggler are two multi- g|jipse in each transverse phase space. The measured param-

function diagnostic ports. Designed to provide a means fopterg (ellipse area, aspect ratio, and orientaliame repre-
precision coalignment of the wiggler axis and electron beanyented by the symmetric beam matrix

trajectory, these ports employ three-position pneumatic
translators. One position places a phosphor screen on axis 2_(011 012
where it can be imaged by a charge coupled de\@ED) N '
camera to visualize the electron beam or helium neon align-

ment laser distribution. A second position inserts a 45° pel- ) _ ) )
licle beam splitter. In addition to coupling out on-axis light Whereo1,= oz, is the correlationy/ory, is the beam size, and
from the alignment laser or wiggler, the pellicle acts as a2z IS the beam divergence. The beam line is designed so

transition radiation screen. The pellicle is imaged onto ghat coupling among different dimensions is negligible in the

CCD camera or the light may be focused onto a silicon pho_operating regime. We define the geometrical emittance as

todiode. =\ 011025~ 0212. The normalized emittance is then given by
The wiggler emission is normally collected after the third €n= Y&+ FOr the emittance measurement using the quadru-
dipole separates the photons and electrons. The emission R§!€ magnet scan technique the measured bea sigpis _
passed through a variable diameter iris diaphragm to limif€lated to the beam matrix at the entrance of the varying
collection angle and an interference filter to limit bandwidth. duadrupole magnet by
A focusing lens concentrates all optical emission onto a sili-
con avalanche photodiode that has enhanced infrared quan-
tum efficiency. The diode signal is measured through an am-
plifier with a digitizing oscilloscope. The responsivity of this
optoelectronic system was calibrated with the photocathodehereR;; are the elements of the beam transfer matrix for
drive laser at 1064 nm and agrees well with expectationghe measurement regiofirom the quadrupole magnet en-
based on specifications of the individual components. trance to the beam profile monijorWhen the measured
The ATF provides optical pulses from the photocathodebeam size is obtained by taking the second moment of the
drive laser that mimic the wiggler emission very closely inintensity vs position distribution, the resulting beam matrix
both wavelength and temporal structure, allowing good caliand derived emittance are designated as rms quantities. The
bration and preparation to be performed. The entire opticabeam matrix at the entrance of the quadrupole magnet rep-
system is very robust. resents three parameters that are the variables in a best-fit
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FIG. 2. Beam size vs quadrupole current for a quadrupole scan
emittance measurement. The measured points are markedsby FIG. 3. Longitudinal slice chargé®), wiggler emission(V),
and the dashed line is the fit by which we determine the emittanceand current(solid line) as a function of time along the electron

bunch. This is a “slice” measurement, providing a determination of

procedure. Typical quadrupole scan data, corresponding i@e local peak current and the optical emissions as a function of
the normalized rms emittaneg,= 3.2 mm mrad for a 0.8-nC time along the bunch. The resolution is better than 1 ps. The peak
charge, are shown in Fig. 2. current at the center of the bunch is 320 A.

That method gives information about the second moment
only. The greatest uncertainty is related to the calculation ofhat the two-screen method is less sensitive to the limited
the measured beam size from the camera image. We usediynamic range of the camera. However, it is important to
for those measurements, a camera with a dynamic range ofr@member that both emittance measurement methods involve
bits. The natural noise of the camdraith closed irig was  a priori assumptions on the beam distribution in phase space.
measured to be about Z& the range of 0-255The value  Furthermore, these two techniques may be measuring dis-
23 was subtracted as a background before the second msimilar attributes of the electron beam distribution. Since we
ment was calculated. As the beam size changed during thgo not have access to the actual beam distribution in phase
scan, the image intensity also varied and with it the sensitivspace, this is the best characterization that can be done. A
ity to the background, thus introducing a measurement errosingle numberthe emittancecannot represent faithfully an

