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Measurements of High Gain and Intensity Fluctuations in a Self-Amplified,
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We report measurements of large gain for a single pass free-electron laser operating in self-amplified
spontaneous emission (SASE) at L& starting from noise. We also report the first observation and
analysis of intensity fluctuations of the SASE radiation intensity in the high gain regime. The results
are compared with theoretical predictions and simulations. [S0031-9007(97)04953-3]
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An x-ray laser would offer a unique way to explore (CSE). ForL > A, as in our case, and a smooth charge
the structure of matter at the atomic and molecular scalaistribution we haveF (w) < 1, as we will again discuss
Among the various schemes proposed to reach this wavdater in the paper, and we will neglect this term.
length region, the free-electron laser (FEL), operating For a long undulator the EM intensity can grow expo-
without mirrors in a self-amplified spontaneous emissiomentially along the undulator axisas
(SASE) mode, as proposed in [1], and independently in I = ali(w)Pe (1)

[2], offers a favorable scaling law [3]. It has also been '

shown [4] that utilizing state of the art linear acceleratorsThe power gain lengthL, is given, in the simple 1D
and electron sources it is possible to build an x-ray SASEheory, neglecting diffraction and slippage [7,8] by
FEL, and this has led to two major proposals to build aL, = Au/4/37 p, where the FEL parametgr is propor-
SASE x-ray FEL, one at SLAC [5], the other at DESY [6]. tional to the beam plasma frequency to the po@gs,

The theory on which the SASE x-ray FEL is based [7—9]or (Q/oL)!/?, O being the electron bunch charge,the
has been developed over many years, but the experimentaéam cross section, arld the bunch length. Saturation
data to support it are few and incomplete. Very largeoccurs after about 20 gain lengths, and the radiation
gain in SASE has so far been observed in the centimetentensity at saturation is aboys times beam energy.
to millimeter waves [10—12] and in the medium infrared Diffraction, energy spread, and slippage= AN,, can
(IR) at Los Alamos [13]; recently, gain in the near IR increase the gain length over the 1D value if the conditions
has been observed at Orsay [14] and at Brookhaven [15% =< A/47, o < p, S < L are not satisfied, where
The intensity distribution function has been previouslyis the beam emittance amd, the number of undulator
measured only for spontaneous undulator radiation [16]periods.
with no amplification, and long bunches. In this paper In this experiment we measure the gain length and the
we report the results of measurements, ajul8, of large  intensity distribution function for a SASE FEL at 16m.
gain and of the intensity distribution function for amplified The measurements have been done using the Saturnus
radiation, and for a short bunch length. linac [17], consisting of aI% cell Brookhaven National

When a beam traverses an undulator it emits electrokaboratory photocathode RF gun, and a PWT accelerating
magnetic (EM) radiation at the wavelength= A,(1 +  structure [18]. The linac is followed by a beam transport
K?/2)/2y? (where A, is the undulator periogymc? the line and an undulator built at the Kurchatov Institute
beam energy, an& the undulator vector potential nor- [19], providing focusing in both transverse planes with
malized tomc?). If, as it is the case in SASE, there is no a beta function of approximately 0.1 and 0.4 m, and
input EM field, radiation is emitted when the beam cur-with field errors of about 0.25%. The characteristics of
rent is not uniform, and has a Fourier compondat) at  the electron beam, the undulator, and of the undulator
o = 2mc/A. The EM field is then proportional tw)  radiation are given in Table I. The linac operates at
and the intensity t¢i(w)|>. If the bunch lengtiL is much 5 Hz, with 2.5us long macropulses, and one electron
larger than\, and the beam is generated from a thermionidounch per macropulse. The beam transport line from
cathode or photocathodéw), and thus the EM field and linac to the undulator has steering magnets to control
intensity are stochastic quantities characterized by a distrthe beam trajectory, and beam instrumentation including
bution function and determined by the random initial elec-slits to measure the emittance [20], an integrating current
tron longitudinal distribution. The dependence|itiv)|>  transformer (ICT), and Faraday cups to measure the beam
on charge igli(w)|> = Q[1 + F(w)Q], where F(w) is  charge, phosphor screens to measure the beam transverse
the bunch form factor. The intensity term quadratic inprofiles, and a dipole spectrometer to measure the energy
Q is what is called the coherent spontaneous emissioand energy spread.
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TABLE I. Electron beam, undulator, and FEL characteristics.tensity on the photocathode. The intensity of the signal
from the detector is also measured when the IR radiation
is blocked, to determine the noise level due to the detector

Electron Beam

Eﬂg;g)é/(b'\ﬂﬁl/r)] () 02 }g 6 and its associated electronics, and to background x-rays,
Emittgnce (normalized rms) (mm mrad) 810 Fig. 1. The charge is measured nondestruc_tlvely with the
Energy spread (rms) (%) 0.08—0.14 L%Iiaggﬁgfg Sé):lse has a mean of 7 pC, with a standard
Pulse length (rms) (ps 2- '
Peak currgent((A) ) (pe) 38—33 The IR intensity is measured in the forward direction,
Undulator within a solid angleQ) = 2.1 X 10*, corresponding to an

