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Measurement of subpicosecond electron pulses
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A bunch-length measuring method has been developed to measure the subpicosecond electron pulses gen-
erated at the Stanford University Short Intense Electron SAQ@G&SHINE facility. This method utilizes a
far-infrared Michelson interferometer to measure coherent transition radiation emitted at wavelengths longer
than or equal to the bunch length via optical autocorrelation. To analyze the measurement, a simple and
systematic way has also been developed, which considers interference effects on the interferogram caused by
the beam splitter; hence the electron bunch length can be easily obtained from the measurement. This simple,
low-cost, frequency-resolved autocorrelation method demonstrates subpicosecond resolving power that cannot
be achieved by existing time-resolved methd®L063-651X%96)05906-5

PACS numbgs): 29.17:+w, 07.60-—j, 29.27.Fh, 41.75.Ht.

[. INTRODUCTION lengths longer than or equal to the bunch length via optical
autocorrelation. The bunch length can be determined by ana-
In recent years, the reduction of electron bunch length halyzing the measured frequency information.
become an interesting aspect in the development of particle At the SUNSHINE facility, we have developed an alter-
accelerators. Its progress greatly affects the design of nexfative bunch-length measuring system based on this
generation synchrotron light sources, future linear collidersfrequency-resolved method. Using subpicosecond electron
free-electron lasers, and high-intensity coherent far-infraredulses generated at SUNSHINB,4], we have verified this
light sources. For example, the proposed future machine§chnique[4,5] and developed it into a simple, low-cost in-
Such as future |inear Colliders and Single_pass x_ray freeStrUment fOI’ Subpicosecond bunch'length measurement. In
electron lasers demand the electron bunch length to be leddis paper, we describe the principle of this autocorrelation
than 0.1 ps, which is not even presently measurable. Hencéechnique, the analysis and interpretation of bunch-length
a bunch-length measuring system capable of characterizingjeéasurements, and the experimental results.
subpicosecond pulses will provide a powerful tool to mea-
sure such progress. Il. AUTOCORRELATION BUNCH-LENGTH
It is intuitive to use a time-resolved method to measure MEASURING METHOD
the electron bunch length, which resolves the beam-
generated signal in the time domain. However, when the
bunch length is in the subpicosecond regime, it is beyond th

resolution of time-resolved methods developed so far Neylransition radiation via optical autocorrelation. Coherent
ertheless, the complexity and the cost of hardware fc')r fasEansition radiation emitted by electron pulses carries the in-

time-resolved methods, such as a streak camera, increase t ogmatipn of bunch distrilbution ir) its frequency content. By
great extent as the resolution approaches one pi(:osecond.aiteaIyZIng the frequency information, the bunch length can be

is necessary therefore to develop an alternative bunch—lengﬁ?”ved'
measuring technique with subpicosecond resolving power. N o
As an alternative, a frequency-resolved technique extracts A. Coherent transition radiation
the frequency content of a beam-generated signal. From this Transition radiation is generated when an electron passes
frequency information, the particle distribution can be de-the interface of two media of different dielectric constants
duced. Unlike time-resolved techniques, this does not requirgs]. The spectral distribution is determined by the frequency
fast processing speed and complex hardware. Since the negependence of the dielectric constants of the media. For a
essary broad bandwidth required for short pulses can bgacuum-metal interface, the spectrum of transition radiation
achieved by optical methods, a subpicosecond time resolys approximately constant in the far-infrared regime due to
tion can be obtained. This is a well known technique in thethe almost perfect conductivity of the metal, and the angular
characterization of femtosecond laser pulddsand has been spectral energy for the case of normal incidence can be ex-
suggested for subpicosecond bunch-length measurdi@ent pressed af6]
The method utilizes a far-infrared Michelson interferometer
to measure coherent transition radiation emitted at wave- d*e _ e’p? S
dwdQ  7°c (1—B°c0s6)?’

