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Abstract certainconditions, the totatadiatedelectromagnetidield

from an electron bunch is the superposition of that of
Much progress has beemade on coherent radiation each individual electron with phase factors. Therefore, the
researchsince coherent synchrotron radiation was firstadiation power at a measuremeuoint can expressed as
observed in1989. The use otoherent radiation as a [20]

bunch length diagnostic tool has bestadied by several 2

groups. In this paper, brief introductions toherent Pog (A) = pmd()\)geimcose“‘
radiation and far-infraredmeasurementare given, the =1
progressandstatus of their beam diagnostic application =P (A)[N+N(N-1)F(A)] 1)
are reviewed, different techniques are described, tlasid "
advantages and limitations are discussed. where P, ,(A) and P, (A) arethe radiation power of
individual electron and all electrons in the bunch,
1 INTRODUCTION respectively,N is the number of electrons in the bunch,

In recent years, there has been increasing interest in shdrtiS the radiation wavelength, Z is the longitudinal
electron bunches fodifferent applications such as short Position of electrons,6 is the anglebetween the
wavelengthFELs, linear colliders,advancedaccelerators, longitudinal direction and the observation direction, and
e.g. laser or plasmaakefield acceleratorgndCompton ~ F(4) is the so-called form factor given by
backscattering X-ray sources [1-3]. Meanwhile, much 2
progress has beemade onphotoinjectorsand different F(A) =
magnetic and RF bunching schemes to produce very short

bunches [4-7]. ~ Measuring short bunchégcomes \yhere §(z) is the normalized longitudinal distribution
essential for developing, characterizingnd operating  fnction. The first term on the right side of Eq. (1) is the

such machines. incoherent part proportional th. The secondterm is

Conventionally, the longitudinal distribution and,q coherent part proportional to thesquare of N.
bunch duration of short electron bunches cameasured p (1) is usually well characterized andN can be
by streak cameras or transverse RF deflecting cavities [gﬁmown from current measurement. The fdantor is of
8]. However, with such devices it becomes very '

. real interest from the beam diagnostic point of view.
challenging tomeasurebunch lengthsdown to a few Whenthe radiation wavelength is much shorter than the
hundred femtoseconds. Another technique is thez&6- 9

phasing method with the use of RF cavitiesd a bunch size, electrons radiate out of phase, the factor

spectrometer [9-12]. Using such a technique, bunct ecomes zerandthe coherent effectliminishes. When

lengths as short as 84 fs (rms) have been measured andeﬁeewavelength is much longer than the bunch length, the

o o . . ectrons radiate in phase, the fofaator approachesne,
longitudinal distribution function has beeretrieved. - .
; . and the radiation power is enhanced coherently factar
However, the measurement is destructive. Recentl

frequencydomain techniques have bedavelopedbased of N, which is typically in therange O].c 18 to 1(.)1. for .
: . most accelerators. In between, there is a transition regime
on a relatiorbetweenthe bunch profileandthe coherent X ;
. ; , wherethe wavelength is comparable to the bunch size.
radiation spectrum. This paper will focus on fivegress

. The shape of the fornfactor and the location of the
and status of such frequency domain measurements. o . .
transition region are completely determined by the

> COHERENT RADIATION distribution funct|oq, i.e. both t.he bunch sh@@sue. _
A plot of the numerical calculation of Eq. (1) is shown in

Coherent synchrotron radiation was theoreticatlydied Fig. 1, where the solid curves are the coherent

by Nodvickand Saxon in 1954and later by Michel in  synchrotron radiation power versus wavelength for

1982 [13-14]. It was firsbbserved by Nakazatnd his different bunch lengths of Gaussian profile bunches, while
Colleagues at Tohoku University in 1989 [15] SinCQhe dashed curve is the incoherent part.

then, extensive experimental studies have lwagied out It is very important tobear in mind that theform
by several groups toharacterize¢he coherent radiation of factor is derived from the power spectruine, it is areal
various radiation mechanismsand to explore their andpositive quantity. All the phase information of the
applications [16-19]. If a single electraadiatesunder Fourier transformation of the distribution functionldst,
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as shown in Eq. (2). Itis unfortunate that in general, the 3 FAR-INFRARED RADIATION

distribution functioncan not be uniquely determined by MEASUREMENT
the measured form factor. Most broadbandspectrum measuremengse performed
1 with thermal detectors because dheir flat frequency
10 A response [21]. Theadiation is absorbed biye bulk of
10° the material, which changes its physical propedigs to
the temperature change. Helium-cooled bolometers are
10" = the most sensitive thermaletectors. Their superb
5 performancecomes at the expense of higher cost and
2 10°4 complicatedoperations. The Golay cell is one of the
Q most widely usedroom temperaturdar-infrareddetectors.

