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Comparison of electron bunch asymmetry as measured by energy analysis
and coherent transition radiation
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The longitudinal electron density in millimeter long relativistic electron bunches is determined from the
coherent transition radiation spectrum using a Kramers-Kronig minimal phase analysis technique. The bunch
shape is also measured by superimposing a position-dependent energy slew on the bunch and then energy
analyzing the beam. The results show that the minimal phase analysis correctly describes the asymmetric
electron density distributioS1063-651X97)50210-§

PACS numbs(s): 41.75.Ht, 41.60-m, 41.85.Ew

Ambitious future plans for short charged particle bunchesend of the LINAC is a 0.5 T 18° bending magnet, which is
make use of linear colliders with bunch lengilnss) at the  used to inject the electrons into the Cornell synchrotron.
interaction point specified to be from 5@0n to as low as 90 Making use of downstream movable collimators, the bending
pm [1,2]; consequently, techniques to monitor such shorimagnet can be used as an energy analyzer of the electrons.
bunches are attracting increasing interest. Classical monitolWhen the magnet is switched off, the electrons travel
ing techniqgues employ streak cameil@. Several other through abotil m of beampipe and through a flat metal film,
methods, including deflecting rf caviti¢8] or phase sensi- where the coherent TR is producksl.
tive detection with bunch monitorgd] have been investi- The coherent TR, emitted at 90° to the electron beam
gated; however, all reach their limits when structures muchrajectory, is spectrally analyzed with a Michelson interfer-
less than 3 pgs~1 mm) are to be identified. A developing ometer [14]. A millimeter-wave spectrum obtained from
technique is the measurement of coherent synchrotron radiguch a measurement is represented by the solid line in Fig.
tion (SR) or transition radiationTR), which is emitted at 1(a). A reliable spectrum can be measured down to frequen-
wavelengths comparable to or longer than the charged pacies w=1/\~1.5 cni !. To obtain the asymmetric bunch
ticle bunch[5-10]. In 1994 it was propose(d. 1] that coher- shape from the Kramers-Kronig analysis it is necessary to
ent SR or TR could be used to determine the complete asynknow the form factor to zero frequency. The extrapolation
metric longitudinal bunch shape; even though, the phasprocedure to extend the data on the high and low frequency
determination necessary for such an analysis of an asymmedide has been described in some detail previolsB-14.
ric bunch is, in principle, multivaluefil2]. Although a nu-  The resulting low frequency extrapolation is represented by
merical analysis has shown that the minimal phase solutiothe dotted line in Fig. 1, while the high frequency extrapola-
reproduces analytical pulse shapes very W&, indepen- tion is obtained by extending the high frequency data with a
dent experimental evidence of the coherent TR or SR detepower law ~w %, It has been argued that the Blaschke
mined bunch shape has been lackitd]. phase contribution is negligible for realistic bunch shapes

In this paper coherent TR measurements of the longitudif12,13, so that the minimal phase obtained from the
nal shape of short electron bunches are compared with thos&amers-Kronig analysis is the correct input with which to
determined from a position correlated energy slew methodietermine the asymmetric shape of the electron density dis-
[15]. The results are that both techniques give similar longi+ribution.
tudinally asymmetric bunch shapes. This comparison experi- Figure Xb) shows the electron bunch shape as calculated
mentally confirms that neglecting the Blaschke phase contriwith this technique. It consists of a peak with a full width at
bution in the coherent radiation analysis is a valid approacinalf maximum (FWHM) of about 1.2 mm and a long tail,
when determining the asymmetric bunch shapes encounterechich indicates a pronounced asymmetry. One ambiguity of
in accelerator$12]. this analysis technique, due to time reversal symmetry, is

The experiments were performed at the injector linear acthat either side could represent the leading edge. A more
celerator(LINAC) for the Cornell synchrotron. It is a 2856 serious potential problem is that if for some reason the
MHz S-band accelerator that consists of a pulsed thermioniBlaschke phase is not negligible then the phase determina-
triode gun, a two-stage subharmonic prebuncher, and eighion is not unique and neither is the bunch shape presented in
accelerating sections. After accelerating through section Sig. 1(b).
the beam has an energy200 MeV. The bunch shape will The independent measurement of the longitudinal shape
not change over the 20 m distance of the last three lineaof these bunches uses a position correlated energy slew to
accelerating sections, since the velocity spread of the highlgetermine the bunch shape. In a similar fashion the entire
relativistic electrons is very small. To minimize the effects of phase space of the bunch can be mapped as discussed, for
beam loading or wake fields the LINAC is operated in ainstance, by Crossost al. [16]. We are interested in the
single bunch mode only, at a repetition rate of 60 Hz andorojection of phase space which provides the longitudinal
with a moderate bunch charge oix20° electrons. At the electron density distribution. To determine it, we use only
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FIG. 1. Measured coherent transition radiation spectrum and &
calculated longitudinal bunch shapg@) The intensity spectrum in = 0.00
arbitrary units as a function of frequen¢golid line, left ordinatg 200 205 210 215 220
The dotted line shows the low frequency extrapolation and normal- Energy [MeV]

