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BUNCH LENGTH MEASUREMENTS

M. Geitz, Deutsches Elektronen Synchrotron, D-22603 Hamburg, Germany

Abstract

An rf photo-injector in combination with a magneticbunch charge distribution. The present resolution limit
bunch compressor is suited to produce high-charged sub-370 fs (FWHM) [2]. The light pulse generated by an
picosecond electron bunches required for electron-drive

linacs for VUV and X-ray FELs. This report summarizes slit Sweep

time- and frequency domain bunch length measurement D —— ) .

techniques with sub-picosecond resolution. /\ -
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Future electron-drive linacs for VUV and X-ray Free Elec-
tron Lasers (FEL) require the acceleration of bunches
whose length is well in the sub-picosecond regime [1]. A
common source for high-charged sub-picosecond electron

bunches is an rf gun based on a photo injector using an igfectron bunch travels through a dispersion-free optical
tense ultraviolet laser beam (typically 20 mJ) to producgystem, an interference filter and a slit before hitting the
up to5 - 10'° electrons per bunch from a CsTphoto cath-  shoto-cathode of the streak camera. A wavelength filter
ode. The electron bunches are accelerated rapidly by tE@Iects a narrow frequency band and the slit reduces the
strong electric fields (about 40 MeV/m) of the gun cavity (Gransverse dimension of the image on the photo cathode.
avoid an emittance blowup due to space charge. The bung¢fe jight pulse is converted to an electron pulse, which
length obtained from an rf gun depends on both the las@f accelerated and swept transversely by a fast rf electric
pulse length (typically; = 5ps) and the compression oc-fig|d, The resulting transverse distribution is projected
curring from the rf field within the first centimeters of thegptg a phosphor screen. The image is amplified by a
gun cavity. By a proper choice of the rf phase a velocityyti-channel plate and then detected by a CCD camera.
modulation can be impressed on the electron bunch Ieadi@,g,aCe charge effects inside the streak camera tube and the
to a reduction of its length within the gun cavity. Very shortychievable sweeping speed limit the temporal resolution.
bunches can be obtained at the price of sacrificing a largg,e energy spread of the electrons generated by the
fraction of the bunch charge. In an electron drive linac °”|¥Shoto-cathode and the dependence of the photo electron

a moderate bunch compression is applied, because of igergy on the wavelength of the incident light pulse add to
need of intense electron beams. Further compression G@a time resolution limit.

be obtained by combining an off-crest rf acceleration with

a magnetic chicane. The off-crest acceleration produces a

correlated energy spread with higher energy electrons traf\-state-of-the-art streak camera measurement performed at
ing lower energy electrons. The higher energy electroriBe University of Tokyo using a BNL-type rf photo-injector
then travel on a shorter path through the magnetic chicaffecombination with a magnetic bunch compressor shows a
than the lower energy electrons and a bunch compressiorpigccessful compression of a 13 picosecond electron bunch
obtained. In the following an overview of established ando 440 femtoseconds (FWHM) [3] as shown in Figure 2.
future time-domain and frequency-domain bunch lengtfihe measurement was performed with a bunch charge of
measurement techniques with sub-picosecond resolutidhO pC at an electron energy of 35 MeV.

will be presented.

Figure 1: Principle of the streak camera.

Rf Kicker Cavity: An interesting proposal to obtain
sub-picosecond resolution is the application of the streak
2 TIME DOMAIN MEASUREMENTS camera principle to the electron beam itself [4]. An rf
kicker cavity operated in the TMy mode can be used to
Streak Camera: The streak camera is a device forsweep the electron bunch transversely across a screen lo-
a direct (single-shot) determination of the longitudinatated in the vacuum chamber downstream. The transverse
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Figure 2: 250 pC electron bunch at 35 MeV beam ener
before and after compression with a magnetic chicane co
pressor at the University of Tokyo [3].

kick k& imposed on the bunch with enerdyis proportional

to
k~\(PQ)f/E 1)

whereP denotes the applied poweftthe rf frequency and
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Figure 4: A magnetic bunch compressor chicane followed

by an off-crest acceleration can be used to determine the
longitudinal bunch charge distribution.

by the transport matrix

()1t wanican) (22)], @
%% ;_ Mes  Ms6Mes + Mo %? i

hereMsq, Mgs andMgg denote transfer matrix elements
of the chicane and the rf cavity of Figure 4. If we choose the
matrix elements such thaf;g Mg + Mgg — 0, the energy
profile measured behind the spectrometer dipole magnet is
a direct image of the longitudinal bunch charge distribution
in front of the compression section [5]. Figure 5 shows en-
ergy profile measurements performed at the TESLA Test
Facility Linac. With different parameter settings it is pos-
sible to measure the longitudinal charge distribution at var-

Q the quality factor of the cavity. It is estimated that aOUS positions along the magnetic chicane. The lower plots
resolution of 100 femtosecond can be realized by either ughow the reconstructed compression of the electron bunch
ing a high-frequency high-power or high-Q superconduct-

ing cavity [4].