% 10° 4 It has flatfrequencyresponse well into the millimeter
© " region. Even though its detectivity is much less than that
10 of helium-cooled bolometers, it mdequatdor most high

5 charge, short bunch applications. Unfortunatedjiable
10 vendors arébecoming difficult to find. Another room
10° temperature detector ishe pyroelectric detector. Its

responsitivity can be comparable to the Golay aedl its
0.1 1 time response is faster than other therdetéctors. It is
wavelength (mm) commercially available and relatively inexpensive.

Fig. 1 CalculatedCSR power spectrum with 20% flat However, its frequency response, especially at long

length. Another type offar-infrared bandpass detector is the

) ) Schottky whisker diode, which has beesed in bandpass
~ The above equationsare derived for the one measurement of coherent synchrotron radiation [22-25]. It
dimensional case, i.e. all the phafiflerences between has adequate sensitivity for most short bunch applications
electrons are due to their longitudinal positidifierences. anqg jsalso relatively inexpensive. Although it twite

In practice, when buncheseshort, their application to0 fragile to electricaland nechanicalshocks, it hasbeen

They maybecome inaccurate the phasalifferences due To obtain spectral information, either a grating
to the transverse beam size or the fimiteeptance angle monochromator or an interferometerriseded21]. The
are not negligibly small, compared tothe phase typjcal example of the former is the conventional
differences due tdhe longitudinal position. It is also echelettegrating type. Theadiation power at a specific
assumed that the longitudinal distribution function wavelength isenhanced bythe diffraction effect and
remains unchanged during radiatfmmmation. This may cojlected at a correspondirangle of the grating plane.
not be agoodapproximation for synchrotroradiation if  The radiation power spectrum is measured by scanning the
the path lengthdifference introduced bythe bending angle. Toavoid higher diffraction orders prefiltering of
magnetic field is significant compared tothe bunch  the radiation is required. ~An interferometeruses the
length, particularly for very short bunches. interference betweetwo beams split from théncident
Since coherent radiation is aresult of the ragiationbeam. Theadiation power ismeasuredversus
superposition  of  electromagnetic = wavescoherent  the pathdifferences, yielding a so-called interferogram.
enhancementexists for all electromagnetic radiation The radiation spectrum can be computed from the Fourier
mechanisms such as synchrotron radiation, transitiQfgnsform of the interferogram.  Another wavelength
radiation, diffraction radiation, Cherenkov radiation,sebcting device is the bandpass mesh filter with a typical
Smith-Purcell radiation,and even wakefield effects. pandwidth of 20%. Such a filter combined with a
However, the radiation at long wavelengths may Dbgroadband thermal detector is also suitable for the
suppressed by boundacgnditions, noting theequations bandpass measurement [26].
are valid only for free space. Coherent synchrotron Mirrors, focusing parabolic reflectorsand cone
radiation has been widely used for beam diagnost%aped|ight pipes are the most widely used optical
purposedue toits noninvasive nature, while transition components. One of the difficulties for thepectral
radiation has been favored fitre flatness of its emission measurement is that the absorptand refractive indexes
spectrum. Recent studies diffraction radiation make it of many non-metal materialgre strongly frequency
another potential noninvasive alternative, especially fQ!ependent. The frequency properties of thevacuum
high energy beams [18]. windows, beam splitter, and the effectvadter absorption
need to be evaluated at the design stage for the wavelength
region of interest.
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4 COHERENT RADIATION SPECTRAL
MEASUREMENT

It is clear that in order to obtain the longitudinal
distribution, namely the bunch shap@ad length, the

spectrum of theoherent radiatiomeeds to be measured Stanford University,
Mar)!

over the wavelength span of the transition region.
spectrum measurements of coherent radiation haea
successfully performed. Only a few representative
examples are discussed here to illustrate the principles.
In 1991, Ishi and his colleagues at Tohoku

corresponding form factordiffered significantly in the
frequency domain.

