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Self-Amplified Spontaneous Emission Driven by a High-Brightness Electron Beam
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(Received 12 March 1998)

We report the first high-gain self-amplified spontaneous emission experiment at15 mm driven by
a high-brightness 17-MeV electron beam. A change of two decades in the beam current yields
increase of four decades in the measured infrared power. By fitting the measured infrared pulse ene
to an analytic model, we estimate that eight power gain lengths, corresponding to a gain of 300, ex
in the wiggler at 279 A. [S0031-9007(98)06692-7]
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An electron beam traversing a wiggler emits sy
chrotron radiation, also called spontaneous emission
analogy to lasers. With sufficient wiggler length and cu
rent density, the radiation experiences gain and grows
ponentially with distance in the wiggler. This proces
known as self-amplified spontaneous emission (SAS
has been extensively explored as a single-pass techn
for generating tunable coherent radiation. The intere
in SASE results from a strong possibility of producing
picosecond, high-intensity beam of coherent x rays need
for the fourth-generation light source [1].

The one-dimensional (1D) SASE theory was first co
ceived by Bonifacioet al. [2]. Three-dimensional (3D)
effects have been treated by Kim [3] and Chinet al. [4].
Xie introduced an algorithm for calculating an effec
tive 3D gain length, for a given beam emittance, ener
spread, and radiation Rayleigh range, that replaces
1D gain length in the exponential growth expression [5
Experimentally, large single-pass gains in the mm-wa
region were first reported by Orzechowskiet al. [6] and
later by Kirkpatricket al. [7]. Efforts in extending SASE
to shorter wavelengths began with Okudaet al. who re-
ported SASE in the 20–40mm wavelength range [8].
Later, Boceket al. demonstrated SASE at 47mm with
a 43 enhancement over spontaneous emission [9]. Pr
ereset al. observed SASE at 5–10mm with a 53 in-
crease over spontaneous emission [10]. Recently, Ho
et al. observed a gain of 6 at 16mm [11] and Babzien
et al. reported evidence of SASE at 1.06 and 0.63mm
[12]. A question emerges as to whether these recent
servations are truly SASE or coherent spontaneous em
sion (CSE) that arises from sharp longitudinal structur
in the electron beam [13]. A demonstration of large ga
with the current and wiggler length dependence predic
by SASE is needed to clarify this question.

We report the observation of a SASE gain of 300
15.3 mm with the use of high-current, low-emittance elec
tron beams from a photoinjector. The use of the pho
injector electron beam for driving SASE minimizes th
gain-reduction effects due to emittance and energy spre
With small electron beam radii and infrared radiatio
diffraction is the dominant gain-reduction mechanism, a
the output consists of a single transverse guided mo
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since, in the presence of diffraction, the lowest order mo
receives the highest gain [14]. We show that the infrar
radiation power measured at a distance from the wigg
evolved from spontaneous emission to SASE as we v
ied the beam current. We present a simple analytic mo
that describes such an evolution of radiation power, n
glecting slippage effects. We fit the measured infrar
energy versus current to the analytic model and obtain
number of gain lengths versus current. From the numb
of gain lengths, we obtain an estimate of the gain leng
and compare it with simulations.

The radiated power spectrum of the fundamental guid
mode generated by an electron beam at the positionz in
the wiggler is given by
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where the terms in the first bracket denote a coherent in
and a SASE start-up noise, the terms in the second brac
denote the SASE gain,r is the Pierce parameter,kw is
the wiggler wave number, anddj denotes the three roots
of the cubic dispersion equation,d3 1 i ­ 0 [15]. Two
of these roots are complex,d ­ s6

p
3y2 2 iy2d, and

correspond to exponentially growing and decaying mod
The third root is imaginary,d ­ i, and corresponds to
the oscillatory mode. In normal SASE treatments, on
the exponentially growing mode is considered. Howeve
when the SASE gain is low as in the low-current cas
of our experiment, the correct modeling must include a
three roots. Expanding the gain terms of Eq. (1), w
obtainÉ
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For an axisymmetric electron beam traversing a plan
wiggler, the Pierce parameter is given by [5]

