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The duration and form of relativistic picosecond electron bunches in the Duke University Mark III
free-electron laser have been nondestructively measured by monitoring the submillimeter radiation pro-
duced by the bunches as they pass by or through a rectangular waveguide. Unlike other methods, our
technique produces negligible electron bunch perturbation and allows real-time beam diagnostics to be
performed simultaneously with free-electron laser (FEL) operation. We have measured 2.1-ps full width

at half maximum duration electron bunches, studied the effect of electron gun and FEL modifications on
bunch duration, and observed electron bunch variations during bunch trains.

PACS number(s): 41.85.Ew, 41.85.Qg, 41.75.Ht, 41.60.Cr

INTRODUCTION

Relativistic beams of bunched electrons are found in
microwave sources such as transition radiation and
Cherenkov devices, optical sources such as free-electron
lasers, and particle sources such as linear accelerators. In
many of these applications the pulse performance of the
electron source is critical to the overall system operation;
nonetheless, very few pulsed electron beam diagnostics
are available. Traditional diagnostics either lack subpi-
cosecond temporal resolution or interact destructively
with the electron beam. Often the final system output
[e.g. , free-electron laser (FEL) output power] is the sole
parameter by which the electron beam is adjusted. If
better, more direct electron beam analysis tools were
available, the bunched electron beam system operation
could be greatly improved.

This paper will demonstrate a nondestructive tech-
nique of analyzing the picosecond temporal characteris-
tics of a bunched relativistic electron beam. Results will
show the measurement of a picosecond electron bunch
and the real-time measurement of electron bunch param-
eters during an electron beam system adjustment.

I. BACKGROUND

Several difFerent methods have been used to character-
ize relativistic bushed electron beams. Various rf pick-
ups [1—9] (loop antenna, stripline coupling structure, or
resonant cavity pickup) can detect the electromagnetic
(e.m. ) transient generated by an electron bunch as it

passes the probe location without perturbing the beam.
These probes are typically used as beam position moni-
tors (BPMs) and their temporal resolution are limited by
geometry and electronics to a few nanoseconds. There-
fore, the time response of a BPM is restricted to monitor-
ing the temporal evolution of trains of electron bunches
and not the individual electron bunch.

Synchrotron radiation monitors are based on the fact
that a relativistic electron beam radiates a narrow cone of
radiation as the beam is accelerated (e.g., by turning mag-
nets) [10—12]. By using appropriate optical detector ar-
rays, researchers have used synchrotron radiation from
relativistic electron bunches [1,3,13,14] as a means of
determining the electron beam position. However, the
response time of typical detector arrays is greater than 1

ns, preventing temporal measurement of the picosecond
bunch.

Various groups have measured the transition [15—17]
and Cherenkov radiation [18] emitted by relativistic elec-
tron bunches to determine bunch duration. Because
these techniques destroy the electron bunch during mea-
surement, they are not applicable to real-time diagnos-
tics.

Although widely used, traditional electron beam moni-
toring techniques have poor temporal resolution and may
destroy the electron beam they seek to measure. Howev-
er, a simple extension of the BPM concept allows the use
of a Fourier transform spectroscopic techniques to mea-
sure the electron beam transient and determine the pulse
shape and width. The theory and experimental results of
such a measurement are developed in the following sec-
tions.
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II. THEORY

This section develops a model of the signals produced
by a bunched relativistic electron beam and subsequently
measured by the Fourier transform spectrometer. Based
on this model, the signal measured by the spectrometer is
related to the electron bunch parameters. Two experi-
mental geometries were used to nondestructively sample
the wide bandwidth field produced by the bunched elec-
tron beam: in one geometry, the electron beam travels
axially through the center of a conductive pipe, exciting a
small waveguide antenna (pickup) in the pipe wall (Fig.
l); in the other geometry, the electron beam crosses a rec-
tangular waveguide (pickup), exciting waveguide rf
modes (Fig. 2). Early experiments used a circular
waveguide located at a ceramic break in the beam line as
an rf pickup; however, the rectangular waveguide pickup
yielded a coupling structure more easily analyzed and im-
plemented. In all cases, the rf from the pickup waveguide
is transported, by overmoded waveguide and free space
optics, to a Fourier transform spectrometer for analysis.
This section will present theoretical models used to ana-
lyze the system operation.