In 1994, another interferogram measurement of the
coherenttransition radiation was reported byKung of
and later the refined results were
ven by Lihn [5, 31]. Such aneasurement was
proposed byBarry of CEBAF in 1991 [32]. A
pyroelectric detector and a Michelson interferometer with a
resolution of 0.5 cm were used toobtain the

interferogram. The spectrum computed from the

University reportedtheir spectral measurement results ofnterferogram was contaminated by water vapor absorption

coherent synchrotron radiation in ttiar-infrared region
[27]. The spectrum wasneasured by dar-infrared
spectrometerconsisting of aHelium-cooled bolometer,

and the interference pattern of the beam-splitBased on
the assumption of uniformhargedistribution, thebunch
length was estimated to be 50 fs (rms) using a thin mylar

five echelettegratings, and long-wavelength-pass and Peam-splitter of 12.im. This value was lateevised to

short-wavelength-pass filters.
were enclosed ivacuum to eliminatavater absorption.
Radiation intensity was monitored by anottdatector
during the grating rotation scan twrrectbeaminduced
fluctuations. The system was calibrated withlackbody
radiator to within a factor of 1.5. The coherent
enhancementwas comparable with the number of
electrons in the bunch, 3.6 x 810 A spectrumfrom
wavelengths of 0.16 to 3.5 mm wabtainedwith a

resolution of 0.1 crd at wavelength of Imm, and the
bunch form factor was derived accordingly.

A cosine transformation of thequareroot of the
form factor was applied to estimate the distribution
function. Though such an approximati@msured the
resulting distribution function to beeal and positive, it
also artificially forcedthe resulting distribution function
to be symmetricand peaked athe center. The result
shows a Gaussian like shape with a full widthhatf

maximum of 0.25 mm, which is much shorter than the - .
One of the simulated resulf€sults were not verified by an independent bunch

mm length estimated.
indicated that the bunch shape is about 1.3 mm thite

spikes of about 0.1 mm in width at the ends. It was th -
thecomponentsrevealed that the sequentialorder of the

believed that these spikes might contribute to

measuredall-off at short wavelength, resulting in the

computed narrow bunch length.
In 1991, using a polarizingnterferometerwith a

resolution of 0.09 cm, Shibataand the Tohoku group
observed aunch-to-bunchnterferencepattern, i.e. RF
sidebands orthe coherent synchrotron radiation spectru
derived from a measured interferogr§@®]. In 1994, the
first cross-comparison wamade by the same group
between a streak camera measuremetiefbunchshape

All optical componentd42 fs (rms) still based onthe uniform distribution

assumptionafter a carefulanalysis of theeffect of the
thickness of the beam-splitter on the width of the
measured interferogram. The difficulties aftaining the
distribution  function were discussed. Similar
measurementsere also performed byother group [33].
No longitudinal distribution function wasgeconstructed
due to the bandwidth limitation of the measurement.
Using the Kramers-Kronig relation was firgtoposed
by Lai of Cornell University in 1994, to compupbase
information from the measured spectrumder aminimal
phase condition [34]. The method is able generate
asymmetric distribution functions from an inverse Fourier
transform.  Thetechnique was applied to spectral
measurement results of both coherent synchrotron and
transition radiation [35]. Artificial asymptotiattachment
to both ends ofthe measuredspectrum wagdiscussed,
given that the bandwidth of the measurement is limited in
practice. Unfortunatelydue topracticallimitations, the

distribution measurement. Numerical studies with
dfistributions whichare asuperposition othree Gaussian
Gaussian peaks could not be uniquely determined [36]. In
some cases, thealculated rimimal phase significantly
differed from the actual phase.Therefore,the minimal
phase assumption is not always valid. In practice, the
minimal phase assumption difficult to validatebecause
rT'[]he bunch distribution is generally unknown.

