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Abstract. We review recent experimental results from the BNL ATF using the compressor built
by UCLA. The measurements discussed include: first observation of short wavelength coherent
edge radiation angular/wavelength spectrum and spectrum, sub-100 fsec pulse-length coherent
transition autocorrelation measurements, and longitudinal and transverse phase space distortions.
Extension of these measurements, as well as those which can be made possible by a new X-band
traveling wave deflector being developed in an industrial collaboration, are examined.
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INTRODUCTION

The UCLA-designed and built chicane compressor at the BNL ATF [1], installed
in the high-energy beam line after the injector, has been used for a number of
fundamental beam physics in the past year, as well as in applications [*] such a plasma
wakefield acceleration [3]. The compression experiments a have emphasized both
creation of very short (as short as 25 microns rms) beam pulses, and on measuring the
characteristics of coherent synchrotron radiation (CSR) and of coherent edge radiation
(CER) emitted from such short beams.

While much of the recent work on radiation from chicanes has centered on CSR
due to the possibility of CSR-induced microbunching instability in linear colliders and
short wavelengths FELS, the closely related CER effect has not yet been observed in
the relevant short wavelength regime. In addition, because of the flat CER power
dependence on frequency [4], it may be used in a non-destructive beam monitoring
scheme, as has been proposed for the LCLS [5]. CER has also been shown to be a
bright source of infrared radiation, which makes it well-suited for types of microscopy
and spectroscopy [6].

To examine the physics of CER from compressed beams, we have put together a
measurement program based on cryogenic detectors for the copious THz radiation
expected from the compressor. In order to model the experiment, a start-to-end
simulation, formed from UCLA PARMELA [7], Elegant [8] and a new Lenard-
Wiechert far-field calculation code termed QUINDI, has been put together which
allows the general behavior of the system to be predicted.



Figure 1. Rendering of the UCLA-built ATF chicane compressor Cutaway view shows the radiation
source region between the third and fourth dipoles (A) and the radiation extraction port (B).

The compression process creates sub-30 micron long beams by use of the
magnetic chicane, shown in Fig. 1. In addition to the double-focusing chicane
magnets, a custom vacuum-vessel was constructed which allows beam diagnosis in
chicane-on and —off configurations, and also features a dedicated coherent radiation
port that points backward to the constructively interfering CER creation regions at the
exit of the third magnet/entrance to the final magnet. At this point, the beam is roughly
as short as it is at the exit of the chicane, and the switching of bend from one direction
to the other at these edges gives a large advantage to the measurement of CER, which
is absent in any storage ring, where the edges are destructively interfering [9].

The modeling of the beam dynamics in the chicane system was undertaken first
by ELEGANT, with the usual UCLA PARMELA-modeled beam particles at
accelerator exit used as input. This combination has proven extremely successful in
UCLA led experiments on FEL at the ATF previously [10]. In order to deduce the
spectrum of coherent radiation expected from the compressor, an additional based
code was written and deployed in the past year, QUINDI. Both analytical models as
well as QUINDI, give insight into the unique aspects of CER radiation at short
wavelengths. When a charged particle encounters a fast changing magnetic field
(edge), it emits an enhanced radiation-spectrum that is similar to transition radiation
(TR), with radial polarization as opposed to nearly linear polarization found in CSR.
It also has a TR-like off-axis radiation angular distribution. In order for CER to be
significant the field change must occur on a scale much shorter than a radiation
formation length. In addition, it is expected that the CER wavelength dependence in
this spectral region will differ from that of CSR in a systematic way, having enhanced
long wavelength components. Thus for long wavelengths (0.1-2 mm) the radiation
appears at the detection window in our experiment as a TR-like pattern while at
shorter wavelengths (optical to near IR), the spectrum is not distinguishable from
synchrotron radiation.