A second method was also used to characterize the secomeiknown distribution function and one need not expect com-
moment of the beam distribution: the two-screen methodplete agreement with measurement by another technique.
The distance between the two monitghscated at a beam Likewise, a theoretical prediction for a resgéuch as FEL
line nearly identical to the wiggler beam linwas 4 m. The gain) or a simulation, which require assumptions on the
last quadrupole magnet was used to minimize the beam sizgeam distribution in phase space, need not agree with the
at the second screen. The emittance is related to the memeasured result, i.e., gain, even though the measured emit-

sured beam sizes by tance is used as input into the theory.
In the SASE measurements, the charge of the beam is
_ 0102 varied using the collimating slit after the first dipole. The
ENTT Y beam tune after the linac can be set so that the beam size at

the slit is dominated by betatron distribution, not by the very-
whereo; and o, are measured beam sizes at the first andow-energy spread produced at the ATF. This is verified us-
second beam profile monitors, correspondingilys the dis-  ing additional screens after the collimating slit. A discussion
tance between the two screens, anis the average beam of the effect of changes in the beam parametdte to the
energy in units of the electron’s rest mass. The results of thehanges in the slit widthon the optical measurements is
two-screen beam measurements are presented in Table | fpresented in Sec. Il B.
two cases: the full beam and a beam slice. A measurement of the beam peak current vs the longitu-
Because the beam intensity variation did not affect ourdinal position(or time) was taken after SASE was observed
measurementérises on both monitors were adjusted to useand is shown in Fig. 3. This measurement serves two pur-
the whole dynamic range of the camerase may conclude poses. First, it provides us with a measurement of the elec-
tron bunch length and longitudinal distribution. In addition,
TABLE I. Emittance measurement for the complete beam anddy measuring the optical emission from the wiggler along the

for a longitudinal slice. bunch, we can verify that the optical emission intensity is
just proportional to the local peak current. This serves to
Beam sizesmm) _ _ remove a possible mechanism that might mimic SASE in the

Charge Normalized emittance

slit scan technique.

(PO o1 72 (mm rag The full beam charge delivered to the Faraday cup for this
full beam 900 1.02 0.12 2.4 measurement is 0.8 nC. The short pulse duration, alhost
beam slice 80 0.73 0.09 1.2 the drive laser duration, and corresponding high beam cur-

rent is caused in part by rf compression in the gun. The very
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FIG. 4. Charge dependence of wiggler emission at 1064 nm. arge [nCl

The solid line is a fit to the spontaneous emission at low charge FIG. 5. Charge dependence of transition radiation at 1064 nm.
(optical emission before SASE sets.iftach point is an indepen- The transition radiation is linear with charge. This is evidence

dent measurement pair of optical energy and beam charge. Thayainst coherent emission due to micro-bunching and for SASE as
scatter of the points results from the startup mechanism of SASkhe mechanism for the enhancement of optical emission from the
(see the tejt wiggler at high charge at the wavelength of interest.

high quantum efficiency of the magnesium photocathodé@ngular divergence are less than thi,Lbandwidth that the
used is also important, although the measured distribution igptical system is designed to accept, for the full range of
not well explained by present theory of pulse evolution in abunch charge variation. If the beam charge is reduced, then
rf gun. Several parameters contributing to the high peak curthe inhomogeneous effects become even less. Line-
rent are not easily measured directly or controlled; therefordharrowing effects with increasing SASE gain will be ac-
day to day variations in current were observed. This made i¢epted by the optical system. Our conclusion is that as the
necessary to measure the longitudinal pulse distribution dunch charge is varied, the optical system records the correct
least once during every run. g?ixyure of axially directed spontaneous and SASE FEL ra-
iation.

Concerning variation of the gain with the slit size, the
increase in both energy spread and horizontal emittance as

The charge dependence of emissions from the wiggler ighe slit opening is increased would only reduce the SASE
a 25 nm bandwidth around 1064 nm and an opening of 1.@ain. Thus a correction attempting to take into account the
% 10~2 rad (half-anglé about the central axis of the wiggler beam quality change associated with the slit scan will only
is shown in Fig. 4. The straight line represents the expectederve to enhance our observed gain. Therefore, the signal
spontaneous emission dependence, as extrapolated from tehancement beyond tlinear spontaneous emission de-
low charge points, if variation of the beam distribution, suchpendence on charge cannot be attributed to changes in the
as energy spread and emittance, are not included. A detaildskam parameters.
discussion of such dependence will be presented elsewhere Previous experimentée.g., Ref.[9]) have seen signals
[16]. from coherent spontaneous emission. We have strong evi-

