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Abstract except when theunique property of a one-to-one
correlation between observation angled wavelength of

New techniques are reported for electron beaamitoring, the emission is used, such as in radiation origin&tiom

that rely either on the analysis of the properties of wigglefe interaction with magnetic fields.

radiation (from static magnetic fields as well as frizser Wiggler radiation (from permanent magnets,

“undulators”,alsoreferred to asThomson scattering) or electromagnetic undulatomnd lasers) has beeunsed for

on the non-lineamixing of laser radiationwith electron  diagnostic purposes [1-3, 11-13] iméde range of beam

beam radiation. Thelifferent techniques reviewed areenergies, as the radiation contains the full signature of the

capable ofproviding information onfemtosecondtime electronbeam. In Section 2, technique for measuring

scales and micron or even sub-micron spatial scales. Tdiergy and energy spreadthrough spectral filtering of

laser undulator islso proposed as aseful toolfor non-  spontaneous emission of a wiggler will Hiscussed [1]

destructive measurement bfgh power electron beams. as well as atechnique forbunch length monitoring

An example is given of measuring electron beamergy through fluctuational interferometry ahe incoherent

and energy spread through spectral filtering of |ight [2,3]. In Section 3, experiments usimrgdiation

spontaneous wiggleradiation [1]. A novel technique from laser Thomson scattering [4] (i.electromagnetic

based on fluctuational characteristics of radiation is undulator) for beam characterizatiaill be reviewed. In

described, for single shot, non-destructive measurementS¥ction 4, non-linear optical mixing déser radiation

the electron beam bunch length [2,3].  Thomsoith radiation from electron beams for longitudinal bunch

scattering based beam monitoriteghniquesare discussed profile measurements [5,6,14] will be discussed.

which, through analysis of theadiatedbeam properties,

allow non-destructivedetailed measurement of transverse

and longitudinal distributions of relativisticelectron 2 WIGGLER RADIATION

beams [4]. Two newechniques are discussedhich rely

on non-linear optical mixing oflaser radiationwith 2.1 Beam Energy Diagnostic

electron bunch emission: differential optical gat{BG) . o . .

[5] andelectron bunch length measurement irstarage The wiggler emission cone contains information about

ring based on sum-frequency generation [6]. the electron beam mean enewgyd energyspread(15,16].
A series of proof of principle experiments [1] halveen
1 INTRODUCTION carried out at the Accelerator Test Facility (ATF) at

BrookhavenNational Laboratory, demonstrating wiggler-

) : based beam diagnosis in single shot mode, both for single
space properties of electron bunchmesduced inpresent  mjcronyisesand single macropulses. The experiments
and future high performance linacs [7-9], requires \yere performedusing a high precision (0.08%eak
development of beam diagnostics with high spatia}yyjitude rms) pulsed electromagnetic microwiggler from
(mlcron or sub-micron)and temporal (fem_tosecond) MIT, with a wiggler period of 8.8 mm. The high
resolution. Measurement of beam properties bigh  icrowigglerfield quality simplified the interpretation of
current, high power linacs [10fequires non-destructive o spectra defined by the convolution over many
diagnostics to beleveloped. Several diagnosticsiill be parameters: energy spread, divergencepot size

discussed,which rely on direct measurement of the matching, beam pointingndwiggler field errors. For a

properties of electron beam radiation, or on the interactig 5 energy of 44-48 MeV, the wiggler emission was in
of that electron beam radiation with a laser beamealth 1, visible,where a wide range afptical diagnostics are

of the techniques discussed ithis paper, theelectron , -iaple.

beam radiation iggenera_tedthrough_ interaction _of the  T1he wiggler emission profile wastudied at the
electron beam with static magnetields (e.g. wiggler  f,ngamental(532 nm). A narrow (1 nm) bandwidth
radiation) orwith electromagnetic radiation fromlaser o ference filter was used to spectrally filter thdiation

(Thomson scattering). Most of thechniques can be ;ones and the full transverse figld pattern wagecorded
applied more generally to other types of radiation sourc%ing a CCD camera. Forfiaed wavelength determined