A. Field sampling: The electron beam crossing
the rectangular waveguide

For the case of the electron bunch crossing the rec-
tangular waveguide, the electron beam couples energy
into the waveguide mode when the waveguide mode os-
cillation decelerates the electrons. Assuming a uniform
field E„across the waveguide, the total energy
transferred (S(co)) into a mode of frequency co and
phase P is

(S(~))~
r /2I cos(cot +P)dt

t ~, I&

sin(d'or, /2+ P) +sin(d'or, /2 —P )

sin(d'or, /2) cos(P)
C01 i /2

where the transit time ~, is the time required for the elec-
tron to cross the waveguide. If the transit time is too

FIG. 2. Waveguide geometry for the coupling rf from an
electron bunch traversing a rectangular waveguide with height
h and width w.

long, energy coupled from the electron beam during an
early part of the beam transit is returned during a later
part of the transit.

The result is that the pickup waveguide will couple a
field whose time evolution (and frequency content) is ini-
tially that of the bunched electron beam. However, the
waveguide cutoff imposes a low-frequency limit on the
transmitted signal, whereas beam transit time effects im-
pose a high-frequency limit.

In addition, waveguide attenuation and dispersion dis-
tort the rf signal as it propagates from the electron beam
system to the analysis instruments. When examining the
actual measured data all these effects should be con-
sidered and may require compensation in a Anal pulse
analysis.

B. Non-negligible beamwidth coupling erat'ect

The traditional waveguide coupling analysis assumes
that the transverse dimension of the electron beam is
infinitesimally narrow compared to a wavelength [Fig.
3(a)]. However, for small waveguide dimensions and for
the electron beam dimensions used in this experiment,

Ho (I)~ (I)o

FIG. 1. Vfaveguide geometry for the coupling rf from a cy-
lindrical electron beam pipe into a rectangular pickup with
height h and width u.

(b)

FIG. 3. Geometry for the coupling electron beam energy into
a waveguide mode. The top geometry (a) is for the ideal case in
which the electron beam size is much smaller than the mode
wavelength. The bottom geometry (b) shows a real electron
beam with non-negligible diameter; the detail to the right shows
the relative coupling different portions of the electron beam to
different phases of the driven wave.
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s&n ~~t 2 cos cot
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Figure 4 displays the power spectrum for a 1-mm and a
2-mm electron beam diameter crossing a guide with a 6-
ps transit time (waveguide cutoff is ignored for this exam-
ple). Note that the effect of the electron beamwidth be-
comes important when the transit time and the electron
phase time are of the same order.

the electron beam couples energy into the waveguide
mode over a range of phase angles [Fig. 3(b)]. The phase
angle P varies by +cozb/c over the longitudinal electron
beamwidth z&. Rewriting this phase angle in terms of an
effective phase delay time r~ =zb /c yields P =co~ .
Averaging over this range of phase angles is now
equivalent to averaging (1) over an effective phase delay
time w,

sin[(n~/2) cur,—/2] sin(co~ /2)
n & Q)Vt co%& /2

(5)

Figure 5(b) shows the power spectrum due to the sum of
the three fields, corrected for mode cutoff, for both a
negligible beamwidth and a 1-mm beam diameter.
Higher-order wavelength modes and the non-negligible
electron beam diameter have a considerable effect on the
spectrum produced in the waveguide. The waveguide
geometry of Fig. 2 will yield a response spectrum similar
to the one shown in Fig. 5(b).

D. Field sampling: Transverse waveguide pickup

where y =tb/~, and b is the waveguide height. Figure
5(a) shows the magnitude of the coupling for TE,O, TE»,
and TEt2 modes. Correcting (4) for a non-negligible
beamwidth as in (2) yields

sin[(n 7r/2) +cor, l2]
n m+co~t

C. Higher-order mode-coupling effects

Limiting waveguide coupling analysis to only uniform
field E across the center of the waveguide (TE,o cou-
pling) is not valid because of the broadband nature of the
electron signal. From waveguide theory, the TE „elec-
tric field across a waveguide (parallel to the electron ve-
locity) is proportional to [19]

For the case in which the electron bunches travel coax-
ially in a beam pipe, the fields at the beam pipe wall at
z =0 are related to the electron bunch distribution A(t)
by

qA(t) -(
)

qA(t)
2vrr QEyco 2'trEO"

where r is the radial position, q is the electron charge,

E~ ~ sin(mm. x/a) cos(n~y/b) . (3)

~ /2
cos

b
cos(cot +P )dt

sin[( n vr/2) +cur, /2]
n m. +co~,

Adding a higher-order mode term to (1) yields the cou-
pling equation for any TE,„mode (at x =a/2, the
waveguide center),
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FIG. 4. Frequency response for wide electron beams crossing
a waveguide. A11 plots are for an electron beam with 6-ps tran-
sit time. Solid curve, ideal beam, ~~=0; dashed curve, 1 mm
beam diameter, ~~ =3.3 ps; dotted curve, 2 mm beam, ~~ =6.6
ps.