When the beam pulse charge is varied, one may expeeience that our signal was not due to coherent spontaneous
some variation of beam parametgssich as emittangeghat  emission. One test used transition radiation from the pellicle
affect the radiation spectrum or directionality. This raises thenear the wiggler. The transition radiation charge dependence,
possibility that the resulting alteration of line shape couldshown in Fig. 5, is measured using the same photodiode and
cause radiation at wavelengths or directions that fall outsidénterference filter as the wiggler emission, but with a collec-
of the bandwidth of the optical filter or the acceptance of thetion angle large enough to include all the transition radiation.
optical system. The FWHM of the spontaneous wiggler ra-The charge was varied, as in the SASE studies, using the
diation emitted along the axis of the FEL isNlj=1.6%. collimating slit. For transition radiation, the emission de-
The filter linewidth accepts radiation having a somewhatpends linearly on charge. The form factor governing the con-
larger range of wavelength@.4%. Taking the emittance tribution from coherent transition radiation involves the same
observed ¢y=2.4 mm mrad) at the maximum charge and aFourier components of the electron beam distribution as does
beam radius of 0.3 mm, we find the expected emittance inthe form factor for coherent enhancement of spontaneous
homogeneous broadening of the spontaneous line falls wedmission. Therefore, any coherent enhancement of the wig-
within the 1N,, bandwidth; this is true for the energy spread gler emission that scales with the square of the number of
(AE/E=0.3%<1/4N,,=0.4%) and variation as well. The electrons should also be evident in the transition radiation
same conclusions apply to radiation that falls within the coneneasurement. The lack of this behavior demonstrates that the
of light that can be detected by the optical system since thebserved enhancement of spontaneous emission is not re-
half-width angle of the radiation cone that can be acceptethted to coherent enhancement. In addition, an electron beam
corresponds to a bandwidth that is nearly the same as thstructure on the micrometer scale is unlikely. This is sup-
actual filter bandwidth. Thus the expected contributions ofported by slice measurement of the wiggler emission shown
the inhomogeneous effects on the radiation linewidth andn Fig. 3. Again using the time slice technique and transport-

B. Optical measurements
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04 with a step-function profile, zero energy spread, and zero
angular spread. This idealized model for start-up noise is
= 03] - s..'.. L8 justified because the glepmetrical emittance is much smaller
s ..'.o,:%‘s“ than the wavelength divided byr2and the betatron wave-
S o s length (3 m) is much longer than two power gain lengths
‘UEJ 0.2 1 (=0.2 m), resulting in negligible betatron motion during the
5 start-up process. The ratio of the SASE radiation spectral
3 power in the guided mode, labeled by indexexcluding the
= 01 spontaneous contento the spontaneous radiation spectral
power is given by 20]
0'00.0 0.2 04 06 08 ( dP, m)
Charge [nC] do SASE _( eLW/LGn_l) 2|—G .
FIG. 6. Charge dependence of wiggler emission at 633 nm. The (d_P) Lw
solid line is a fit to the spontaneous emission at low ch&ogéical do

emission before SASE sets)irEach point is an independent mea-
surement pair of optical energy and beam charge. The scatter of t

REhere P nd L re th wer an in length in th
points results from the startup mechanism of SASE&e the tejt ere Py, and G, are the power and gain lengt the

guided mode, respectivelyL,y is the length of the wiggler.
ing the portion of the electron bunch selected by the colli-The terml,, is the coupling factor of the radiation from the

mating slit through the beam line and wiggler, the opticalfirst two power gain lengths into the guided modeand,
emission of each slice is recorded. The emission is agaiglong with Lg , is calculated in Ref[20]. The term
limited to 1.0<10 3 rad and 25 nm around 1064 nm. The "

proportionality between wiggler emission and charge in eacf)dPrn/do)sase is the amplified spontaneous power in the

slice demonstrates that no individual slice is significantlygu'ded mode, tending to the spontaneous power f_or no ga.
enhanced and there is no evidence of any small scale struc- The labeln used here ac_tually represents an mdgx thé.u
ture in the bunch. could be a set of several discrete indices. As explained in