r ­
1
g

"
awlwfJ0sjd 2 J1sjdg

4
p

2 psb

#2y3√
I
IA

!1y3

, (3)
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where g is the beam’s relativistic factor,aw is the rms
wiggler parameter,aw ­ eBy

p
2 mckw , lw is the wiggler

period, J0sjd and J1sjd are the zeroth-order and first-
order Bessel functions,j ­ a2

wyf2s1 1 a2
wdg, I is the

peak current,IA is the Alfvén currents,17 kAd, andsb

is the rms electron beam radius.
For SASE, the input is zero and the start-up noi

is approximated by the spontaneous emission at
end of the first gain length. Yu and Krinsky analyze
the effective noise spectrum and gave the followin
expression for the case of small electron beams [16]:

dP
dv

Ç
noise

ø
9
8

pu2
w

d2P
dvdV

Ç
Lg

, (4)

where uw is the radiation emission angle,u2
w ­ lyLg,

l is the radiation wavelength,Lg is the field gain

length, Lg ­ lwy2p
p

3 r, and d2P
dvdV jLg is the sponta-

neous power radiated in the forward direction at the fir
gain length per unit frequency and solid angle. The spo
taneous emission power radiated on axis at the reson
frequency by an electron beam traversingN wiggler peri-
ods follows a well-known formula [17],

d2P
dvdV

Ç
N

­
2N2eIg2a2

wfJ0sjd 2 J1sjdg2

cs1 1 a2
wd24p´0

, (5)

wheree is the electron charge,c is the velocity of light,
and ´0 is the permittivity of free space. After some
algebraic substitutions, we arrive at an expression for t
radiation spectrum evaluated on resonance in terms ofLg,
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Three-dimensional effects can be included in this expre
sion by using the 3D gain length based on Xie’s algorith
[5]. We note that this model does not include slippag
which results from the radiation pulse slipping ahead
the electron bunch. Slippage accounts for a reducti
in the radiation pulse energy of less than 50%, appro
mately the ratio of the slippage length (3 ps) to the ele
tron bunch length (6–16 ps).

Experimentally, we measured the infrared pulse ener
at the end of the wiggler integrated over all wavelength
The SASE bandwidth is given byDv

v jSASE ­
p

ryNw

[3], where r is the Pierce parameter (r ­ 0.021 at
279 A) andNw is the number of wiggler periods (Nw ­
50 for the 1-m uniform wiggler). The spontaneou
emission bandwidth,Dv

v jSE ­
0.9
Nw

, is 1.8% and cannot be
differentiated from the SASE bandwidth of 2.0%.

The SASE experimental setup consists of a hig
brightness photoinjector integrated into anL-band linac
[18], a 2-m-long wiggler [19], electron beam position
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and temporal diagnostics, and infrared radiation detect
(Fig. 1). The 1300-MHz linac consists of 10.5 cells wit
a Cs2Te photocathode in the first half-cell. In operation
the photocathode is illuminated with the quadrupled fr
quency, 8-ps Gaussian pulses of a mode-locked Nd:Y
laser. The laser consists of a lamp-pumped Nd:YLF osc
lator, a fiber-grating compressor, two Nd:YLF amplifiers
LBO, and BBO second-harmonic crystals. The Gaus
ian UV beam is truncated with a 14-mm diameter circu
lar aperture that is imaged onto the cathode to produ
a spatially uniform electron profile. The electron beam
charge was recorded from the intensities of two calibrat
beam position monitors before and after the wiggler. Tw
solenoids, one at the photoinjector and the other 0.4 m
front of the wiggler, are used to match the electron bea
into the wiggler. The first solenoid is set to produce a
on-axis field of 0.07–0.1 T. The second solenoid is set
produce an on-axis field of 0.5 T that focuses the electr
beam at the wiggler entrance.