ization used for the form factofright ordinate. (b) Asymmetric
bunch shape versus position calculated from the transition radiation FIG. 2. Electron energy distribution of the bunch) After ac-
spectrum under the minimal phase condition. celeration in sections 1-5 and after imposing a position-dependent

i . ) energy slew of about 10 MeV/mm on the bunch by cross-phasing
the first five sections of the LINAC to accelerate the beamyccelerator sections 6-8. Solid circles and bottom scale are for a

and employ the last three accelerator sections to introduce -a90° phase setting, open circles and top scale 80° cross-
position correlated energy slew on the electron bunch. Thighasing.(b) After acceleration to about 200 MeV by the first five
method—though conceptually simple—requires accurateccelerating sections and sections 6—8 not pulsing. Plotted in both
tuning of the LINAC, is limited by its energy jitter and the cases is the ratio of the charge passing the g80Daperture 4.5 m
energy acceptance of the focusing elements, and, furthedownstream of the bending magnet to the bunch charge before the
more, requires accurate knowledge of the accelerating rf fiellending magnet versus the electron energy, determined by the field
and wake field effects. Therefore this type of measuremergetting of the bending magnet. The error bars indicate the rms fluc-
requires dedicated LINAC operation, produces lower spatialuations of the charge measurement.
resolution result§~100 xm), and is much more time con-
suming than a SR or TR measurement of the bunch shapelution of about 100 keV, which is increased by the LINAC
The procedure is as follows. Downstream accelerator paenergy jitter of a few 100 keV. We measure the bunch charge
rameters are optimized to obtain stable operation with ondefore the bending magnetéid m after the scrapers. The
set of bunching parameters. Accelerator sections 6—8 haveaction of electrons transmitted as a function of magnetic
their rf phases shifted from the maximum acceleration setfield is then linearly related to their energy and correlated
ting in the same direction by 90°, so that the electron bunchwith their position in the bunch.
is located at or near the zero crossing of the electric field The calibration constant that relates the bending magnet's
(termed “cross-phased” belowgiving a linear correlation field setting to the particles’ energy is determined from mea-
between the position of an electron within the bunch and thesuring the field strength with a Hall probe at different control
energy it acquires from the accelerating electric field in secsettings, corresponding to different injection energies of the
tions 6—8. Beyond section 8 the 18° bending magnet is useslynchrotron. A second calibration constari, , the slope of
as an electron energy analyzer by inserting collimators makthe energy gain vs longitudinal position, comes from the rf
ing a beam pipe aperture of 4Q@m at a distance 4.5 m wavelength and the maximum energy gain for sections 6—8,
downstream from the magnet. Including the 1 mm transversdetermined by the difference in beam energy with the sec-
electron beam diameter, we expect a theoretical energy restions on and off. The last three accelerating sections can
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FIG. 3. Calculated energy distribution(E) for a Gaussian
bunch with a FWHM of 1.25 mm. The solid line is for a 1.5° off
crest acceleration through sections 1-5, including wake field effects
and accelerator sections 6—8 not pulsing. Dotted and dashed line
are for accelerator sections 6—8 cross-phasee ®9° (dotted ling
and —90° (dashed lingwith respect to the first five sections.

Electron density [10%mm]

provide about 140 MeV of peak energy gain to the electron
bunch, so that a longitudinal energy gradientE,=8.3
MeV/mm is superimposed on the bunch. This gradient is
determined to a 5% absolute accuracy in this measurement
Figure Za) shows the electron density as a function of

energy for a cross-phasing af90° (open circles and top
scale or —90° (solid circles and bottom scaleThe differ-
ence in centroid energies is presumably due to the actuai