Energy Spread Measurements: An efficient and in-
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10000

expensive way to determine the bunch length is the eval-3 oo 3 (lfv\?;f/l) -
uation of the bunch energy distribution. Figure 4 shows — (FWHM) -

a magnetic bunch compressor chicane followed by an rf

cavity and a dispersive section to image the energy profile. og ) 3 0 s samlertontensts e

The longitudinal dynamics of the system can be described
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Figure 3: Kicker cavity operated in Ty mode. The
bunch is kicked vertically by the magnetic field.
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Figure 5: Two energy spread measurements at the end of
the TESLA Test Facility Linac. The lower plot shows the
reconstructed compression of the bunch length through the
chicane compressor. The dashed line shows the longitudi-
nal position where the measured energy profile matches the
longitudinal charge distribution. Left: optimum compres-
sion. Right: over-compression.
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Electro-optic Sampling with Chirped Laser Pulses:
Figure 6: Electro-optic sampling of electric fields carriedrhe method of electro-optic sampling can be extended to
by the charge distribution by picosecond laser pulses. g single-shot measurement by using chirped laser pulses
[7] (long wavelengths are leading the short wavelengths).
The long laser wavelength samples the beginning, the short
within the magnetic chicane. The dashed line indicates thaser wavelength the end of the bunch electric fields. The
longitudinal position where the energy profile matches thigmporal distribution of the electron bunch can be visual-
longitudinal charge distribution. This technique is limitedzed by a diffraction grating viewed by a CCD camera.
by the resolution of the spectrometer and the validity of
linear beam transfer. If the bunches become too short, non- 3 FREQUENCY DOMAIN
linear effects like wake-fields and space charge will have to MEASUREMENTS

be taken into account.
Coherent Transition Radiation (CTR) can be used to deter-

mine the longitudinal charge distribution. The radiator is a
thin aluminum foil arranged at an angle of°Alith respect

Ha the beam direction so that the backward lobe of the ra-
diation is emitted at 90and is easily extractable from the

duced by the strong electric field& (v 33 V/m) moving vacuum qhamper. The spectral intensity emitted by a bunch
with the electron bunch. The laser pulse needed for i N particles is

photo injector and the electro-optic sampling experiment I 7 N4+ N(N -1 2 3

are produced by the same IR laser to obtain the needed tor() 1) ( N M/ w)l ) ®)
time synchronization. The probe laser beam is delayed byshere I, (w) is the intensity radiated by a single electron
roof mirror and polarlzgd at 45vith r.espect to the axis of ‘at a given frequency and f(w) is the longitudinal bunch
ordinary and extra-ordinary refraction of the electro-optigorm-factor [8, 9, 10] defined as the Fourier transform of
crystal. The imposed elliptical polarization on the probghe normalized charge distribution For a relativistic

laser beam is analysed by a polarizing beam splitter anlinch whose transverse dimensions are small compared to
two photo-diodes. By detecting the difference current behe length the form factor becomes

tween the pair of photo-diodes a small modulation depth

can be observed. The longitudinal charge distribution isf () :/p(z) exp (iwz/c)dz :/cp(ct) exp (iwt)dt . (4)
then scanned by delaying the sampling laser pulse with re-

spect to the electron beam [6]. The time resolution is es-or wavelength in the order of the bunch length the form-
timated to be in the order of the probe laser pulse lengtfactor approaches unity. The emitted radiation radiation is
Electro-optical sampling is a time-domain technique with ¢hen coherent and permits a direct measuremejift(af) |2.
large measurement window of about 100 picoseconds (lyygure 7 shows the expected power spectrum for various
delaying the sampling laser beam). bunch length and shapes.

Electro-optic Sampling: The principle of electro-
optic sampling is to use short laser pulses to probe t
change of birefringence in a ZnTe or LiTa®©rystal intro-
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ometric device and the acceptance of the pyroelectric de-
tectors. Fourier-transform spectroscopy is a technigue with
enhanced performance as the bunch length reach the sub-
picosecond scale. The coherent frequency spectrum then

gg;fﬂﬁmr extends well into the THz regime and the high-pass filter
D) - effects of the device become less important. Also a greater
variety of detecting devices (pyroelectric detectors, Golay-
cell detectors, bolometers) is available.
Pyroelectric
Detector
_ NG Hilbert Transform Spectroscopy: Hilbert-transform
Pnaveer Durier V Analyser spectroscopy of coherent transition radiation using Joseph-
Pyroslectric son junctions offers the possibility for high-speed fre-
Detector quency domain measurements [13, 14, 15]. The electric
properties of a junction are determined by Cooper-pair tun-
Figure 8: The Martin-Puplett Interferometer. neling which leads to the I-U characteristics shown as the

dashed curve in Figure 10. A dc currdgtcan be passed
through the junction without observing a voltage drop as
Fourier Transform Spectroscopy: At the TESLA |ong as the current stays below a critical valle (dc

