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Experimental observation of high-brightness microbunching in a photocathode rf electron gun

X. J. Wang, X. Qiu, and |. Ben-2vi
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973
(Received 13 February 1996

We report the measurement of very short, high-brightness bunches of electrons produced in a photocathode
rf gun with no magnetic compression. The electron beam bunch length and the charge distribution along the
bunch were measured by passing the energy chirped the electron beam through a momentum selection slit
while varying the phase of the rf linac. The bunch compression as a function of rf gun phase and electric field
at the cathode were investigated. The shortest measured bunch-isl@dds (at 95% of the chargewith
2.5x 10 electrons(170 A peak current the normalized rms emittance of this beam was measured to be
0.57 mm mrad and the energy spread is 0.1581063-651X96)51110-4

PACS numbdis): 29.25.Bx, 06.30.Bp

Femtosecond electron bunches that contain a large num- The measurements we report in this Rapid Communica-
ber of electrons and have small dimensions in the sixtion were performed at Brookhaven National Laboratory’s
dimensional phase space have emerged as a powerful tool féccelerator Test Facility(ATF) using an S-band (2856
the investigation of transient effects. Extremely short, lowMHz) one-and-a-half cell photocathode rf gih0]. The
emittance electron pulses are of interest to a number of diATF accelerator system consists of a photocathode rf gun
ciplines. A few examples are the study of the dynamics otwith a pair of solenoid magnets positioned symmetrically
isolated molecular structures using ultrafast electron diffrac@long the rf gun’s axis, and two sections of SLAC type linac
tion [1], condensed matter studies of phase transformatiogs shown in Fig. 1. The electrons are generated by photo-
and superheatin®], or as time-resolved surface-lattice tem- €mission from a copper cathode using a frequency qua-
perature probe$3]. Femtosecond pulses of x ray can bedrupled neodymium:yttrium aluminum garn@td:YAG) la-
produced by a 90° Thomson scattering geometry of laseger system. The frequency doubled Nd:YAG laser pulse was
light from an electron buncf4]. Such radiation is the most measured to be 14 ps full width at half maximyFWHM)
effective probe of structural dynamics of materials on theusing a streak camera. The additional frequency doubling
time scale of the motion of atoms. The best coherence antgduces the laser pulse length to 10(B8VHM). There is a
intensity of the produced x rays requires electrons with daraday cup and a beam profile monitor mounted on the
high density in six-dimensional phase space. The beam phys-
ics related topics are the injection into future linear colliders
or laser accelerators and the generation of powerful broad-
band radiation in the millimeter to far-infrard€IR) wave-

Strip-line

Beam

length [5]. In all of these applications the high transverse 3 o profile
brightness of the electron beam is as important as the short- V% monitor
ness of the bunch. Consequently, interest in the generation ccp

and measurement of extremely short electron pulses by a camera

thermionic rf gun[6] and photocathode rf guiy—9] is in- Slit

creasing. Electron beams produced by laser photocathode rf
guns are much brighter than those of thermionic guns and
their synchronization to the laser expedites pump-probe ex-
periments. To maintain the high brightness it is desirable to

magnet

avoid magnetic bunch compression. o
We report the measurement of extremely short, high- Quadrupole==

brightness electron bunches with a photocathode rfvgtin lenses

outthe use of magnetic compression leading to an extremely [

high density in six-dimensional phase space. Our results are Linac

comprised of three parts. First, we present a systematic ex- sections

perimental study of the bunch charge distribution as a func-
tion of the gun phase, the bunch length as a function of phase

and peak field of the gun, and emittance as a function of Dolenoid

phase. The second result is a single measurement of a very

high-brightness electron bunch where the measurement has o £
un

been pushed to an extreme. Finally, we briefly present a cal-
culation showing that the bunching can be understood theo-
retically and that short bunches are to be expected under the FIG. 1. A schematic drawing of the ATF injector and linac
experiment’s conditions. system.
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FIG. 2. Photoelectron charge distribution within the bunch for £, 3. Photoelectron beam bunch lengBWHM) dependence
six different rf gun phases: 15°, 22°, 29°, 36°, 42°, and 49°. on the rf gun phase for peak cathode electric fields of 90, 100, and

. . 110 MV m.
actuator located before the linac for electron beam diagnos-

tics. The rf phases of the rf gun and two linac sections can batrinsic and bunch length induced relative energy spreads,
varied independently. The rf phase of the second sectiorespectively. To perform the electron beam energy spread
linac relative to the first section is controlled by a motorized,measurement and selection, the dispersive term must be
high-power, waveguide phase shifter. Downstream of thdarger than the emittance term. This was accomplished by
linac, quadrupole magnets, a 20° dipole magnet, momenturtuning the quadrupole magnets upstream of the dipole mag-
selection slit, and several beam profile monitors and stripnet to produce a small value of tigefunction. The opening
line beam position monitorBPM) provide control and mea- of the slit was set ta\ v/ y=0.5% for scans with about 1 ps
surement of the electron beam. The front surface of the moresolution. The electron beam bunch length and the charge
mentum slit is phosphor coated and monitored by a chargedistribution within the bunch were measured by varying the
coupled device camera to measure the electron beam profitecond section linac rf phasg® corresponds to 970 fand
and slit opening. The sum signal of the BPM located aftemeasuring the charge past the momentum slit.
the slit was used to measure the charge past the slit. The charge variation with the rf gun phase is dominated
Our technique for measuring electron beam bunch lengthy the Schottky effect in the strong electric field at the cath-
and charge distribution within the bunch is particularly ef- ode[11]. Figure 2 presents the charge distribution within the
fective for the low emittance beams of the ATF. For each rfbunch for several rf gun phases at the cathode field of 110
gun phase, the linac rf power and phase was adjusted @V m. As the electron bunch length becomes shorter, the
produce a 52 MeV electron beam. The second linac sectiodistribution of the electrons within the bunch becomes more
was dephased 30° off crest. This produced an energy chirgsymmetric. In this measurement, the maximum peak current
of 0.44% per ps within the electron beam. The electron bearmeasured was 98 A with total charge of about 0.4 nC. The