The plane-polarized wiggler has a 2-cm period in
modified Halbach design [20]. It consists of a 1-m un
form section with an on-axis magnetic field of 0.7 T
saw ­ 0.922d and a 1-m tapered section. The latter ha
a 30% linear field taper that is achieved by varying th
wiggler gap from 0.59 to 0.95 cm. Each of the3 cm 3

0.5 cm 3 1.27 cm SmCo magnets is cut with a0.55 cm 3

0.15 cm rectangular notch. The notched magnets pr
vide nearly equal two-plane focusing with ab function
sb ­ glwy

p
2 pawd of 0.17 m such that a matched 17

MeV electron beam propagates through the wiggler with
constant rms radius (s ­

p
´nbyg, where´n is the rms

normalized emittance). Optical transition radiation (OTR
generated by the electron beam impinging on retracta
aluminum blades, is used to measure the beam size in
wiggler. Thex and y rms radii, measured at four dif-
ferent locations in the wiggler, are within 20% of 0.1
and 0.15 mm, respectively, demonstrating the nearly eq
two-plane focusing. From the measured radii and assu
ing a matched beam, we infer a normalized emittance
6 3 1026 m rad at 4.5 nC.

Electron bunch length measurements with a stre
camera were performed on OTR light generated
electron beams impinging on a titanium screen befo

FIG. 1. Experimental setup for self-amplified spontaneo
emission driven by a high-brightness, 17-MeV electron beam
811
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the wiggler. The measured Gaussian bunch lengths w
corrected by subtraction in quadrature for the 5.7-p
streak camera resolution. The peak current, defined as
bunch charge divided by the FWHM duration, is plotte
versus charge in Fig. 2. Electron beam energy and ene
spread are measured with a 120± dipole spectrometer. The
measured rms energy spread is 0.33% at 4.5 nC.

The generated infrared radiation was detected with e
ther a calibrated Molectron J50 joule meter or a sensiti
HgCdTe detector. Because of physical constraints, t
detectors are located 4.5 m from the end of the wiggl
(5.5 m from the end of the uniform section). In the en
ergy measurement mode, the infrared light traversed a g
manium filter—to eliminate mm-wave radiation—before
detection with the joule meter. In the HgCdTe detectio
mode, the infrared light was focused onto the detector e
ment by a two-inch diameter,fy2 ZnSe lens. The SASE
spectrum, measured with a 50-line-per-millimeter gratin
spectrometer, exhibits a central wavelength of 15.3mm
with a FWHM of 0.3mm.

To determine the dependence of the SASE signal
electron beam current, we varied the charge in ea
electron bunch by adjusting the UV laser pulse energ
on the photocathode. At each bunch charge, we match
the beam into the wiggler by adjusting the solenoid an
bucking coil to maximize the SASE signal. As the SAS
signal increased, scattering sheets were inserted in fr
of the detector to keep the signal below saturation. T
detector signals were measured before and after each s
was inserted to determine its attenuation of the SAS
signal. At 4.5 nC, we measured an infrared energy, aft
correction for Fresnel losses in the ZnSe window an
Ge filter, of 100 nJ integrated over 500 micropulses. W
deduced a pulse energy of 0.2 nJ in each micropulse
279 A. By comparing the measured HgCdTe signals
that at 4.5 nC, we inferred the SASE pulse energies

FIG. 2. Plot of electron peak current versus bunch charg
The line is the best fit to the measured bunch charge a
lengths,IyA ­ 1000s2.34 1 5.6ysQynCdd21.
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different bunch charges. The micropulse energies a
plotted versus beam currents in Fig. 3 (circles).

The infrared pulse energy is proportional to the star
up noise integrated over the pulse, which scales wi
the electron bunch chargeQ. As shown in Fig. 2, the
peak current follows the relationshipI ­ Qyst0 1 aQd,
wheret0 denotes the shortest bunch length (5.6 ps) an
a denotes the space-charge expansion of the electr
bunch (2.34 psynC). Thus, we can expressQ in terms of
peak current asQ ­ t0Iys1 2 aId. The infrared pulse
energy, measured at the wiggler exit as a function o
current, can be derived from Eq. (6),

WsId ­
AI2y3

s1 2 aId
3 f4 cosh2sBI1y3d 1 4 coshsBI1y3d

3 cossB
p

3 I1y3d 1 1g , (7)

whereA andB are the fitting coefficients. From the best
fit of the measured infrared pulse energy versus curre
according to Eq. (7) (Fig. 3, solid line), we obtain the
number of field gain lengths, the termBI1y3, at each
beam current. FELEX simulations [21] indicate that the
exponential gain decreases sharply after a wiggler leng
of 1.2 m as the radiation goes out of resonance in th
tapered section. Based on these values, we arrive a
scaling law of the field gain length as a function of curren
for this experiment,Lg ­ s0.3md s279AyId1y3.