Additional preliminary evidence of SASE at visible wave- [20, the power is a sum over “diagonal” termB,, and
lengths is observed by increasing the electron beam energycross” terms Py, . However, the cross terni3,, are usu-
Figure 6 shows the charge dependence of wiggler emissiodlly negligible. The measured ratio corresponds to a sum
at 633 nm. Again, only on-axis emission was collected, an@ver all the modes and, since the gain is not high, includes
the bandwidth measured was 1 nm. This emission displayte oscillating and decaying components as well.
enhancement similar to that observed at 1064 nm, implying Since the result is sensitive to the power gain length of the
that any coherent enhancement at both wavelengths wouldindamental mode, it is calculated by the universal scaling
require an even smaller structure to be present in the electragain function[21,22 for a waterbag model, which is close to
beam distribution. the experiment. The difference between the waterbag model

The data in Figs. 4 and 6 also indicate another characteand the Gaussian model is negligible for our case, as long as
istic of SASE: the increase in fluctuation of the emissionye take the same rms emittance for both models. We assume
with increasing charge. This is expected because the totghe step-function distribution has the same rms beam size
radiation emitted depends not only on the gain, which variegnd peak current density as the waterbag model. The gain
linearly with charge, but also on the spontaneous emissiofengths for higher modes are estimated using the ratio of the
that is to be amplified. Fluctuation theof%7] predicts that  scaled growth rate of these modes and the fundamental
for this pulse duration the intenSity fluctuation should bemode_ This serves as a good approximation because the con-
20% rms for 1064-nm emission, which agrees qualitativelytripution from higher modes drops rapidly due to larger gain
with the measurement. length and contributes little, as shown in the following.

IV. THEORETICAL ANALYSIS AND COMPARISONS B. Numerical simulation

The ratio of the SASE radiation spectrum over the spon- | order to provide a numerical check of the SASE mag-
taneous radiation spectrum is calculated approximately byitude, the numerical simulation cod®a3p has been run
two methods for comparison with the experiment. One is afjor 3 wide range of emittances and currents. In a separate
analytical estimate, the other is an approximation by numerinaper[23] we show how a single frequency coteasp can
cal simulation[17] using a three-dimensional version of the pe ysed to simulate a phenomenon with finite bandwidth,
codeTDA [18] based on a recently derived scaling relationgych as the SASE process. Here we try to simulate the ex-

between the output power and the number of simulation pafperiment at a fixed line by a scaling relation between power
ticles used in the code. These two methods agree with eaghd the number of simulation particles.

other very well and provide an effective tool to analyze the |n the linear regime, i.e., during the exponential growth

experimental results. before saturation, the average output power, which arises
from shot noise(modeled by random loadingis inversely
proportional to the number of simulation particles in an op-
The analytical estimate for start-up noise is based on &ical wavelength. Therefore, we estimate the time average
three-dimensional linear theof$9,2( for an electron beam output power P) using the simulation output pow¢P').

A. Analytical estimate
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20 linearly increases with the current until approximately 100

A, corresponding to spontaneous radiation without gain, and
then deviates from linear dependence at larger current. At
320 A the power is a factor 2 above the linear extrapolation
from the spontaneous emission regime. Notice that the factor
2 also agrees with the analytical estimate @de Sec. IV D
Similar calculations have been done for various wiggler
lengths, currents, and emittances. The results all approxi-
mately agree with the analytical estimates. When we increase
the number of modes and correspondingly the number of
simulation particles to achieve the correct growth rate, there
is better agreement between spontaneous radiation theory
and the simulation results. Using larger numbers of particles
FIG. 7. Numerical simulation of wiggler emission as a function did not substantially change our resullts.
of beam current. This numerical simulation reproduces closely the
measured wiggler emission in functional dependence, absolute
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5 &

i
3
.