FIG. 5. Waveguide coupling of TE1„modes. (a) Field cou-
pling for TE,O, TE», and TE» modes. (b) Power spectrum of
the sum of the three modes for a beam of negligible beamwidth
and 1 mm beam diameter. Breaks in both curves indicate the
mode cutoff frequency. (Model waveguide dimensions 2X4
mm .)
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and c,o and po are permittivity and permeability. Fourier
transforming (6) yields the rf spectrum produced by the
bunch passing z =0,

H(r, co) =f H(r, t) exp( j—a)t)dt
t = —oo

where H(r, t) is the single bunch field given by (6} (the
subscript m indicates that the field is due to a train of sin-
gle bunches or "micropulses" represented by function R).
The Fourier transform of this periodic field is no longer
continuous, as in the single pulse case, but is instead
made up of discrete impulses, spaced by 1/r. Mathemat-
ically, the spectrum is written as

where A(co) is the Fourier transform of A(t).
The frequency response of the rectangular waveguide

pickup, shown in Fig. 1, is found using a theory of field
equivalence at an aperture [12,20]; the waveguide field
must satisfy

& 27rr&ecpo
yA(co) g 5 co—27Tn

(12)—+

~WQ c electron beam (8)

across the aperture formed by the waveguide entrance at
the beam pipe radius. From (8) the field initially
launched into the pickup waveguide has a temporal evo-
lution directly related to the relativistic electron bunch
duration. Using Faraday's law, the electric field launched
into the pickup and subsequently characterized is

V XEwo Po ~
Hwo ~

Bt

which, combined with (8) and (6), yields

EwG ~ —
po J, ~ A(t)z . (10)

K. Electron bunch timing

Equations (7} and (10) predict that the frequency spec-
trum of the fields generated by the electron bunch ob-
served in the laboratory frame is directly related to the
laboratory frame spatial charge distribution. Shortening
the bunch duration will broaden the observed spectrum.
As an example, rectangular bunches with 2 ps duration
will have spectral extent greater than 250 CxHz.

In our experiments, instead of a single bunch, many
bunches are periodically launched through the beam
pipe. For analytic simplicity, the individual bunch
shapes and the period between bunches are assumed to be
constant. This assumption is valid because the response
time of the detection system is long compared to the
bunch period; hence the measured bunch shape is the
average over many bunches. Mathematically, the field in
the beam pipe (at z =0) is the convolution of (6) with an
impulse train of period ~,

The electron bunches that travel along the beam pipe
will have a nonzero transverse dimension. Hence, when a
bunch passes the waveguide pickup, the field produced by
electrons in the transverse plane further from the pickup
will produce a field retarded in time. As a result, the rf
signal at the pickup will be the convolution of the axial
electron density and the transverse density function.

(S/N)s~~piea TM

(S/N)averaged D
(13)

For this research, T~=0. 1 s and TD=1 ps, giving a
(rms) signal-to-noise ratio improvement of —10 —10
when sampling.

F. Waveguide coupling and signal transmission theory

Although (10) describes the field launched into the
waveguide pickup, the waveguide restricts the spectrum
of the field that propagates. The low-frequency cutoff f,
of the sampling waveguide is determined by

f, =V (m/w) +(n/h) /2&pe, (14)
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where C is a comb of equally spaced frequencies. This is
the discrete spectrum that is delivered to and measured
by the spectrometer system.

