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Abstract .
Using the high-brightness, high-energy electron beam at the Brookhaven Ac-

celerator Test Facility we observe forward directed Smith-Purcell radiation in
the mid-infrared spectral regime. This radiation can prove useful as a source
of infrared radiation for other scientific studies as well as a providing a precur-
sor investigation of the inverse process, namely the acceleration of electrons by
means of the coupling of laser light with electrons via micro-structures.

INTRODUCTION

Motivated by a scarcity of radiation sources in the 10 to 100 yum regime,
we are studying the production of Smith-Purcell radiation using the high-
brightness electron beam of the Brookhaven National Laboratory's Accelerator
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FIGURE 1. The ATF beam line immediately preceding the experimental chamber.

Test Facility. The production of Smith-Purcell radiation in the mm regime
using a low energy 3 MeV beam has already been reported [1].

EXPERIMENTAL LAYOUT

The experiment is installed in the Brookhaven Accelerator Test Facility
[2] high-energy beam line. Immediately preceding the experimental chamber
(Figure 1) is a final-focus system [3] designed to reduce a nearly parallel beam
to a small focused spot within the experimental chamber.

We show, in Figure 2, the layout of the experimental apparatus within the
experimental chamber. The scale of the apparatus can be inferred by the
12" x 12" breadboard upon which the mirrors and grating are placed. The
entire breadboard is mounted on a remotely controlled linear stage with a
2" stroke capability. The radiation is guided out of the chamber through a
5/8" clear aperture ZnSe window at the output port by means of a collection
mirror mounted on a 360° remotely controlled rotating stage and two fixed
angle mirrors. All three mirrors are 2" plane mirrors. The angular acceptance
of the radiation from the grating extends from 5° to 11°, which, using the well
known formula [4] relating wavelength (A) to grating period (d) and emission
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FIGURE 2. Layout of the Experimental chamber and the radiation detector.

angle (0),

A = d{- - cose),

corresponds to expected radiation wavelengths of 4 to 18 /j,m. The ZnSe output
window is broadband AR-coated giving it an 70 % transmission spectrum
extending from 7 to 12 fxm.

Outside the experimental chamber the radiation is 000 onto a detector using
a 10 cm focal length, 3" diameter off-axis paraboloidal mirror. The detector
used for the generated radiation is a HgCdTe detector from InfraRed Asso-
ciates, Inc. It's 40 % spectral response curve extends from 9 to 20 fiva. with
a d* of 8 x 109 cm-Hzz/W. During operation, the detector is cooled to liquid
N2 temperature. The detector is connected to a preamplifier, which when
run with a bias voltage of 12V, has a gain of 40 db. At 10 /j,m the detector
responsivity and risetime were 100 V/W and 27 ns, respectively. Detector
output was observed on a 100 MHz bandwidth oscilloscope. In order to re-
duce background from x-ray radiation, the detector was enclosed in a wrap
of 3/16" lead, leaving only the detector window exposed. This resulted in
background signals being reduced from 10 mV to less than 1 mV.

Alignment of the grating was achieved by first placing a special alignment
tee into the chamber before the experimental platform was installed. This tee
was set upon the experimental chamber and mechanically aligned with the
surveyed beam direction. A mirror, attached to the bottom of the tee, was
suspended into the chamber to the position where the grating was eventually
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TABLE 1. Typical Beam Parameters

Beam Energy [MeV] 45
dE/E [%] 0.3 - 0.5
Emittance [TT mm-mrad ] 1-4
Beam Charge [nC] 0.1-1.0
Micro-pulse length [ps] 10
Micro-pulse separation [ns] 25
Beam spot at Focus, ax \pm] 120
Beam spot at Focus, av [//m] 180

installed. The mechanical tolerances of the tee were such that the plane of
the mirror was parallel to the surveyed beam path to within 30 micro-radians.
A laser beam from a Hamar laser alignment system was projected into the
experimental chamber through the alignment port. The reflected beam was
monitored with a total path length of 11.6 m from the laser source to the
monitoring point. After removal of the alignment tee, the experimental plat-
form was installed with a mirror placed within the grating holder. The-grating
mount was then mechanically aligned so that the reflected laser light coincided
with the original reflection-on the monitoring point. The two reflected laser
spots overlapped to within 0.5 mm insuring that the grating mount is aligned
to the alignment tee to within 50 micro-radians.

The grating used for this study is installed within the grating holder so
that the grating face is vertical. The grating is constructed of aluminum, has
a length of 126 mm, a 1 mm period, and a blaze angle of 5 degrees (set so
the electron bunch footprint travels up the long slope of the grating). After
installation, the grating pitch angle was surveyed and found to be 4 mrad with
respect to the beam direction (a pitch angle of 0° corresponds to the nominal
beam path being perpendicular to the grating lines).