This frequency-resolved method uses a far-infrared Mich-
Ison interferometer to measure the spectrum of coherent

@
“Electronic address: Wiedemann@SSRL01.SLAC.Stanford.edu where 6 is the angle between the radiation and the electron
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direction, andB the ratio of the speed of the electron to that Al Foil
of light. For a relativistic electron, this distribution has a zero Electrons
at #=0 and reaches maximum @&t-1/y, where vy is the -
Lorentz factor.
When a bunch ofN electrons passes the interface, the
resulting total electric field at the observation point is the HDPE Fixed Mirror
superposition of the one emitted from each electron. If the Window
observation point is far from the interface, the total intensity T | | Beam Splitter
at wavelengthn, using far-field approximation, can be ex- ' g
pressed af7] §
———— —— o
lota( M) = N[1+(N=1)f (M) ]l (), ) P?fab°N £
Mirror ‘ 3
wherel ¢(\) is the intensity of transition radiation emitted by M{‘;?fifffr’,',eter i =
an electron at wavelength. In the far-infrared regime,
Io(\) is constant. The form factdi(\) is given by the three- To Detector
dimensional Fourier transform of the normalized bunch dis- o ) )
tribution W(r) [fW(r)dr=1] _ FIG. 1. Schematic diagram of a Michelson interferometer de-
signed for bunch-length measurement.
2
f(N)= f W(r)e'2m™ D dr| (3)  transverse contribution can be ignored if the

2mptand/3.83<| condition is satisfied, which is assumed

where i is the unit vector directed from the center of the throughout this paper. Therefore good focusing to produce

bunch to the observation point ands the position vector of SMall transverse beam size and a reasonable angular accep-
an electron relative to its bunch center. If the radiation istance for the detector are crucial for accurate subpicosecond

observed in the forward directiofwhich is defined as the Punch-length measurements.

unit vectorz; n||z) from a transversely symmetric beam with

rectangular longitudinal distribution, the form factfi) is B. Michelson interferometer

the square of a sinc function, which is independent of the  gjnce the spectrum of coherent transition radiation emit-
tr_ans_verse_ bu_nch_ distribut_ion. Similarly, _for a Gaussian lonygq by subpicosecond electron bunches is in the far-infrared
gitudinal distribution,f()) is also Gaussiafi7]. For wave-  (egime, a far-infrared Michelson interferometer is used to
lengths longer than the bunch length, the form factor apieasure the spectrum via optical autocorrelation, and the
proaches unity, and the total radiation intensity is cohereng ;- length can be deduced from the autocorrelation mea-
[lora(A)<NZ]. On the other hand, for wavelengths shortersrement. A Michelson interferometer used to measure the
than the bunch length, the form factor reduces to zero, anfnch length is shown schematically in Fig. 1. It consists of
the radiation becomes incoheréiito,(A)<N]. The coher- 4 pneam splitter, a fixed and a movable mirror, and a detector.
ent radiation ha®l times more intensity than the incoherent \ypen light enters the Michelson interferometer, the beam
one. Hence not only does coherent transition radiation caryplitter splits its amplitude into two mirror arms. As these
the bunch distribution information, it is also easier to detecty,q rays are reflected from the mirrors, they are recombined
than its incoherent counterpart. - o at the beam splitter and sent into the detector.

It is worth noticing that transition radiation does not pro-  an jdeal beam splitter has constant amplitude reflection
duce radiation in the forward ‘?'_reCt'Of“?:.COSfl(”'Z) (R) and transmissionT) coefficients over all frequencies,
=0]. Hence in order to use transition radiation to measurgynich satisfy|R|2=|T|2=1. As shown in Fig. 1, for an in-
the bunch Ieiigth: it is necessary to observe the raqliation IBoming light pulse of electric fiel& with intensity propor-
an off-axis direction ¢+0). In the case of an off-axis ob- ona to |E|?, the light pulse split by the beam splitter and
servation, the transverse bunch distribution will contribute to,gfiected by the fixed mirror has a field amplitude THRE
the form factor even for a transversely symmetric beamyyhen jt reaches the detector; on the other hand, the light
Minimizing such a contribution becomes important for Cleanpulse reflected by the movable mirror has an amplitude of
subpicosecond bunch-length measurements. For examplire at the detector. Note that perfect reflection on the mir-
the form factor for a cylindrical beam of radigsand length 5 js assumed. At zero optical path difference, the pulses
I, when observed at an angfe(i.e., n-z=cos)), is given by completely overlap at the dzetector, and the total intensity
. . ) reaches the maximuff2RTE]?=4|RT|?|E|?>=|E|2. All the
:4[31(27”’?'”0/)‘) sin(wl cosg/M) (4  incident energy goes into the detector. As the path difference
0 2mpsing/\ mlcosd/N |’ increases but is still shorter than the bunch length, the two