Measurement of the transversmd longitudinal phase
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by the filter, thecone radiugiepends obeam energy and A proof of principle experiment wasarriedout at the
wiggler field strength, and the cone width contains ATF, in which the single shot spontaneous emission
information of divergence anaknergy spread. Analytic spectrum of the MIT microwiggler, wastudied for a
expressions were deriveshowing that forenergyspreads range of bunch lengths (1-7 ps) [1,3]. The microwiggler
realistic for the linac (0.5% FW) at 48 MeMjvergence provided high brightness visible wavelength emissions for
dominates over both energy spread and natural linewidthaat electron beam energy of 44 MeV. A typiocadasured
sufficiently large angles [1]. For small cones, beffects spectrum is shown in Figure 2eevealing nearly 100%
are important. Théar-field profile provides aradvantage modulation and the presence of randonspikes of a
over the spectrum in divergence sensitivity. A systemataharacteristiavidth, from which a bunch length of 2 ps
set of experiments wasarriedout to studycone response was extracted. For comparison, a simulation for a similar
to beam energy, energy spreadggler field strength, bunch length including themeasured instrumental
electron beam misalignment and filter central wavelengthesolution is shown in Figure 2b. The importéedtures

An electron beandivergence 00.25 mrad was extracted of the experimental data, the characteristic spike width and
in a single shot measurement. Examples of spontanedlis level of modulationare reproduced bythe theory.
emission cones are shown in Figure 1. Note that withQuantitativeagreementhas alsobeen obtainecetween
wiggler length of 70 periods, sensitivity to as little adunch lengthextractedfrom fluctuationsand independent
0.5% change in central beam energy was demonstrated. calibrations of beam bunch length [3].

0.995*48 M eV 1.000¢48 M eV

&

N N

o [

o o
T

S
I

=
o
o

Intensity (a.u.)
g

|
ML
W YR i

0 o il N L L L 1w
200 250 300 350 400 450 500 550 600
CCD pixel @ wavelength)

wu
o
e

Ayly=0.5%

o
-

600

Ayly=1.5%

500 by THEORY

400 [

300

200 i ~ﬁ

ol
- M

- 0 50‘ :‘I.O‘Oml50 ‘20‘0 250 300 350 400
Figure 1. CCD images of a 1 nm portion of thiar field CCD pixel (@ wavelength)
wiggler spontaneous emission profile, showiagnsitivity

to beam energy (top pair — 48 MeV and 48*0.995) andrgy

spread (bottom pair — 0.5% and 1.5% FW). From Ref. 1.
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2.1 Fluctuational Interferometry Figure 2. a) Single shot spontaneous emission spectrum

In 1995, a fluctuationainterferometry technique relying ffom @ microwiggler at 632 nm, showing near00%

. oo L modulation of the spectrum. Beam bunch length was
on the incoherent co_nt_rlbutlon to thEadlatl_on WaS  extracted in a single shomeasurement from thspectral
proposed?2]. For aradiationpulse to be longitudinally flyctuations. b) A simulationfor the same bunchength
incoherent, the spectrddandwidth Ao must bemuch reproduces both the qualitative and quantitative features of the
larger than the inverse of the pulse duratian, data.
i.e.Awr, >>1. Using abandpasilter, centered around
W, and with spectral widthw, temporal coherencean be
imposed with arassociated coherentine 7y, 0w ™, 3 LASER SCATTERING
effectively breakingthe pulse up in Nindependent DIAGNOSTICS
portions where N=71,/7.,. From shot-to-shot, the A different approach to generating radiatfoom particle
intensity will vary on theorder of 1A/N. Measurement peams for beam monitoring is to use the interaction of
of the variance of the intensity fluctuations will then givehe beam with high intensity laser fields. In effect, the
a measure for N and hencg = N/ dw. laser acts as an electromagnetic undulatmd the
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properties of the emitted radiation can Becurately To measurghe transverse electron beam distribution

predictedusing anequivalent undulator mod§l7]. The for a given slice of the electrapeam, wescanned the
scattered radiation contaiiformation onenergy as well aser beam transversely across the electron beam in steps

as on transversand (for short laser pulses) longitudinal ©f 101, by changing the tilt of the focusing mirror. and
distributions of the electron beam. monitored the x-ray yield on the phosphor screen. It was

. found (Fig. 3) that thelaser based techniqueand the

At the Final FOC[.JS TesBeam (FFTB) at SLAC, results from OTR were in good agreement and gitalfa

transverse e-beam sizes as small as 70vere measured, \yigih half maximum(HWHM) vertical size of 66 um.