The actual beam of electron bunches measured in this
work is modulated (Fig. 6) by a periodic rectangular
pulse. The modulation produces, trains of electron
bunches ("macropulses"); the bunch train is of 1 —4 ps
duration. To measure the field produced, the detector
signal is sampled only during the macropulse period.
This sampling improves the autocorrelation (rms) signal-
to-noise ratio by the ratio of the chopping period T~ to
the pulse sample width TD [21],

1/2

H (r, t) =A,(H(r, t) ) = y g A(t n~), —
27Tl'V EOIJO n = —e&

FIG. 6. Electron beam bunch timing showing the modulation
of the periodic electron bunches.
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where m and n are the mode indices for the TE „and
TM „modes. Applying (14) to the dimensions of the
pickup waveguide used in this work (w =3.81 mm and
h =1.27 mm), the lowest-order mode (TE&0) has a cutoff
of 39.4 6Hz and the next lowest cutoff (TE2O) is at 78.7
GHz.

Gun Cavity

L

0, Magnet

LINAC Field

I I I I I I I I
' ""P

kJ
Toroid

G. Waveguide attenuation and dispersion characteristics

In the experiments described here, the e.m. pulse pro-
duced by the electron bunch is transmitted from the pick-
up to the measurement equipment through overmoded
waveguide. This transmission waveguide produces little
attenuation but the dispersion is quite large [22]; for-
tunately, the measurement techniques used in these ex-
periments are insensitive to phase and have a frequency
resolution too low to observe dispersion. We treat the
measured pulse as a bandwidth limited pulse.

(Momentum
'

Filter)

Computer

FIG. 7. Schematic of the Mark III electron beam system and
the FTS measurement system, ' 5 is the FTS mirror displacement
and LINAC denotes the linear accelerator.

H. Fourier transform spectroscopy theory

A Fourier transform spectrometer (FTS) [23—27] was
used for all electron beam signal measurements. Because
the functions of autocorrelation and power spectra are
Fourier transform pairs

f (t)ef (t)= I+(~)I', (15)

we can view this spectrometer as producing frequency
domain power spectra or as producing time domain, au-
tocorrelation measurements. Depending on the informa-
tion required, one domain will often give more insight
into the nature of the signal. Both time and frequency
domain characteristics are used in this project.

The signal produced by the interferometer is [22]

D (t, 5 ) ,'D (t,0)——
=2Re' f h(t r)E'(r)E(r 2—5lc)dr ', —

T— oo

(16)

where D (t, 5) is the FTS detector output as a function of
time and mirror displacement 5 (Fig. 7), E (t) is the tran-
sient signal from the electron bunch, and h (t) is the
detector temporal impulse response. By varying 5 and
sampling at the same time in the pulse train, (16) can be
used to compute the electron bunch autocorrelation. In
addition, by keeping 5 fixed, the time evolution of (16)
will be proportional to the pulse autocorrelation width
variation during the pulse train. Both techniques are
valuable diagnostics.

Taking the Fourier transform V of (16) yields the clas-
sical cw FTS relationship

E(c~)l' VI&D(t, 5)& —
—,'&D(t, 0)&} . (17)

The left-hand side of (17) is the power spectra of the in-
cident signal as a function wave number cr. The argu-
ment of the Fourier transform on the right-hand side of
(17) is the detector signal as a function of mirror displace-
ment. It is important to note that the integrand in (17) is
independent of any frequency-dependent phase variation

in E. Hence a FTS is insensitive to any dispersion
present in the source signal. Although methods exist for
calculating the phase [28,29] information, they were not
used in these experiments.

III. EXPERIMENTAL DESIGN

Two electron beam systems were evaluated in this
study. The first device is the Duke University Mark III
FEL [30], which generates a 40-Mev beam of picosecond
duration electron bunches. The second electron beam
source used in this work is a 1-MeV picosecond electron
bunch source (PEBS) [31]. In both systems, bunches ar-
rive every 350 ps. The periodic train of picosecond elec-
tron bunches is not continuous; rather it is modulated to
produce trains of electron bunches of 1 —4 ps in duration
at a rate of 10 Hz (Fig. 6). Figure 7 is a schematic of the
Mark III electron beam system and the FTS sampling
and analysis hardware. The experimental setup for the
1-MeV system was similar, lacking only the linear ac-
celerator section.