pulses overlap partially, and the total intensity decreases.
where J; is the first-order Bessel function. In the forward Part of the incident energy now goes back to the source.
direction (¢=0), the transverse contribution vanishes, andWhen the path difference of two arms is larger than the
the form factor reduces to the familiar sinc-squared functionbunch length, the two pulses are totally separated in time,
However, for large angles or big transverse beam sizes, thend the resulting intensity at the detector iRZ]%|E|?=3
transverse contribution will result in an apparent bunchE|. Only half of the incident energy goes into the detector,
length mearsurement that is longer than the actual one. Thighile the other half goes back to the source. The intensity is

f(N)
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constant over all path differences greater than the bunch
length and is called thbaseline The variation of intensity
about the baseline as a function of optical path difference is
defined as thinterferogram Therefore the width of the peak

in the interferogram can be used to estimate the bunch
length. For example, the bunch length is equal to the full
width at half maximum(FWHM) of the interferogram for a
rectangular bunch distribution; however, for a Gaussian
bunch distribution, its equivalent bunch lengthi2mo,) is
about 75% of the interferogram FWHM, i.e.,

]
t+—|dt
C

(10

S(5)=|(5)—|oooc2|RT|2Refwa(t)E*

+ oo —~ .
=2Ref IRTI?|E(w)|?e 'Y *duw. (12)

Therefore, the interferograr8(s) is the autocorrelation
of the incident light pulsécf. Eqg.(10)], and its Fourier trans-
form is the power spectrum of the pulgg. Eq. (11)]. Solv-

(equivalent bunch lengih |1, rectangular; ing for |E(w)|? in Eq. (11) yields

(interferogram FWHM | 0.75, Gaussian.

~ 1 +oo .
[E(w)|? | soreeas, a2

47c|RT]
The interferogram is obtained by measuring the detector

signal as a function of the path difference in the two anSwhere|E(w)|2=|E(—w)|2 is used sincé(t) is a real func-

The intensity of the recombined radiation intensity at thetion, Using Eq.(2) and the relatior yge(\) < |E(2c/\) |3,

detector can be expressed in the time domain with an addine punch form factor can be obtained by

tional time delayd/c for the movable arm by

5
E(t+—)|2dt

C

5
(t+— dt

C

+ o
+aRTFf IE(t)[2d;

+

I(5)OCJ’7:|TRE(t)+RT

+

=2|RT|2Ref E(t)E*

— o0

(6)

alternatively, in the frequency domain an extra phase differ
encee'“Y¢ is added to the radiation from the movable arm,
and the intensity at the detector can be expressed by

+

|(5)ocf |ITRE(0)+RTEw)e *7¢2dw
+ o —_ .
=2Ref IRTI?|E(w)|?e "*Y*dw
(7)

+o _
+2f IRTZE(0)|?do,

where é is the optical path difference ant the speed of
light. Equations(6) and(7) are related by the Fourier trans-
form

~ 1 [+ .
E(w)=— E(t)e'“ldt. (8
()= =] E
The baseline is defined as the intensitydat +«; i.e.,
+ 00 + 00 —_
Iwoc2|RT|2J |E(t)|2dt=2J IRTI?|E(w)|*dw.
€)

By definition, the interferogram can be written

1
N—1

J‘tis( 5)ei2775/}\d5

47c|RTANIL(N) 1

f(n) = (13

Hence the interferogram contains the frequency spectrum of
coherent transition radiation and can be used to derive the
bunch length.

C. Beam-splitter interference effects

Suitable beam splitters for the far-infrared regitaeMy-
lar foil in our design do not provide constant and equal
reflectance and transmittance for all frequencies. This depar-
ture from an ideal beam splitter is caused by the interference
of light reflected from both surfaces of the beam splitter,
which is equivalent to thin-film interference in opti¢8].
The total amplitude reflection coefficient for a Mylar foil of
thickness and refractive index mounted at a 45° angle to
the direction of incoming light is given bjg]

1-¢€'?¢

12

R=—r{rzg"

(14)

wherer is the amplitude reflection coefficient of the air-to-
Mylar interface at an incident angle of 45°, asnddefined as
47to/(2n?—1)/2 at wave numbeo=1/\ [10]. The total
amplitude transmission coefficient for the same condition is

ei¢/2
(A== rzge:

T (15)

No absorption in the foil is assumed, and the refractive index
is assumed to be constanm=1.85) over all frequencies
[10]. The phase difference betwe@andT is 7/2 at any
frequency. With this, energy conservation in the interferom-
eter can be provefd].