Test Facility a Martin-Puplett interferometer, ShOW”Josephson effect). For currents abdyea voltage drop
schematically in Figure 8, has been used to measus@ross the junction is observed accompanied with an al-
the autocorrelation function of the radiation pulse [11]ternating current whose frequency is given by the relation
The diverging transition radiation beam leaving the CTR, _ 2¢U /T (ac Josephson effect,,, = w/2r = 483.6
radiator is transformed into a parallel beam enteringsHz for 7 = 1 mV). When the Josephson junction is ex-
the interferometer by a parabolic mirror. The inCidergﬁosed to monochromatic radiation of (angular) frequency
radiation pulse is polarized horizontally by the first grid,, the current-voltage characteristic acquires a current step
and then splitted by the beam divider into components of 1 at the voltagdy = (hw/2e), see Figure 107( is ob-
different polarization entering the two spectrometer armsained by averaging over the Josephson oscillation). Within
The polarization is flipped by the roof mirrors, hence thgne framework of the Resistively Shunted Junction (RSJ)
component first transmitted at the beam splitter is noyodel [16], and in small-signal approximation, the magni-
reflected and vice versa. The recombined radiation igde of this step is proportional to the power of the incident
in general elliptically polarized, depending on the pathadiation. Hence the junction acts as a quadratic detector
difference between the two arms. The analyzing grigdng can be used to measure the spectral intensity of a con-

transmits one polarization component into detector 1 anghyous radiation spectrum. For this purpose we define a
reflects the orthogonal component into detector 2. Two py-

roelectric detectors equipped with horn antennas are used
as detection devices for the sub-millimeter wavelength s
radiation. 3 Difference

Form Factor

; 0.04 f Interferogram §0.18 \
s $0.14| | ___ Extra-
A Fourier transformation of the autocorrelation functiong o i /‘\/_‘ ‘;El: o1l 4 polation
yields only the absolute magnitugi(w)| of the form fac- 5 ‘\J\ﬁ . 2 006l © e
tor. A Kramers-Kronig dispersion relation approach can bé; -0.04 | Eom
used to compute the phase of the form factor. The so-called 55553520 & ¢ o3 chos s 1 2
minimal phasep is given by [12] 6 time [ps] frequency [THz]
2w [ [l f )/ ()] of Mnmarrese 1 Fosel
Y(w) = - /0 R du . (5) g 4 ;f% f‘ﬂ:ff&j@i -‘50.1 % .
g3 IRy 303 : ;
To carry out the Kramers-Kronig integration a polynomial & 2 ‘j Y go.06
extrapolation of the form factor towards small frequencies * Gooz| T
has to be applied [12]. The inverse Fourier transformation °c 62 64 05 08 1 12 012345678
then yields the desired longitudinal charge distribution flTHz] time [ps]

00 Figure 9: The measured interferogram (upper left) is

p(z) :/ |f(w)|cos (¢(w) +wz/c)dw . (6)  Fourier-transformed to determine the longitudinal form

0 factor (upper right). The minimal phase is evaluated (lower

The steps of the analysis are depicted by the graphs in Figft) and then used to determine the longitudinal electron

ure 9. The drop of the form factor towards small frequeneharge distribution (lower right) by a Fourier transforma-
cies is explained by a low frequency cut-off of the interfertion back to time domain.
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allows for a maximum detectable frequency (generally sev-
eral THz) before leaving the superconducting state.

4 CONCLUSION AND OUTLOOK

An rf photo-injector in combination with a magnetic bunch
compressor has become a successful instrument for the pro-
duction of high charged sub-picosecond electron bunches.
R Bunches as short ag = 240 fs, 250 pC charge at an en-
0 Yooy 2 8 ergy of 35 MeV ands; = 10 fs, 20 pC charge at an en-

Figure 10: Dashed curve: voltage across the junction aseégy of 70 MeV have been produced. Time-domain mea-

function of the dc bias current. Solid curve: modification Ofsureme_nt techn_lqugs are u;ually applied t_o S'T‘g'e bunches
apd deliver on-line information of the longitudinal charge

the dc characteristic curve due to monochromatic incideaIstribution Frequency domain measurement techniques

radiation. are ideally suited for shorter bunches but have the draw-
back of longer data acquisition times and rather indirect

characteristic function Fourier analysis methods. The resolution is determined ei-
_ ther by the positioning accuracy of the interferometer mir-

o(T) = 81 AI(U?IFU)U (7) rors and beam-splitter or by the maximum detectable fre-

™ 2e R2I2 guency of the Josephson junction determined by Cooper-

) . . ) , pair breakup.
whereR is the ohmic resistance of the junction. The spec-

';ga:lnin[tle:;l]siw is derived frong by an inverse Hilbert trans- 5 REFERENCES
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Figure 11: The coherent radiation spectrum as obtained
from a discrete Hilbert transform of the characteristic func-
tion g. Solid line: Gaussian fit to the power spectrum.
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