EXPERIMENTAL RESULTS

The first measurements at the chicane were made on phase space effects. In
particular, transverse phase space tomography measurements showed phase space
bifurcation at 60 MeV [11]. This indicated that the velocity fields, which were
dominant in previous Neptune experiments at 12 MeV [12], still impact the ATF
measurements. Along with the slight bifurcation of transverse phase space, there was a
much more dramatic breakup in the momentum spectrum, which is directly affected
by collective fields. The strong splitting of the momentum distribution, which has
been observed in previous experiments at, e.g., TTF, is seen in the spectrometer at the
phase of full compression, as shown in Fig. 2.

Figure 2. Beam images in the spectrometer, (bend plane is horizontal): (left) 9° forward of RF crest
near minimum energy spread, no compression, (right) 19° forward of crest, maximum compression.
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Figure 3. Reconstructed longitudinal beam profiles using Kramers-Kronig analysis of CTR: (left)
optimum compression, (right) over compression.

To further explore the longitudinal dynamics in the chicane, CTR interferometry
was performed. In the past year, we have gained expertise in the use of Kramers-
Kronig analysis to reconstruct the time-domain profile of the bunch, which requires
assumption of minimal phase, as proposed by Lai and Sievers [13]. Examples of such
reconstructions are shown in Fig. 3, in which the characteristic one-sided distribution,
with small evidence for splitting of the beam, shows up at optimal compression. Note
that the directionality of the asymmetry is not determined in the Kramers-Kronig
reconstruction. With over-compression the beam displays distinct splitting in the time
profile. This is because the beam is fully compressed within the third dipole, suffers
strong energy and trajectory-changing forces there, and then significantly rearranges in



the remaining bending path. This splitting has been observed in wakefield experiments
performed recently at the ATF [2].

Much recent activity at the compressor has been dedicated to observation of CER.
The existence of out-of-bend-plane radiation — m-polarization — in addition to in
plane, or o-polarization, has been verified in detail, as shown in Fig. 4. This type of
polarization pattern is correlated with the far-field angular distribution, which was
measured by use of point-to-parallel optics, followed by movable iris collimation,
before the collection of the CER at the cryogenic bolometer. Scans of such
distributions were made as a function of polarizer angle, and these are shown in Fig. 4.
The addition of m-polarization is displayed as an offset in the intensity dependence on
angle. Purely radial (equal m and ©) polarization is not observed for two reasons: the
magnetic edge transition is not “zero-length” [9], and the collection acceptance allows
some amount of radiation from regions nearby to the edge transition. To quantify both
of these effects, we must rely on simulation. The predicted polarization of the
collected from QUINDI is shown as well in Fig. 4; the agreement is quite good.
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Figure 4. Polarization scan of CER at UCLA/ATF compressor, taken under maximum compression
conditions. Solid line is the prediction of QUINDI.

In addition to these distributions, CER should be characterized in terms of
wavelength spectral intensity. Attempts were made to accomplish this by use of low-
pass filters, but these proved difficult to calibrate and interpret. Also a custom
diffraction-grating based spectrometer was built, but the gratings themselves did not
have adequate THz behavior. In the end, we have employed the same Michelson
autocorrelation scheme as used for the CTR in characterizing the CER, but using the
cold bolometer as the detector instead of Golay cells. Because of dispersion (and
associated absorption lines) in the air transport, the autocorrelation displays a wave
train, as seen in Fig. 5.

The wavelength spectrum deduced from this measurement via FFT (including a
windowing function, c¢f. Fig. 5), is shown in Fig. 6, along with the predictions of
QUINDI. For reference, we also show the position of water absorption lines in Fig. 6;
they coincide well with local minima in the observed spectra.
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Figure 5. (left) Autocorrelation of CER using Michelson interferometer and cryogenic bolometer,
along with Hamming window function for apodizing FFT.

- Afum ;
“_” I} l 1b’ I[P-“']

600 300 200 150 120 100 0 017 033 05 067
water

-

QUINDI < 08|

y 52 ATF
. - 0.2

1.5 2

Intensity (a.u.)

[
A
ad

005 0.1 0.15 0.2
f[THz] z [mm]

Figure 6. (a) Spectra from apodized interferogram and from QUINDI simulation. Prominent water
absorption frequencies are shown as vertical dotted lines. (b) Minimal phase Kramers-Kronig bunch
reconstruction for the measured spectrum.