The efficiency of the beam splitter defined [&T|? is
shown in Fig. 2 for some typical thicknesses. Unlike the
ideal beam splitter, the efficiency is not constant over all
frequencies and becomes zero at certain frequencies where
light reflected from both surfaces of the beam splitter inter-
feres destructively. Equations in the time domain, such as
Eq. (6), are no longer valid for the case of varying efficiency
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FIG. 2. The efficiency of the Mylar beam splitter as a function
of frequency for different thicknesses: 12(3olid), 25.4 (dash-
dotted, and 50.8«m (dashed ling The incident light is assumed to
be unpolarized.

Intensity (arbitrary units)

and need to be replaced by appropriate convolution integrals;
however, equations in the frequency domain such agHg.
still hold. The width of the interferogram cannot be directly
used for bunch-length estimation unless interference effects
on the interferogram are included. -10 0 10

Optical Path Difference (units of I,)

D. Bunch-length analysis

Although the interference effects on the interferogram FIG. 3. The simulation of the beam-splitter interference effects
for a rectangular bunch distribution with different beam splitters.

caused by the complex reflection and transmission CoeﬁclThe interferograms fofa) an ideal beam splitter and Mylar beam

C|§nts of the beam splitter do not seem _to have S|r_nple anas'plitters of thicknesseg (b) equal to,(c) half, and(d) one third of
lytical forms, these effects can be studied numerically forthe bunch lengthl() are shown
known bunch distributions, and the bunch length can be es- '

timated from the study. Both Gaussian and rectangular bunch

distributions are currently used in this study. While most reaPlitter thickness, the valleys in the interferogram are sepa-
bunch distributions are neither Gaussian nor rectangular, tH&ted from the main peak, and the relation between the
bunch lengths estimated from the two distributions will give Ntérferogram FWHM and the equivalent bunch length is the
reasonable bounds for the real one. same as that for the ideal beam splitter in E5). The slopes

The beam-splitter affected interferogram can be obtaine@f the lines become unity for rectangular distribution and
numerically by using the spectrum of a known bunch distri-1/0-75 for a Gaussian. As the equivalent bunch length be-
bution and Eqs(7), (14), and (15). Some numerical results COMeS greater'than about_ twice the beam-sp!ltter'thlckne'ss,
of the beam-splitter interference effects for a rectangulafh® valleys cutinto the main peak and narrow its width. This
bunch distribution are shown in Fig. 3. For an ideal beam
splitter, the interferogram is non-negative and has the ex-

350

pected triangular peak with its FWHM equal to the bunch _ ' ' ' P
length[cf. Fig. 3a)]. For Mylar beam splitters, negative val- s § - L N
leys appear in the interferograms, which are due to suppres- g yd

. . ;t 250 /s Pl
sion of the low frequency area by the first zero of the beam- g e gy
splitter efficiency. These valleys move closer to the main gg Gaussian// //:///
peak as the beam-splitter thicknes} (lecreasescf. Figs. = v Sz
3(b)—3(d)]. For very thin beam splitterithinner than about 2 150 - S Thicknasd
half the equivalent bunch length,j], they merge with the =g N ///;/ ]
main peak and make the peak narroelt Fig. 3d)]. The 2 S
effects are similar for a Gaussian distribution. Detailed re- 50 7’| Rectangular 7]
sults on how the FWHM values in the interferogram change 0 150 %0

with the equivalent bunch length for both Gaussian and rect-
angular distributions are shown in Fig. 4 for some Mylar
beam-splitter thicknesses. The raggedness of the lines for g, 4. Interferogram FWHM's as functions of equivalent
rectangular distribution is due to the high-frequency lobes obunch lengths of both Gaussiéitted lines and rectangulagsolid

the sinc function. On the other hand, Gaussian distributionines bunch distributions for different Mylar beam-splitter thick-
has smoother variation in the high frequency area, and thgesses: 12.7, 25.4, 50.8, and 2. Within the same distribution,
resulting slopes of the lines are smoother. When the equivahe lines are shown from the bottom to the top in increasing order of
lent bunch length is shorter than about twice the beamthickness. The FWHM’s are in terms of optical path difference.