The sampling pickup in the Mark III was a simple rec-
tangular waveguide stub, finished fiush with the wall of
the electron beam pipe (Fig. 1). This waveguide had a
39.4-GHz cutoff and 4-ps transit time. In the PEBS
study, the electron beam crossed the center of a rectangu-
lar waveguide with a 40-GHz cutoff and 6-ps transit time.
In both studies, an overmoded waveguide brought the
microwave beam into the spectrometer. In the FEL ex-
perirnents the overmoded transport waveguide was 20 m
long and in the PEBS experiments the transport system
was 1 m long. Because the transport waveguide in both
systems produced low, uniform loss across the spectrum
of interest, the overall transport waveguide length did not
affect the measurements.

The FTS was of conventional design [23] and used a
commercial translation stage, a stepper motor, and front
surface aluminized mirrors. Mylar beam splitters of 50
and 250 pm thicknesses were used depending on signal
bandwidth and power. The detector was a helium-cooled
InSb hot-electron bolometer with a video impulse
response greater than 2 MHz. The spectral response,
shown in Fig. 8, of the FTS was calibrated with a black-
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body source. The blackbody calibration data allow us to
compensate the measured data for the FTS system
response. Also, the strong water vapor absorption lines
(at 557, 752, and 988 GHz, labeled a, b, and c in Fig. 8)
verify the frequency accuracy of the FTS system.

IV. RESULTS AND DISCUSSION

Figure 9 shows a typical autocorrelation of the rf pulse
generated by the 40-MeV electron bunch. The solid
curve is a theoretically predicted response for a Gaussian
pulse with 2.1-ps full width at half maximum (FWHM).
The 6gure clearly shows an excellent 6t to the central in-
terferogram peak. Figure 10 shows the estimated

FIG. 8. Blackbody spectral response of the FTS and the fit to
the theoretically system model for (a) 250-pm and (b) 55-pm
beam splitters. The bold curve is the mode1, the single width
curve is the experimental data. Letters at absorption peaks indi-
cate water absorption lines (see the text).

FIG. 10. Calculated decorrelation of data in Fig. 9. Experi-
mental data (squares) and predicted (solid) data for a 2.1-ps
FWHM Gaussian pulse.

"decorrelated" electron bunch density and the theoretical
response for the Gaussian distribution. The negative go-
ing sidelobes are due to the high-pass response of the
FTS. The variations in measured bunch density away
from the pulse center are thought to be due to stray elec-
trons that lead or lag the main pulse.

Figure 11 shows the rf spectrum produced by the elec-
tron bunch transient, in addition to the FTS response and
the spectrum predicted by the higher-order mode model
for TE&0 TEy, TE&2 and TE&3 modes. The computation
of the spectrum used a simple Hanmng mindow to reduce
spectral leakage and averaged three interferograms to im-

prove the signal-to-noise ratio. Although the FTS
response at low frequencies complicates the comparison
of the measured data and predicted data, the measured
data sham peaks near those predicted by the higher-order
mode analysis (e.g. , the periodic structure in the wings of
the time domain autocorrelation spaced at 1.2 mrn corre-
spond to the spectral peak near 250 CxHz). The sample-
to-sample noise in the interferogram is thought to be due
to position or energy changes in the electron beam during
measurement. Monitoring the toroid current during ma-
cropulses indicates a correlation between the interfero-
gram sample-to-sample noise and beam fluctuations. The
current sampling hardware limits the FTS data rate to
about one sample a second; a 1024 sample interferogram
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FIG. 9. Measured (dots) and predicted (solid) interferograrn
data from the Duke University Mark III FEL. The predicted fit
is for a 2.1-ps FWHM Gaussian pulse.

FIG. 11. Power spectrum of the measured pulse (histogram)
and the predicted spectrum (solid curve) based on the higher-
order mode coupling madel.
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requires over 17 min to collect, a time scale over which
significant electron beam system drifts occur. Averaging
multiple interferograms improves the signal-to-noise ratio
at the expense of longer measurement times.

Because the detector used in this project has sufBcient
speed to track the macropulse evolution, we are able to
measure the micropulse interferogram at the beginning
and end of a macropulse. To minimize effects of electron
beam drifts, short scans (64 samples) centered on the in-
terferogram peak were taken. Figure 12 compares the
micropulse interferograms at the beginning and end of
the macropulse at different linear accelerator rf drive lev-
els. Figure 12 shows that the micropulse changes over
the duration of the macropulse and the variation is sensi-
tive to small changes in liner accelerator rf drive level.
When these scans were acquired, the FEL would lase
only in the +0.2-dBm rf drive setting, and then over only
a portion of the macropulse. This indicates that the elec-
tron bunch evolution during the macropulse is significant
to laser operation.