00 ¢ T T T T T T
0 50 100 150 200 250 300
Current [A]

value, and scatter of the individual “shotg$ee the text C. Intensity fluctuation
N/ We also carried out a three-dimensioridD) analytical
(P)= N—}\ (P"), analyses of the intensity fluctuati¢@4]. One particular re-

sult of our analysis is that in the 1D limit our 3D fluctuation

whereN, andNj are the number of electrons and simulation formula is significantly simplified to
particles within one optical wavelength, respectively. This
conclusion is verified, by direct simulation, after averaging
over many runs with different initial random electron distri- TR
butions. We know, by comparing with the universal gain (W) 1/le
function[22], that 1200 simulation particles per cell are suf-
ficient to predict the correct gain length for an amplifier. The
azimuthal modes used in the calculation are from —2 to ~ Whereaoy is the rms fluctuation ofW), the average output
2, i.e., five modes are used. SASE energy per pulskjs the length of a flat-top pulse, and
At the experimental conditions df=320 and emittance |, is a correlation length characterizing SASE coherence
of 0.7x10 ® mrad, the number of electrons withiky given by[17]
=1pum is 6.7 1P and the output power given byA3sD is
9x10° W. This is multiplied by 1200/6.% 1¢° to get the
corrected simulation power of 1.5 W. As a further check, the 27 Lg\ Y2
theoretical spontaneous radiation power is obtained as fol- le= NW7\5<? L_) '
. . W
lows. The brightnesB, is

azpspon €oZol @ 2 o 2 . . . . .
Bo= . = WY 17K727 J whereNy, is the number of wiggler periods is the radia-
— 0 tion wavelength,L,y is the wiggler length, and ¢ is the
0=0w=u, power e-folding length. The relative fluctuation level is an-
ticipated since we expect SASE to producg. pulselets,
=5.72x10°W, each with the same average spectral features and random
phases.

whereZo=377() is the vacuum impedance, is the elec- The gain length, the electron beam pulse width, and the
trons chargeK is the wiggler parameteNy, is the nuzmber intensity fluctuations are simply related and can provide a
of W|zggler pzerlod_s, and  J=Jo[K/4l(1+K"/2)]  yseful consistency check for the theory and experiment. The
— J1[K7/4/(1+K®/2)] is the Bessel factor. _ comparison between the measured fluctuation level, the
At =320 A, the power for the wiggler's opening angle peam peak current, and the theoretical gain length will be
of ®w=V2\s/Ly and the bandwidth N,y is estimated as done in the next section. Very similar spectral features are
Pspont= TO3Bo(1Nw) =1.1 W. The extrapolated simula- predicted for random backscatter of short laser pulses in a
tion spontaneous power is 0.75 W, in qualitative agreemenglasma[25].
with the spontaneous radiation theory value of 1.1 W. With
more modes in the simulation the agreement can be made
better. D. Comparison with experiment
Using this method and varying the current from 0 to 320
A, we plot the output power as a function of current in Fig. Based on the approximations discussed in Sec. IV A, the
7, where each point is an average over 30 rui3® is ratio for our case with a current of 320 A and an assumed
roughly the number of coherence lengths in a pulse lengtiormalized emittance of 0:710 ® m rad is calculated in the
see the discussion belowThe result shows that the power high gain limit as
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surement is made with a 25-nm filter, giving a bandwidth of

) 25 nm/1um= %> 1/N,,, but the angular acceptance, set by
—SASE_1:<E eo.53/o.11_1) 2><0.11(O.186 a known aperture, is 120102 rad. Thus the bandwidth is

0.53 retained as Ny, but the solid angle is reduced by a factor

dP
(dw)spon £2)2. The simulated power total power at 320 A is a factor
of 2 above spontaneous, which is extrapolated to 1.1 W at
2X0'16(0 037 2) this current. There is some uncertainty in converting the
0.53 ' simulated power to energy. As can be seen in Fig. 3, the
current falls quickly as a function of time. Slices with a
current less than 320 A will produce less SASE gain. If we
~0.98+0.08+--~1.1. divide the peak current by the measured pulse charge of 0.8
nC, we get an effective pulse width of 2.5 ps. Because of the
gain dependence on the peak current, it would be wrong to
The wiggler is much shorter than the measured betatronse this number for the pulse width, and we estimate that 2
wavelength(3 m). Therefore, we can approximate the beamps would be more appropriate. The pulse energy, with a

size as constant even though there is no horizontal focusingy|se length of approximately 2 ps, is theg%)2x 2.2x 2

and apply the formula given if20]. For a longer wiggler, _j 1 3 This is to be compared with the measured energy at
the treatment of Kinj26], which includes the angular spread y,o peak chargécorresponding to the peak current of 32D A

of the beam would be appropriate. The gain length of 0.11 myt 1 1 3. The agreement between the absolute values of the
is calculated using the formula given [82], i.e., using the 50\ jated and measured radiation energy is surprisingly

fact that the focusing is different from the natural focusing Ofgood in view of the uncertainties discussed above.