Equivalent Bunch Length (um)
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peak-narrowing effect reduces the slopes of the lines for rect-
angular distribution at longer bunch length and, hence,
makes the interferogram width less sensitive to the bunch-

0.3

(a) 12.7 um FWHM =27.8 um

0.2

ported by a copper ring is oriented at a 45° angle to the beam
direction so that backward transition radiation is emitted in
the direction normal to the beam path and can easily be ex-
tracted from the evacuated beam line into air via a 1-mm-
thick high-density polyethylenéHDPE) window of 19 mm
diameter. Since backward transition radiation is emitted at
the Al surface, the focal point of an off-axis paraboloidal
mirror is aligned with this surface to convert the divergent
radiation into parallel light without introducing extra optical
path difference to the extracted light pulse. The parallel light
then enters a far-infrared Michelson interferometer. FIG. 5. Interferograms of 2.2 mm long with sm mirror step

The |nterferomgter Con_S'StS of a Mylar beam §p||tter SUPiz¢ for different Mylar beam-splitter thicknessé®:12.7,(b) 25.4,
pqrted by an Al ring, a fixed and a movable flrst—surface_(c) 50.8, and(d) 127 um. The FWHM's of the main peaks are
mirror, and a room-temperature detector. The beam splitter igieasured in terms of mirror movement. The corresponding widths
mounted at a 45° angle to the direction of incident parallel terms of optical path difference are twice this movement.
light. The movable mirror is moved by a linear actuator via a
486-based personal computer. The detector consists of
Molectron P1-65 LiTaQ pyroelectric bolometer of 5 mm

diameter and a preamplifier. Its bolometer has a wide spe . .
tral response from millimeter waves to ultraviolet rays. This'® kept the same when difierent beam splitters are used. The

detector is designed to measure the integrated radiation e}ﬁlleby:a%r?surlli(tjtet:]?hﬁl?:]lsse?rlrc?etgszesp?rrﬁitse?/v{;ret:serthaep?rztslﬁs
ergy from each Jlus macropulse and is attached to a coppe P :

FWHM =552 pum

length change and increases the uncertainty of estimated 1 E
bunch length. Therefore a beam splitter of suitable thickness L
is important for effective bunch-length measurement. As in- 0 TMJWW L‘M\/\.M
dicated in Fig. 4, thicker beam splitters are more preferable B
for bunch-length measurement. Once the beam splitter is g = ! | !
chosen, the bunch length can be derived from the measured -
interferogram width with the help of Fig. 4. — () 25.4pm FWHM = 38.7 um
s 02—
ll. EXPERIMENTAL SETUP £ L
[ -
For this experiment, the SUNSHINE facility was operated ‘—§ -0.2 | | | |
to produce 1us-long electron macropulses at 10 Hz contain- = =
ing a train of about 3 000 electron bunches at an energy of 30 § 06 [
MeV. Each bunch had about 3E0" electrons. The bunch ~ § 04 |- (©) 508um FWHM = 56.15 um
length is to be determined by this autocorrelation method. As @ g2 [
shown in Fig. 1, transition radiation is generated when the o =
electrons pass through a 25#4n-thick Al foil. The foil sup- o2
TR

0
Mirror Position (mm)

0.5 1.0

a . ) )
good enough for the experiments; however finer resolution

gan still be achieved by the actuator. The beam parameters

light cone[11], which collects the light into the detector. The peak{cf. Figs. §a)—5(c)] until the valleys are out of the peak
detector signal is digitized into the computer. With the com-

puter interfaces, the autocorrelation measurements are pé

[cf. Figs. 8c¢), 5(d)]. The base of the peak can even be seen
p_Fig. 5d). In the figure, the FWHM'’s of the main peaks are