The Mark III electron beam was monitored over
several months, including before and after major electron
gun modifications. Figure 13 shows the measured pulse
before (4.3-ps FWHM) and after (2. l-ps FWHM) the
modifications. The FTS measurements immediately show
that the rebuilt electron gun produced shorter bunches
than the previous design. It is important to note the
differences in interferogram structure between the two
pulses is due entirely to the electron bunch and not the
FTS impulse response. Comparing Fig. 9 to Fig. 13
shows that the overall structure of the interferogram is
not due to the FTS, but is instead a function of the elec-
tron bunch shape and duration. These results show that
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FIG. 13. Measurement of the electron bunch length before
(+ + +) and after ( X X X ) the Mark III electron gun
modifications.

the FTS is useful as a long term monitor of electron
bunch performance.

In another set of measurements, conducted on the
PEBS, the alpha magnet momentum filter (MF) was ad-
justed between FTS scans. The momentum filter selects
the energy spread of the electron beam. Increasing the
energy spread will increase the electron bunch length.
The FTS scans shown in Fig. 14 measure a clear increase
in electron bunch length as the MF setting increases.
These measurements again validate the use of FTS as
real-time beam diagnostic.

Finally, the PEBS system was used to check the
waveguide coupling model, which includes higher-order
mode coupling and a non-negligible electron beam diame-
ter. Figure 15 shows the measured spectrum along with
the predicted spectrum. Adjusting only the predicted
amplitude yields a very good fit to the measured data.
The slight shift in cutoff frequencies is assumed to be due
to minor inaccuracies in the waveguide machining.
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Overall these measurements validate the higher-order
mode coupling model.

V. CONCLUSIONS

This research has shown that a broadband rf pickup
and FTS based measurement system forms a simple,
noninvasive technique for pulsed electron beam diagnos-
tics. This technique has picosecond temporal resolution
[measuring 2.l-ps (FWHM) electron bunches], provides
both long-term and real-time characterizations, and al-
lows the study of electron bunch evolution over mi-
crosecond periods. Although the measurement approach
has been verified on linear electron beam systems, the
noninvasive techniques will find great utility in electron
bunch storage rings, where destructive diagnostics would
require refilling the ring.

Currently the temporal resolution is limited by the
frequency-dependent response of the FTS and the pickup.
Replacing the dielectric beam splitter in the FTS with
wire mesh beam splitters will Aatten the FTS response
and extend the submillimeter wavelength range. This
modification will allow the measurement of subpi-
cosecond transients.

The complicated response of the pickup geometry also
limits the temporal resolution. Simply using smaller
pickup waveguide will reduce higher-order mode cou-

pling efFects at the cost, however, of signal power.
Another alternative would be to use a pickup waveguide
that suppresses higher-order mode coupling. These alter-
natives are currently under investigation.

From an operational standpoint, the sampling
hardware and FTS scanning system were too slow to op-
timally measure the 10-Hz-modulated FEL electron
beam. An improved FTS system would incorporate sam-
pling hardware with sufficient speed and memory to sam-
ple and store a complete autocorrelation scan. In addi-
tion, the FTS mirror scanning system would be synchron-
ized to the electron beam modulator timing so that the
scanning mirror would be automatically translated be-
tween each sample. These modifications will allow faster
scans and will reduce the impact of electron beam system
drift on the FTS measurements.

The InSb bolometer used for this paper was overly sen-
sitive for the signals generated by the electron beams. Al-
though care was taken to stay in the linear regime of
detector operation, the InSb bolometer used in these ex-
periments operated near saturation. In addition, the InSb
bolometer response time was only sufficient to resolve
changes in the beginning and end of the 4-ps macropulse.
To overcome these limitations, we are characterizing sub-
millimeter detectors that have faster response times and
lower sensitivity. The ideal detector for this work would
have a nanosecond response time and a responsivity of a
few volts per watt at 30 cm

Although this research has monitored the electron
bunch characteristics at a single point in the electron
beam line, noninvasive FTS-based measurements allow
the analysis of the electron beam at several points along
the beam line. Such a study would provide information
about the electron bunch evolution as it travels through a
FEL or storage ring. As a diagnostic, this approach
would give electron beam system operators a tool for
monitoring and characterizing system performance
without deleterious system perturbation.
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