The electron beam sent into the experimental chamber can be delivered in
either of two modes, single- or multi-pulsed. The length of each micro-pulse
can vary from 3 ps to 15 ps while the total charge for each micro-pulse varies
from 0.1 nC to 0.5 nC depending on the mode of operation and the operating
phase of the rf gun [5]. Typical beam parameters encountered during this
experiment are given in Table 1.

We show in Figure 3 the beam profile of the electron beam operating in
single-pulse mode at 45 MeV/c. The horizontal projection is the beam profile
normal to the grating while the vertical projection is the beam profile parallel
to the surface of the grating. In this case the total beam charge was 0.2 nC
with a normal beam profile of ax = 115 microns. In order to ensure that the
beam centroid deviates by less than one sigma in displacement height while
traversing the length of the grating it is necessary for the beam direction to be
parallel with the grating surface to within 1 mrad. This is an important issue
in running the experiment in that it is noticed that if the beam is not steered
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FIGURE 3. The beam profile at the middle of the grating. The result is for the ATF 45
MeV/c electron beam operating in the single-pulse mode.

along the magnetic axis of the final-focus quadrupoles, beam directional devi-
ations of as much as 10 mrad can occur.

EXPERIMENTAL RESULTS

In order to scan for Smith-Purcell radiation, both the impact parameter of
the beam relative to the grating and the emission angle relative to the grating
surface are remotely varied. A signal was obtained when the electron beam
was operating in a multi-pulse mode so that 15 micro-pulses were contained
within the macro-pulse. The beam spot was roughly twice the size as that
obtained for the single-pulse case (Figure 3), namely 260 ^m in the direction
normal to the grating surface and 590 fim parallel to the surface.

Initially the collection mirror was remotely set to collect radiation emitted
at 8° while the grating was moved relative to the beam. The results are shown
in Figure 4. Next the grating was remotely set to a position near the peak of
the radiation signal and the collection mirror was then rotated. This mirror
scan is shown in Figure 5. In order to verify that the signal did not result from
x-ray emissions due to bremsstrahlung within the experimental chamber, we
repeated the mirror scan with the ZnSe window blocked with a card. This
scan is also shown in Figure 5.
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Given the detector characteristics, we find that the peak signal corresponds
to about 5 pJ within each micro-pulse which are on the order of 3 to 10 ps long.
Noting further that the clear angular acceptance of the ZnSe output window is
30 mrad and that the beam area is of the order of 1.5 cm2 we determine that the
radiation intensity at the source is of the order of 1 kW/cm2-sr. Theoretical
analysis [l], based on a consideration of profiles for both the grating and
electron beam, places this value at about a factor 50 higher than that expected
by spontaneous emission alone. We attribute this increased power to be due
to a coherence enhancement of the radiation.

•• CONCLUSIONS

The spontaneous emission from the grating is remarkably bright and suffi-
ciently strong enough to warrant using it as a source in some types of spectro-
scopic investigations. The possibility of using gratings in place of undulators
for a free-electron laser is apparent. The demonstrated coupling of the elec-
tron beam with the grating in the lO^m regime has obvious applications when
the inverse process is considered, namely the acceleration of electrons with the
light from a CO2 laser.

ACKNO WLED GMENTS

The authors wish to thank N. Kurnit for providing helpful suggestions as
well as the infrared detector used for this study. We also thank M.F. Kim-
mitt for many useful discussions. This research was supported by the U.S.
Department of Energy under Contract Nos. DE-ACO2-76-CH00016 and DE-
FG02-95ER40926. Support of U.S. ARO grant DAAH04-95-1-0640 is also
gratefully acknowledged.

REFERENCES

1. K.J. Woods, J.E. Walsh, R.E. Stoner, H.G. Kirk, and R.C. Fernow, Physical
Review Letters 74 3808-3811 (1995).

2. K. Batchelor, et al, The Brookhaven Accelerator Test Facility, Proceedings of
the 1988 Linear Acceleration Conference , CEBAF report 89-001, 540 (1988).

3. X.J. Wang and H.G. Kirk, The Brookhaven ATF Low-Emittance Beam Line,
Proceedings of the 1991 Particle Accelerator Conference, San Francisco, Califor-
nia, 604 (1991).

4. S.J. Smith and E.M. Purcell, Physical Review 92 1069 (1953).
5. X.J. Wang, X. Qiu and I. Ben-Zvi, Physical Review E 54 R3121 (1996).

The Goverrment reserves for i tse l f and
others acting on i t s behalf a royalty free,
nonexclusive, irrevocable, world-wide
license for governmental purposes to publish,
distribute, translate, duplicate, exhibit,
and perform any such data copyrighted by
the contractor.