measured in terms of mirror movement. The corresponding
widths in terms of optical path difference are twice this
movement. These measured interferogram FWHM'’s and the
estimated equivalent bunch lengths deduced from Fig. 4 for
Gaussian and rectangular distributions are shown in Table I.
The estimated bunch lengths provide intervals for the real
It has been confirmed that backward transition radiatiorbunch length. As the beam-splitter thickness increases from
emitted by the electron pulses generated at SUNSHINE i42.7 to 50.8um, the interval narrows down, which indicates
coherent in the previous experimdBi. Therefore the spec- the estimation gets better for a thicker beam splitter. Addi-
trum measured by the autocorrelation method contains théonally, the intervals stay the same for 50.8 and }2m
information of the bunch distribution and can be used tobeam splitters and agree with the estimation made from Eq.
derive the bunch length. By measuring the detector signal a®) for the ideal beam splitter. It is also worth noticing that
a function of the position of the movable mirror via the com-the estimated intervals are consistent over a tenfold change
puter program, the interferograms of 2.2 mm long with 5in the beam-splitter thickness. The estimated equivalent
p.m mirror step size are measured for four different Mylarbunch length is about 10@m long, which corresponds to a
beam-splitter thicknesses and shown in Fig. 5. ThiarB  rms bunch length 0&,~43 um or oy~142 fs.
mirror step size corresponding to a 33 fs time resolution is For linear accelerators, using a solid metal foil to generate

formed automatically through the program under the-
VIEW control environment implemented on the computer.

IV. RESULTS AND DISCUSSION
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TABLE |. Measured interferogram FWHM'’s in terms of optical path differefl€D) for different
beam-splitter thicknesses and the corresponding estimated equivalent bunch lengths deduced from Fig. 4 for
Gaussian and rectangular distributions.

Beam splitter Interferogram Estimated equivalent bunch lengii)(
thickness fum) FWHM OPD (um) Gaussian Rectangular
12.7 55.6 60.8 100.6
25.4 77.4 72.8 103.2
50.8 112.3 86.9 111.0
127.0 110.4 83.1 109.1

coherent transition radiation for the interferometer does nof12,13, they cannot guarantee the unigueness of the solu-
seem to cause a problem, although it generally destroys th@n, not to mention the immunity against noise in data.
electron-beam quality. However such a destructive procedur8tructures generated by these reconstruction methods need to
cannot be applied to circular accelerators. Nondestructivee verified as to whether they are real bunch structures or the
methods(such as using a bending magnet to generate coheattifacts produced by the methods.
ent synchrotron radiatiofil2] or using a metal foil with a
center hole to generate coherent transition radiatoa suit-
able for this application, despite the fact that the measured
spectrum has to be corrected for the frequency dependence In conclusion, an alternative frequency-resolved bunch-
of these generating methofde.,1.(\) in Eq.(2)]in orderto  length measuring method specialized for subpicosecond
extract bunch informatiof(\). electron pulses has been developed at the SUNSHINE facil-
In principle, the measured spectral information can bdty. This method measures the autocorrelation of coherent
used to reconstruct the bunch distribution and give a betteransition radiation emitted at wavelengths longer than or
bunch-length measurement. However there are some pracgqual to the bunch length via a far-infrared Michelson inter-
cal difficulties in reconstructing the electron distribution for ferometer. The bunch length can be derived from the inter-
this experiment. First, the spectrum is contaminated by watefierogram with special consideration of interference effects in
absorption lineg4,5] because the interferometer is not pro- the beam splitter. Measurements have verified this method
tected from humidity. These lines are hard to remove, andy showing consistent results over a broad range of beam-
their effects on the reconstructed distribution are not clearsplitter thicknesses. Based on a low-cost, easy-to-operate,
Secondly, the zeros of the beam-splitter efficiency produceompact, and transportable Michelson interferometer, this
artificial peaks when the spectrum is numerically correctecautocorrelation method demonstrates subpicosecond resolv-
for the beam-splitter interference effecfd,5]. Unfortu- ing power beyond the reach of existing time-resolved meth-
nately, in the presence of measurement noises, these peakds.
are also not easy to remove. Finally, there are infinite distri-
butlpns which give the. same autocorrelation even if the con- ACKNOWLEDGMENTS
straints for non-negative and real electron distribution are
employed. Although one-dimensional phase-retrieval meth- This work was supported in part by Department of Energy
ods have been suggested for this reconstruction problef@ontract No. DE-AC03-76F00515.
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