by scanning a 50 GeV e-beam across the intefisityes  However, the measurements for the bezoigesdiffered

of an optical standing wave [Produced bycrossing two and wereboth non-Gaussian. From the OTd@ta an
laser beams. The gamma ray yield depends on the numB&YHM horizontal size of 4pm was obtained.

of photons with which the electron beam interaotd is 127 OTR image of e-beam
thereforemuch larger atthe peaks than at the valleys of | | -
the standing wave. Such resolution beyond usual 7 e
optical (e.g. optical transitiomadiation or synchrotron 5 % | : ,

o, 3 . OTR profile
radiation) based methods. 5 06| a -

A laser basedbeam diagnostic [4] which relies on 2 A iﬁ

analysis of the properties of thecattered radiation has 5 % | x “.‘g b —
been developed and usedtia¢ BeamTest Facility (BTF) = o2 | A~ M mighg e 1401
[18] of the Center for Beam Physics latwrence Berkeley A Xy yield Tl
National Laboratory (LBNL). Some of the resultstbfs 002'00 o B 0 s 1m0 a0
experiment are discussed next. T )

3.1 Orthogonal Thomson Scattering DlagnOStICFigure 3: a) OTR image of thecusedelectron beam and

The experiment [4] was conducted at the BTF ased the b) triangle - vertical line-profile through the OTR image
50 MeV (y = 98) linearacceleratoflinac) injector of the Of the electron beam; square - x-ray yiesl vertical laser
Advanced Light Source in conjunction with a higbwer Peam position.

(40 mJ in 100 fs) short pulse laser system operating at
800 nm wavelength. Electron bunchaere transported

using bend magnetsand quadrupoles 1o amte_ractlon the laser and electron beam) of a time slice ofefketron
chamber where they were focusattl scatteredgainst the beam, with adurationequal tothe convolution of the

laser beam. After the interaction chamber, a B8d {ransit time of the laser pulse and the laser pulse duration,
magnetdeflectedthe electron beam onto a beam dumpyas done by monitoring the spatial x-ray beam profile on
away from the forward scattered x-rays. A 75 cm radius ¢iie phosphoscreenusing the CCDcamera (sedig.4).
curvature mirror was used to focus the S-polarized The scatteredx-ray energyflux contains information of
amplified lasempulses to about a 30m diameterspot at the angular distribution of the electrobeam. By

the interaction point (|P0measured by a Charge Coup|e(ﬁ0nVO|Uting the single electron spectrum with a Gaussian

device (CCD) camera at an equivalent image plane outsfdistribution for the horizontal and vertical anglegx and
the vacuum chamber). ogy are the rms widths of the angular distribution of the

To measurethe spot size(and position) of the electron beam in the horizontand vertical direction
electron beam at the IP, an image of #lectronbeam respectively)and integrating over allenergiesand solid
was obtained by relayingoptical transition radiation angle, the energy flux can be written as [4]:

(OTR) [19] from a foil onto a 16 bit CCzamera or dpP 2m 1
optical streakcamerausing a smallf-number telescope. WDIO d(PIOdK F(K)K[1‘4K(1—K)0032<4
Electron beam spot sizes as small asyds rms have X7y

Measurement of the electron bealiwergencefor a
fixed longitudinal location (i.efixed delaytime between

been measured. i 2

During the interaction of an electron beamd laser (6x -y ;_1 cosp) !
beam, scatteredx-ray photonsare producedvith energy exp[- 502 |

i x
U,, given by (fory >> 1)

2 11 .
u, = 2y hzwg (1- cosy), 1) Oy +y ! ’——1S|n(p)2
L+y0 expf- “ }

wherew, is thefrequency ofthe incident photons, s is 204 )

the interaction angle betwede electronandlaserbeam Here gp isthe radiatedx-rays intensity in a solidangle

the radiation is observed and assumed to salisfc1/y . gependentunction modeling thedetectorsensitivity and
In the experiment, x-rays with a maximunergy of 30 y.ray  vacuum  window transmission. Also,

keV (0.4 A) are generated. K =U/U, = (1+y%6%) and U, =2y*hw and a
single incident laser frequency is assumed.
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the IP), butchromatic aberrationsvere about 5 times