5 COHERENT RADIATION BANDPASS
MEASUREMENT

and aspectrum measurement of the coherent transitidaespite the difficulties of reconstructing the distribution

radiation [29]. Instead of using a cosine transformation

 fgnction, the strongdependence ofadiation power on

triangular distribution function with a width of 8.5 mm bunch distributionand bunch lengthwere observed in

was found. Themeasuredform factor matched the
envelope ofits calculatedoscillatory closely. Astreak
camerameasurementevealedthat the bunch shapeould

experiments. Agan be seen irFig. 1, theradiation
power within acertain bandwidth irthe transitionregion
changes rapidly abunch length varies. Therefore, an

be fitted very well by a Gaussian function with a width ofppropriate bandpass detector can be employed as a bunch

7.2 mm. Though these two distributioae rather close
in the time domain, bufclearly distinguishable, the

length monitor todetectrelative bunch lengtland shape
changes.
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changes, it is much less sensitiveetoors introduced by
finite transverse beam sizediationacceptanceangle of
400 — the detector,and path difference due tadispersion. The
. monitor signalchangesresult from not only théounch
£ length changes but also the bunch shape in general.
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A very stringent demand on finahergy spreadyith rms bunch legth (fs)

a design goal of 2.5x19(rms), requiresshort bunches at _ _
the Continuous Electron Beam AcceleratorFacility ~Fig- 3 Experiment result ofCSR power versus rms
(CEBAF) of Jefferson Lab. CEBAF is routinedperated Punch lengthwhere CSR power wasmeasured by the
within its bunch length specification of 0.5 ps (rms). ASchottkydiode ancbunch lengthsvere measured by the
different approachwas taken. Instead oftrying to obtain Z€ro-phasing technique.
absolute longitudinal distributions by measuring the
spectrum of the coherent radiation, relative distribution 16
changes were measured by detecting integrated cohere.gt 100
radiation powerwithin the transition region. Such a g 14—
noninvasive coherent synchrotron radiation bunch lengthp
monitor hasbeendeveloped atleffersonLab to detect 2
bunch length changes resulting from RF phase drifts irg 1 5 _| —150
the bunch forming region during CW beatalivery [25].
Schottky whisker diodes were used as fanfrared
detectors. The bunching processnd bunch shape and
length were systematicallstudied bymeasurementsing
an RF zero-phasing techniquand by numerical
simulation [37, 12]. Bunch lengths were varied as the RF 8 —

while the solid curve is from simulation.

104 CSR power 200

relative CSR
(s)) yiBua| young swi

Bunch length

phase of a bunching cavity washanged. The L 550
measurements are in excellent agreement siittulation, T T T T T T T

as shown in Fig. 2where the circles are from -4 0 4
measurement while the sollrve is from simulation. cavity phase (degree)

The monitor wascalibrated by an RF zero-phasing
measurement. The resulise shown in Fig. 3. The F19- 4 Measurement results @SR power and bunch

minimum bunch length of 84 fs (rms) was actudtiynd '€Ngths versus relativeSRF phase changes. ~ The
by maximizing the output signal from the diode, which ign@ximum CSR power signal yields the shortesnch
proportional to thedetectedradiationpower, as shown in '€ngth

Fig. 4. The monitor was able to detect a few femtosecond The strategy for bunch length control at Jefferson Lab
bunch lengthchange for @.5 ps(rms) Gaussian bunch js: (1) use zero-phasing measurements asptireary
containing3x1(P electrons,and still better for shorter standard to characterizbe longitudinal beandynamics
bunches. An optical chopper was installed to enable tia@d to calibrate the coherent synchrotroradiation
monitor to operate for both pulsed and CW beam delivermonitor, assisted byPARMELA simulations ascross-

It is worth mentioning that since thébandpass checks; (2) use noninvasive monitoring detectbunch
measurement is a relative measurementoofy the length change during beam deliveryand when the
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monitor signal varies outside ofacceptable bounds measurements can bdighly valuable in routine
indicating the bunch length hatanged(3) use gohase optimization of machine performance, in a noninvasive
transfer function measurement torrect the RF phase fashion if desired.
drifts that have occurred [38].
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