phase changes not being exacthy90°. The ratio of the FIG. 4. Comparison of the bunch shapes obtained from the
FWHM of the two distributions ig13.1 MeV)/(10.7 MeV)  higher resolution TR measurement and the lower resolution energy
=1.22. Ideally, both phase settings should give the samglew technique(a) A narrow electron bunchib) A wider electron
electron density distribution, centered at the same energyunch produced by detuning the LINAC prebunchers. Solid lines,
only with a reversal of the high and low energy particles.analysis of the coherent transition radiation spectrum; dotted lines,
This is clearly not the case in our measurement and is aresults of averaging the bunch shapes obtained from the two cross-
indication that there already was an energy slew within thephasing settings of the accelerator sections 6—8. Both results were
bunch before arriving at section 6 causedbyhe bunch not normalized to the total charge of the electron bunch, and the zero
riding exactly at the crest of the accelerating field of sectiondevels for the energy slew are determined by the values about 10
1-5, (i) the cross-phasing angle of sections 6—8 not beingnm from the center.
exactly 90°, or(iii) the existence of wake fields correlating
the longitudinal position and a particle’s energy. To estimatdWHM of 0.68 MeV (after being convolved with the 100
(i) and(iii ) a measurement of the electron energy distributiorkeV energy resolutionat a value for¢ of 1.5°. This result
has been performed by removing the triggers for the modufor f(E) is plotted as the solid line in Fig. 3 and its FWHM
lators and, hence, switching off the accelerating fields of seamakes an appreciable contribution to the observed energy
tions 6—8. The result is shown in Fig(2. The FWHM is  spread, likely accounting for the discrepancy between the
0.88 MeV, larger than the energy resolution and the expected90° and—90° cross-phasing results.
energy jitter. Thus the effect of the slew of electron energies Numerically cross-phasing the rest of the accelerator by
through the bunch before the cross-phased sections has to B&®0° results in the dotted and dashi&) shown in Fig. 3.
taken into account. Similar to the experimental results, these two phase settings
To obtain an estimate of this preexisting energy slew, dead to distributions with different widths. The calculated
numerical calculation is performed to calculate the normalFWHM ratio of (10.9 MeW/(9.3 MeV)=1.17 agrees with
ized energy distribution functiof(E). A phase shift¢ be-  the experimentally observed value. It is indicative of differ-
tween the bunch and the crest of this sinusoidal rf field is arent energy gradients and, hence, different calibration con-
input for the calculation and the effect of the wake fields ofstantsAE, for the two cross-phasing angles. The important
the Cornell LINAC is approximated using the results fromresult of this calculation is that the average of these two
Bane and Weilandl17] for the Stanford Linear Accelerator FWHM values, 10.1 MeV, is approximately equal to the ex-
(SLAC) structure assuming a Gaussian shaped bunch witpected energy width of 9.9 MeV FWHM, obtained in the
2.5x10° electrons with FWHM:=1.25 mm. These param- simulation by removing the wake field effects and by phas-
eters correspond to the bunch width measured in the Thhg sections 1-5 at 0° and cross-phasing sections 6—8 by
experiment. With the first five sections accelerating the90°. These energy gradients may be understood qualitatively
single bunch,¢ is varied until f(E) is calculated with a for particles near the center of the bunch’s charge distribu-

Position [mm]
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tion. The contributions to the energy gradient near the centemetic field are known, it is possible with the help of the
of the bunch appear in three separate terfi)sa constant energy analysis method to identify the steeply rising edge as
gradient due to not being at the crest of the rf wali¢,two  the trailing edge of the bunch. Very good agreement between
gradients of different magnitude due to the cross-phasing nahe two pulse shapes and their FWHM is found. The results
being exactly+90°, and(iii) the bunch charge times the from the coherent TR show finer structure due to the higher
gradient of the wake field. Averaging the energy gradient foregg|ution possible with this technique.

crossl—_phasing in both directions yields co_ntri_butiqns (for With the prebuncher detuned, we performed a second ex-
and(iii ) that cancel separately and a contribution (ior that Eeriment with a wider bunch. Using the same procedures

is the average cross-phased energy gradient. The differe Escribed above, the bunch shape has been measured by the

ooy o e oL Ehodngs o o Shaameput 1S Sl S o bohpeces ard averged o g
) he result shown in Fig.(#). Again the TR bunch measure-
length of the distribution(e.g., FWHM since the bunch . wn in Fig. ®). Agal ' u

ment analysis is shown for comparison. Although the low

shape is Eﬂz@gnder}t of th?_\ cross-pﬂas!ng anglle. Thus tI?leequency TR detector cutoff decreases the precision of the
energy wi Fwhi 10r €ach cross-pnasing angie, reSpec-q,,q ent radiation method for bunches longer than 1-2 mm

; ; *_ + - +
tNeI}" yield AE, _AEZ[_li(I_EFVYHM_ EFWHM)_/(EFWH_M there is still good agreement between the two experimental
+Erwnw) ], and the resulting distribution functio§(z) is | athods.

the average of . (ZAE,)/AE,, wheref.(E) are the mea- We have shown by direct comparison that the energy slew

sured energy distributions for each cross-phasing. _technique and the Kramers-Kronig analysis of the TR spec-
An equivalent numerical check has been performed with drum (to obtain the minimal phase informatipyield the

FWHM=3 mm Gaussian bunch, corresponding to the WICIthsame asymmetry for short relativistic electron bunches. In

of the secand exper_lmen'gally mvestlgated.bungh shape. Thgddition, the coherent radiation technique gives good results,
effect of the wake fields is mut_:h smaller in thls latter Cas€, an when the frequency spectrum is not known over the
due to the smaller charge density, and the ratio of the CaICLEomplete range
lated widths of the energy distributions for the two phase '
settings also matches the measured ratios of the distribu- This work was supported by DOE Grant No. DE-FGO02-
tions’ FWHM. 92-ER-4734, NSF Cooperative Agreement No. PHY90-
The bunch shape obtained from the energy slew measurd4664, NSF-DMR-9631298, and ARO-DAAH04-96-1-0029.
ment, averaged over both phases and normalized to the addition, this work made use of the MRL Central Facili-
bunch charge, is represented by the dotted curve in Fiy. 4 ties supported by the National Science Foundation. G.S. ac-
together with the corresponding result from the TR measureknowledges partial financial support from the Alexander von

ment (solid curve. Additionally, as the phase and the mag- Humboldt Foundation.
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