Despite the dispersion of the collection system, the Kramers-Kronig analysis,
which depends only on the amplitude information and not the phase of the
autocorrelation, still should be valid, to the extent that not too much frequency
information is missing due to absorption. Such a reconstruction is shown in Fig. 6; the
bunch time profile is in decent agreement with the CTR measurement of Fig. 3.

The far-field distribution intensity distribution of CER is also quite different than
that of synchrotron radiation. The CTR-like angular dependence of the CER is highly
correlated to its polarization, as so we have measured, using point-to-parallel
collection optics after the source [1], and a movable collimating iris just before the
final collecting lens. The angular distributions thus obtained are shown in Fig. 7.

In order to compare the CER angular measurements with the start-to-end
simulations culminating in QUINDI, some intermediate steps are required, as much of
the frequency spectrum above 1 THz is distorted during propagation in the
atmosphere, as well as in the output port fused silica window. The spectral information
obtained from the autocorrelator measurements was used to deduce an efficiency of
radiation collection, which was then used to normalize the far-field angular flux
distribution predicted by QUINDI.



The predictions derived from QUINDI in this manner are shown in Fig. 7, with the
simulated iso-intensity contours overlaid upon the observed intensity distribution
shown in a false color map. The agreement in many of the features between simulation
and measurement is striking, especially given that the observed radiation has quite
long wavelength, and therefore the nearby metallic boundary of the vacuum vessel
may have a significant effect on the creation and subsequent propagation of the CER.
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Figure 7. CER far-field angular distributions as a function of polarizer angle in UCLA/ATF
compressor, taken under maximum compression conditions.

FUTURE PLANS

In the near future, more detailed measurements, with care taken to eliminate
absorption in transport, of the radiation from the compressed beam is planned. Further
downstream, we plan to take an active role in the X-band RF deflector measurements
at the ATF, in collaboration with an industrial partner, RadiaBeam Technologies. One
area of collaboration that UCLA took part in during the X-band deflector phase I
SBIR work was in experiment simulations. In particular, start-to-end simulations
dedicated to modeling the implementation of the RF deflector in the phase II
experiments at the ATF have been performed using UCLA PARMELA and Elegant.
The simulation of the deflector performance in its simplest configuration just
downstream of the RF deflector gives 2 fsec resolution.

Figure 8. (top) The simulated longitudinal phase space after the chicane compressor at the ATF
(0=0.3 nC); (bottom) a simulated beam image (x,y) in the longitudinal phase space measurement
system based on RF deflector and bend magnet.



We have also examined the more challenging and interesting implementation of
longitudinal phase space measurement at the ATF. In this case, the beam traverses the
vertically bending chicane, the vertically sweeping X-band deflector, and the 20°
horizontally bending dipole at the end of the high energy injector line, followed by a
drift of 80 cm to a beam-imaging detector. The transverse (x,)) beam image at the
detector in the longitudinal phase space measurement is shown in Fig. 8 with the pre-
bend (at the deflector) longitudinal phase space shown for comparison. The general
features of the longitudinal phase space are reproduced, including filamentation
amplified by the effects of CSR.

The agreement between the two distributions shown in Fig. 8 is quite good,
having only a bit of systematic distortion in the p-# mapping, at the 10 fsec level. This
distortion arises from the effects of CSR, which changes the electron energy in a
notable way for such a short beam undergoing bending. Fortunately, the energy
change, even though it accumulates significantly by the end of the CSR interaction
(which extends past the dipole exit), does not strongly effect the momentum
dispersion, and thus the (x,)) distribution in Fig. 8. The distortion of the momentum
spectrum by CSR in the bend implies that this diagnostic is operated near the limit of
its physical applicability. We plan to investigate this further, using codes that include
not only CSR (Elegant has only a rudimentary 1D model), but also velocity fields. The
simulation code currently used, TREDI, employs a three-dimensional point-by-point
Lenard-Wiechert field-based model, which means that it is extremely computationally
intensive to model self-consistent dynamics in this way. We are therefore evaluating
alternative approaches to these simulations.
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