was transported to the momentum slit; the horizontal beamelectron beam bunch compression was measured for peak
size observed on the momentum slit is given by electric fields on the cathodéields at 90°) of 90, 100, and
110 MV m (Fig. 3.
_ \/ﬂsx o [AYi 2 [Ay)® The phase convention in Fig. 3 is zero degree correspond-
X= % +D 7 + 7 ' (1) ing to zero field, and the electron acceleration increases with
the phase. Figure 3 shows that with higher field, we were
whereg is the Courant-Snydes function, e, is the normal-  able to observe more electron beam bunch compression since
ized horizontal emittance) =5.4 mm % is the dispersion the charge increases with the electric field, as a result of the
function at the momentum slit\y;/y and Ay,/y are the  Schottky effect. However, the compression reduces with the
TABLE I. Bunch width following the tun, the 80 cm drift space, and the linac, for a few gun to laser

phases. The gun phase is in degrees, the bunch width is rms in ps. The gun field is 100 MV m; the linac is
6 m long with an energy gain of 45 MeV. The laser power distribution is Gaussidnant psstandard

deviation.

Gun Phasddeg 10 20 30 40 50 60 70 80 90
After gun (ps 1.2 2.0 2.6 3.0 3.3 3.6 3.9 4.2 4.7
After drift (ps) 0.48 1.1 1.8 2.4 3.0 3.6 4.3 52 6.7

After linac (ps) 0.28 0.82 15 2.2 2.9 3.6 4.4 54 7.2
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9 : ‘ N [see Eq.(1)] is negligible, but the intrinsic energy spread
450pc contributes nearly half of the beam size on the momentum
8F /1 slit. Therefore the estimated bunch lend85% chargg is

/ 370 fs. The corresponding peak current is 170 A.

/ For a one-dimensiondllD) model of the bunching we
integrate the equations of moti¢t2] for the energyy and
the phasep and a function of longitudinal position in the
3\/4 long gun(where\ is the rf wavelength
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e e \ \ \ : wherea=E,/(2mck), k=2x/\, andE, is the peak elec-
20 25 30 35 40 45 50 55 80 . . .
rf gun phase (deg) tric field in the gun.

The result of the integration for a set of initial phases
FIG. 4. The transverse normalized rms emittance as a functiod.2 results in a mapplng _frorr_'l Input.phase to output phasg.
of rf gun phase for a constant laser energy. The charge is indicated.he electron charge dlsmbu“.on ‘?m'“ed f'ro.m the CathOd? IS
at several phases. given by the laser power distribution, multiplied t_)y t_he emis-

sion function of the cathodEl1]. The electron distribution

increased field at a given rf phase as the beam becomes refallowing the gun is derived by applying the mapping to the
tivistic in a shorter time. initial distribution. Similarly, the mapping can be extended

The transverse emittance of the photoelectron beam wase the drift space and the linac, where analytical expressions
measured after the linac using the two-beam-profile methotbr the mapping are straightforward. The calculated rms es-
with 20% error. The transverse normalized rms emittance amate of the bunch width is given in Table I. The drift space
a function of the rf gun phase for a constant laser energy iprovides a significant degree of bunch compression even
shown in Fig. 4. The bunch charge is also indicated in thehough the electrons are quite relativistic. Some compression
figure. The emittance is dominated by the rf induced emitimay take place in the linac. The 1D model results are in
tance growth in the higher phases, where the bunch is longeasonable agreement with the measured results.
Space charge primarily contributes at the lower rf phases. The six-dimensional charge density of the electrons in the
The optimum phase for transverse emittance is about 40%unch can be defined as
The time resolution of our measurement at the present time
was limited by the betatron beam size, local energy spread, - eN/At — '
and the timing jitters between the laser and rf system, to dmleyey(Ayly)  Amlecey(Ayly)

about 0.5 ps. B is related to the normalized transverse brightness

In our second result, i.e., the production of the shortest, ~ > = :
highest-brightness electron bunch with a 40 pC charge':?"_lmw exey by B=B,y/Ay and to the spectral b“ght”ess

. of a 6D photon beam[13]. Our result of B=114
(2.5x 1C® electrong, the laser spot size on the cathode was, (mm?2 mrac? %) is, to the best of our knowledge, a record
reduced from 1 mm diameter to 0.4 mm diameter. The cal; o = 9e.

culatedp function was setd 3 m at themomentum slit. The 6D phase space density in an electron bunch.

. . i . . Coherent transition radiation produced by the short
slit opening was set to the equivalent of 500 fs. With thlsa_‘unches was observéi]; the full quadratic dependence of

1 0,
setting, better than 95% of the charge, or 40 pC, passe e radiation intensity on the beam current shows that the

through the slit. A normalized rms emittance Measurement diation is coherent and the electron bunch length is much
was done for this bunch yielding G’5mm mrad and the 9

intrinsic energy spread of the beam wig; / y=0.15% full shorter than the detector spectral respouseler 7 ps

width. This energy spread is measured by observing the spot We would like to thank all ATF staff for making this
size of the beam on the momentum slit with both linac secmeasurement successful. This work was supported by U.S.
tions in phase. The emittance contribution to the beam siz®epartment of Energy Contract No. DE-AC02-76CHO00016.
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