- angle # = 7.7 mrad defined by the exit window of the
Elejmfegcg?) eriods 14%’ beam line, and over all photon frequencies transmitted
Peak magnrejztic field (T) 075 to the detector. The detector response is uniform for

wavelengths from 2 to 32vm and reduced by more than

FEL a factor of 100 outside this range. The beam line exit
Radiation wavelengtli.m) 16 window and the detector window, made of KRS5, cut
FEL parametep 0.01 wavelengths shorter than Ogm, and have a transmission
Power gain length (cm) 16 of 70% per window for longer wavelengths, up to aon.

Hence in our typical measure we integrate the intensity
i . . over the undulator spectrum from 2 to , and over
The radiation produced in the undulator is focused b)ipe solid angleQ) defirrl)ed by the exit Wind?vc

MIFTOrs on a copper doped germanium detector,_ cooled the jincoherent spontaneous radiation signal [21] within
at Iqu|d_ helium temperature, with a response time Ofthis solid angle and frequency band at 0.2 nC, after
o ns. Since our electron pulses are typlcally 5 to 8 PSeduction for the windows transmission, Is= 6.5 X
long (FWHM), the detector has been calibrated using thg 7 photongnC, or using the calibration of our detector,

10 to 15 ps long radiation pulses from the Los Alamos, _ 46.8 mV/nC. The enerav in the pulse at 0.2 nC is
AFEL and the Firefly FEL at the Stanford Subpicosecon L 9 % 1'06 eV/ or'about8 y, 183,/13 3 SiF:we the détector

FEL Laboratory, and a 60 ps long G@aser pulse at the yise “including the amplifier, is of the order of 10 mV,

University of California at Los Angeles Mars Laboratory. |, o expect a signal to noise ratio of about 2 at 0.2 nC

The electronic noise level in the detector is of the orderr4 tota) background noise, x-rays plus detector, has a

N d the d andl v | Vs aft . Smean of about 18 mV over our charge range. The x-ray
i and the detector signdlyy In MV Is, after NoiSe 4 ground is almost constant when we change the charge

subtractionNpy = Smv X 1.4 X 10°. between 0.2 to about 0.6 nC, indicating that the x rays are

The experiment consists of propagating a single eIeCFnainly due to distributed background in the detector area,

trt(:n buncr:j tﬂrough_ the L_mdulaéor, measuring the bunCIEroduced by the dark current from the electron source and
charge and the IR intensity, and repeating many times t§; 1 heam losses through the undulator.

ol_otain the Qistribution of intensities for a given chaygg:, When changing the electron bunch charge the energy
Fig. 1. Typlcally, we measure 100 pulses or more W'th'nspread, emittance, pulse length, and beam transverse
a cha_rge interval 0f=2.5%. The electron bunch charg_e radius in the undulator can also vary. These quantities
is varied from 0.2 to 0.6 nC by changing the laser N-have been measured as a function of charge, and their
variation is reported in Table I. The bunch length and

IR and Background Intensity Distributions peak current have been calculated from the energy spread
S and the RF phase of the bunch. The standard deviation
70 EY ........ | | & I[’;agl?gvrl)und(mV]t of the error for charge, pulse length, and area are 1%,
60 \\& _______________________________ E 7%, and 2% at 0.56 nC, and 3%, 7%, and 2% at 0.2 nC.

o 50 E N E The beam is focused with a quadrupole triplet through the
APPIANNIR AR | TR . E undulator beam pipe of 4 mm inner diameter. Within our
8 aob N IR b ] resolution we see no beam losses. Beam transport and the
RNS ; ] IR signal are optimized with the beam focused to a spot
ESINN S R 3 : .

20 N ] size of about 0.4 mm (FWHM) at the undulator exit and

10 \F\Q\(‘ = R E about three times larger at the entrance, for all charges.

O 0" 60 B0 100 3120 740 60 In Fig. 1 we show the distribution of IR intensity and