" larger in thesecondattice. Result of a 60 ps lorggan
ogy=3.9 mrad (time step of 1 ps) and time-resolved OTR from ghreak

o8 camerafor the lattice with low and high chromatic

06 aberrations is shown in Fig. 5(a, b).
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By fitting the data (see Fig. 4) using Eq.(2), an S %8

electron beantivergence oo, (0,) = 6.3+ 0.2 (3.9% S o6

0.2) mradwas found. Ff) wasadjusted toaccount for <

the spectral dependence of the x-ray windcamsmission. =%

The difference betweem,, anday, is due to a combination 2 o2

of the electron beam beingcusedastigmatically at the PC_’. o

IP, resulting in a tilted phasspaceellipse (y, y'), and a
laser spot size much smaller than the vertigalctron
beam size. As the laser beam crossedate volume of

the electron beam, the complete horizonfdirection of Figure 5:x-ray yield vs. delay time between laser and

propagation of the laser) phase spaceX’) is sampled giactron beanand profile of time resolvedOTR image

by the laser beam. However, ongfectrons occupying from a streakcamerafor a lattice with a) smaland b)
the region in the vertical phaspacedefined by the large chromatic aberrations.
e

spatial overlap with the laser beam will contribute to th
x-ray flux. As opposed tahe transitionradiationbased — \yhereasthe temporal scan for the lattice with low
detector, the laser bearherefore acts as an optical cpromatic aberrationgFig.5a) is ingood agreementith
microprobe of a finite region of théransverse phase yhe time-resolvedOTR measuredwith a visible streak
space. This value of the electron bedimergence iSAlS0  camera, the scans taken for tsecond configuration
consistent with areffective angulardivergence of the Fig.5b) typicallyshowed &-3 timeslarger amplitude 5
electron beam of 3.5 - 4 mrad obtained from analyzing the \yide peak sitting on a 20 psde pedestal. This is to
x-ray spectra. fthcourse,_ tlhe n;_?mff_erence IS tlhat +be compared tdhe time resolvedOTR from thestreak
measurement of the spatial profile is a single sh@bmerawhich typically showed a25-30 pswide electron
technique as opposed to measuring the x-ray spectra Whiglh iy \ithout any sharp time structure. From lattice
requires ac_cumulanon of ”.‘0“5*?‘”0'5 of_shots. calculations, it is found that an energy change orotter
Flnally, since the('faY yield is sensitive to both the ¢ 55 o4 would increase the vertical spot size gctor
longitudinal bunch profileand the degree oftransverse .o at the IP compared tobest focus, resulting in a
overlap between the laseand electron beam, time- nonorional reduction in vertical overlap between the
correlated phase spapeoperties of the electron beam carlyserandelectronbeam,andhence in x-rayield. These
be studied. When an electranch, which exhibits a eas rements indicate the potential of the ldmesed

finite timc_e—correlated gnerggpread(g:hirp), is focused al Thomson diagnostic taneasure time-correlated energy
the IP with a magnetic lattice which hiasge chromatic changes of less than a percent, veith-picosecontime
aberrations, different temporal slices of the bumdhbe  o50ution. '

focused at different longitudinébcations. Thdransverse It is important to note also thatjue to the non-

overlap between e-beaamdlaserwill thereforestrongly  yegiryctive nature of the Thomson scattering technique, it
depend on which time slice the laser interagth. This  night prove to be a useful tool for the diagnosis of high
in turn will lead to atime dependence ofhe x-ray yield ¢\ rrent high power electron beams, such as for the
varying faster than the actual longitudinalcharge paHRT project [10]. '

distribution.  To illustrate this, thec-ray flux was

measured as function of thedelaybetween laseand e- 4 NON-LINEAR MIXING

beam, for twodifferent magnetic transport lattices. In

both lattices, the magnet settinggere optimized to Another new direction beingursued for developingeam
obtain a minimum electron beamspot size in the diagnostics, is the non-linear mixing ddser radiation
horizontal and vertical plane (as well zerodispersion at wijth radiation from electron beamfl4]. Two recent
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examples of the application of non-linear opticsbanch has been applied to the pulse shape measurement of a
length monitoringare discussedext: one in which a picosecondfree electron laser sourceysing both an
tightly synchronized lasepulse is used to perform a instantaneous gate and a step function gate [5].
cross-correlation measurememtdone in which thdaser

pulse is looselysynchronizedwith respect tathe electron
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