the wiggler. Finally, we can compare the fluctuations in the shot-to-

Each term is a contribution from one mode. 'I_'he first termgp, o optical signal energy between the experiment and the
represents the fundamental mode with the azimuthal mOdfheory outlined above. For our experiment-1 um, Ay

numberm=0 and radial mode numbgr=1. The second ~8.8mm, 1~320A, £~0.8<10 ° mrad, E~34 MeV,
term is form=1 andj=1. The factor in front of the paren- .41 ~011m. The slippage is 6am and the coherence
theses for each term is the gain for that mode. For highelrengtﬁJ is reduced to

modes these factors drop rapidly. To obtain the ratio of the
SASE power including the spontaneous component to the 3

extrapolated spontaneous povieo gain 1 should be added, 60 ,um/\/2—>< 4.9=40 pm.
so that the expected ratiois2.1. The error due to neglect of 7

higher-order modes is estimated-ai0%. The pulse length is measured to be about 3.5 ps FWHM,
This ratio is in agreement with the experimental result, as e., about 105Q.m, hence the fluctuationr,, /(W) is calcu-
shown in Fig. 4. If we assume a larger emittance, the theoryyieq 10 be about/40/1050~20%. This is consistent with
predicts a smaller ratio. The current of 3200A is as measuredj e measured fluctuation of about 15%, considering that the
however, thg measured emittance is 50% larger than th5u|se shape is actually not a step function and the calculated
measured slice emittance. The difference between the megaam size is not really large enough to be near the one-
sured slice emittance and the emittance value that producggmensional limit. Nevertheless, the calculation serves as a

the best fit with the theory was discussed in Sec. Ill A. Theyg,gh estimate and a check that a description based on ran-
differences in part due to the experimental electron distribuyom noise is applicable.

tion and the assumed theoretical distribution. The experi-
mental distribution has non-Gaussian tails that increase the
measured emittance value without a significant effect on the
gain. As remarked earlier, the emittance is an incomplete In summary, we have extended the shortest-wavelength
descriptor of a complicated phase-space distribution. In adSASE measurements an order of magnitude over previous
dition, as can be seen from Table |, the measured emittanaaeasurements using the MIT microwiggler, which provides
improves when a slice smaller than the whole bunch is meahigh field quality at a period of 8.8 mm and a 34-MeV high-
sured. The local emittance of a slice smaller than what wdrightness electron beam at the Accelerator Test Facility.
can achieve with our resolution is expected to be smaller, iThe charge dependence of wiggler emissions and optical
better agreement with the measured gain. Thus the uncertaitransition radiation, longitudinal structure, and electron beam
ties in the inputs to the model easily account for the differ-parameters required to theoretically predict SASE gain have
ences between theory and experiment. been measured. We have considered alternative explanations
Another comparison can be made between the optical erether than SASE for the optical emission vs charge curves
ergy measurement and the simulation by observing the absand eliminated these. The variation of beam properties such
lute values in Figs. 4 and 7. To do that we must correct foras emittance and energy spread as a function of charge, can-
the bandwidth and angular opening in the measurement. Theot mimic SASE in the measurements. The spontaneous op-
simulation is done for a bandwidth Ny,~1/60 and a full tical emission along the electron bunch is proportional to
solid angle. For the small gain measured, the radiation bandtharge of the measured “slice.” The optical detector linear-
width and opening angle should be almost the same as spoity was tested in the range of measurements. An experimen-
taneous radiation. Therefore, with the bandwidth dfi}/ tal measurement of transition radiation shows no evidence of
the radiation angle should be X903 rad. Now the mea- coherent enhancement of spontaneous emission, and numeri-
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