Detector Signal [mV] of detector background, fo® = 0.56 nC = 2.5%. We

: o have measured the distributions at other values of the
FIG. 1. Intensity distribution of the IR and background - . .
signals for a mean charge = 0.56 nC, standard deviation of charge, and used them_ to determine the mean intensity
0.007 nC, IR mean= 78 mV, standard deviatior= 14.3 mV; and the standard deviation versus Charge. At the Iargest
background mear= 18.7 mV, standard deviatior= 9.1 mV. charge the measured intensity is about 2.5 times the
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incoherent spontaneous intensity calculated extrapolating conerent = 13.50nc MV. The measured and calculated
linearly from the lowest charge. values are in good agreement at 0.2 nC, while at 0.56 nC
The measured IR intensity contains photons in the thirdhe measured value is 5.6 times larger.
and higher harmonics and outside the coherent solid angle The first harmonic experimental mean values in Fig. 2
Q. = 7(A/A,N,), where the FEL gain is very small can be fitted with a curve of the forin= aQ exp(bQ'/3),
compared with that at the first harmonic and within theas one would expect from (1) and the theory [7,8]. The
coherent solid angle. Our signal to noise ratio is too smalexponent(bQ'/?) is the number of power gain lengths
to use a monochromator to select only photons within thén the undulator. The fit givea = 1.85 mV/nC, b =
first harmonic, and establish the FEL gain for the cohererd.4 nC!/3, andbQ'/®* = 3.7 at 0 = 0.58 nC, so that at
first harmonic. Hence we have measured at the loweshe largest charge we have 3.7 power gain lengths in our
charge of 0.2 nC, the intensity of the third and highersystem, or a power gain length of 16 cm. If we define
harmonics and that outside the coherent solid angle. Thempirically the gain for a SASE FEL considering as an
experimental information has been used to evaluate, fanput the spontaneous radiation generated in the first power
0 = 0.2 nC, the intensity in the solid angl€ — . gainlength, which in our case is 16 cm long, we obtain for
and at the third or higher harmonics. This has beermur system a gain of 21.
extrapolated linearly with charge and subtracted from the An alternative explanation for observing a signal larger
measured intensity to obtain what we call the subtractethan the incoherent spontaneous emission is the emission
IR intensity, i.e., the intensity in the first harmonic andof coherent spontaneous radiation (CSE) [14,22F
within the coherent solid angle. The harmonics have beenaQ(1 + FQ), F being the bunch form factor ax =
measured using a Cafilter that only transmits radiation 16 um. EvaluatingF for a Gaussian distribution gives
with A < 10 uwm; their intensity has been found to be FQ = 0. Our data show thaFQ =1 at Q = 0.2 nC.
5/12 of the first harmonic, in good agreement with the Using this information we cannot have a good fit to the
calculated value. The ratio of the intensity within the data at large charge if we kedp constant. Moreover,
coherent solid angl€). to the intensity in the total solid if we do not match the beam through the undulator and
angle ) has been measured to €12 using an iris have a different transverse size, we observe only a linear
near the beam line exit window. Again this is close todependence of the signal on the charge, contrary to the
the expected value. The mean value of the subtractefdct that the CSE does not depend on the beam transverse
IR intensity vs charge is plotted in Fig. 2, where wesize, but only on the longitudinal distribution, while the
have also plotted the calculated value of the intensitycontrary is true for a SASE FEL.
of the first harmonic within the coherent solid angle, The value of the FEL parameter for the beam and
undulator used in this experimentgs~ 0.01, and the 1D
theory gain length is about 7 cm. Inclusion of diffraction
Subtracted Infrared Intensity increases it to about 11 cm. The Iarge_r va_lue that we
@16um within Q pbserve could be due to slippage, which in our case
I A —— is of the order of the bunch length. The codelGER

—_ 7o : [23], which includes both diffraction effects and slippage,

E 60 ; é?:;r‘j”;’z:‘m‘:;zedmo‘mdata has been used to simulate three cases: 0.2, 0.4, and

; 500 Fit 0.58 nC (28, 64, and 81 A), keeping the same beam

g transverse cross sections, as in our measurements. The

B B0 [ same numerical noise seed was used in all tme&sER

5 30; ................... runs. After normalizing the output of the simulations to

‘g E the 0.2 nC data, the predicted growth rate is compared

? with the data (Fig. 2), and fit the data well.

2 . We have analyzed the distribution of the IR intensity

= (Fig. 1) for the caseQ = 0.56 nC, where the signal,
with a mean value of 78 mV and a standard deviation

0.3 0.4 0.5 0.6 of 14.3 mV, is much larger than the background, with
Charge [nC] a mean value of 18 mV and a standard deviation of

FIG. 2. First harmonic coherent IR intensity versus charge® MV: TO be sure that the fluctuations that we observe

The vertical bars are the standard deviation for the intensit@re due to the initial noise and not to system fluctuations,
fluctuations. For comparison the effect of beam charge andve evaluate the effect of changes in charge, spot size,
radius uncertainties is 9% or a standard deviation of 4 mMVand bunch length on the intensity, which we write as

at 0.56 nC. The straight line is the calculated spontaneous _ 1/3 i

emission intensity Whil(ge the curved line is a fit top the dataf aQ exp(bQ/Lo)'/>. From this we have

I = 1.850Q exp4.4Q'7). The three diamonds at 0.2, 0.4, A7/I = AQ/Q[1 + (1/3)b(Q/Lo)"/?]

0.56 nC are the normalized results of simulations with the code

GINGER - (1/3)[(Ac/a) + (AL/L)][b(Q/Lo)"/?].
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