In Table I, we compare the power gain lengths pre
dicted by FELEX [21] and GINGER [22] simulations, and
the calculated 3D gain length using Xie’s algorithm [5
with experimental observation. The power gain length
calculated by these three different methods are cons
tently shorter than the measured value. The radiatio
mode radius calculated by GINGER simulations at th
1-m location is 350mm. We believe that diffraction loss

FIG. 3. Log-log plots of measured (circles) and predicte
(squares) pulse energy versus current. The solid and dash
lines are least-squares fits to Eq. (7) (A ­ 1 3 1026 nJyA2y3;
B ­ 0.6 A21y3) and Eq. (8) (k1 ­ 1.06 3 1023 nJynC; k2 ­
9.6 nC21), respectively.
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TABLE I. Comparison between calculated and measure
power gain lengths. The nominal beam parameters a
E ­ 17 MeV, Q ­ 4.5 nC, t ­ 16.1 ps, l ­ 15.3 mm,
´n ­ 6 mm mrad, Dgyg ­ 0.33%, lw ­ 2 cm, rms
aw ­ 0.922, and betatron period­ 1.1 m.

Measurement FELEX GINGER Xie’s algorithm

15 cm 8.3 cm 9.6 cm 9.1 cm

inside the tapered wiggler reduces the measured infra
power exiting the wiggler and causes the discrepancy b
tween the measured and calculated gain lengths.

Based on the above gain length scaling law, th
measured SASE bandwidth, and the bunch lengths a
spot sizes at different beam currents, we calculat
the SASE pulse energies using Eq. (6). The calculat
SASE pulse energies (Fig. 3, squares) agree well w
the measured values (Fig. 3, circles) at all curren
considering that all parameters, except the number of g
lengths, are nonadjustable.

We also checked the hypothesis that the observed sig
arises from CSE due to sharp features in the longitudin
electron density distribution. The infrared pulse energ
according to the CSE model should scale withQ as
follows [23]:

WsQd ­ k1Qs1 1 k2Qd , (8)

wherek1 denotes a constant relating spontaneous emiss
to bunch charge, the second term in the bracket deno
CSE, andk2 denotes the coherent enhancement. Usi
the charge-current dependence, we plot the CSE-predic
pulse energy versus current (Fig. 3, dashed line). We n
that the SASE model yields a good fit (x2 ­ 0.6, r2 ­
0.95), whereas the CSE model (x2 ­ 1.1, r2 ­ 0.92)
does not have sufficient curvature to fit all data points ov
the entire range of current. We should point out that th
CSE prediction based on the most recent current scal
[13] yields an extremely poor fitsx2 . 3d.

It is difficult to definitively rule out the CSE model
based on our data alone, as the above CSE model mis
only three data points (Fig. 3). There are, however, tw
additional observations that argue against the CSE mod
First, the CSE signal should not be sensitive to the ele
tron trajectory in the wiggler. In our experiment, a 0.5
mm displacement in either thex or y direction at the
last OTR screen reduces the signal by more than a fa
tor of 10, even though the angular displacement of th
radiation beam is much smaller than the detector’s co
lection angle. This observation is in disagreement wi
the CSE model. Second, in a follow-up experiment usin
the same electron beam with a 2-m-long uniform wig
gler with comparable magnetic properties, Hoganet al.
[24] measured a single-pass gain greater than105. This
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measurement, combined with our single-pass gain of 3
from the 1-m-uniform and 1-m-tapered wiggler, is incon
sistent with the CSE model. The observation of an e
ponential increase in the single-pass gain with a line
increase in the uniform wiggler length agrees well wit
the SASE prediction.
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