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A nearly monochromatic beam of 100% linearly polarizedays has been produced via Compton
backscattering inside a free electron laser optical cavity. The beam of 12.2y\Meys was obtained
by backscattering 379.4 nm free-electron laser photons from 500 MeV electrons circulating in a storage
ring. A detailed description of thg-ray beam and the outlook for future improvements are presented.
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PACS numbers: 41.60.Cr

One of the applications of Compton backscattering hagroducey rays. Besides being able to realize nearly mono-
been the generation of high energyrays. The head- energetic beams by means of simple collimation (due to
on collision of relativistic electrons and photons createghe low emittances), an FEL having high intracavity power
a pencil-like beam ofy rays whose exact energy;,, is expected to result in an enhancement of flux by a fac-
depends on the angl@) between the direction of the tor of more thanl0? compared to that produced using
incident electrons having energy,, and the generated conventional laser beams [3—-5]. This methodyoefay

y rays. Forthe case of = E,/m.c* > 1, we have production, proposed as early as 1983 [6], has some ad-
4v2Epn ditional advantages which include (i) the alignment of the
y = g (1)  electron and the optical beams required for operation of
L+ (v0)? + 4yt the FEL guarantees the alignment fgfray production,

where E,, is the energy of the initial photons. Clearly, (ii) simultaneous measurement of the energy of the recoil-
E, peaks atf = 0. The strong dependence of the ing electrons (tagging) is not required so that the useful
y-ray energy on its outgoing angle makes the use of &-ray flux is neither limited by the tagger count rate nor
collimator as a means to produce nearly monoenergetithe frequency at whicly rays are produced, (iii) picosec-

v rays an attractive possibility, although the ultimateond electron bunches and optical pulses are naturally syn-
energy resolutiodE, /E, = (y6)? is, in the most inter-  chronized, and (iv) continuous tuning of the FEL provides
esting cases, limited by the angular divergence and enerdgr a smooth variation of the-ray energy.

of the electron beam. This divergence is defined by the This technique has already been used to generate x rays
emittances and thg functions (wheres g is the local using low energy linac-driven FELs [7,8]. We recently
wavelength of the transverse oscillation) of the electroriearned ofy-ray production at other facilities based on
beam at the point where the photons and electrons collid€€ompton backscattering and FELs [9—-11].

Currently operatingy-ray production facilities use con-  The y-ray beams which will be available using this
ventional laser photons backscattered from ultrarelativismethod of production will have properties which open up
tic electrons in storage rings and linacs [1,2]. At presentmany new possibilities for basic research and applications.
the appearance of third generation storage rings with ex-or example, we are developing a nuclear physics re-
tremely low emittances and high power free-electron lasersearch program, designed to exploit the flux, energy reso-
(FELs) is giving rise to a new generation of monoener-ution, and polarization of the presently availableray
getic y-ray facilities. In storage ring FELs, the same elec-beams [5]. We are also investigating a number of other
trons which are used to generate light also collide with it toapplications of the y-ray beam, including precision
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vy-ray transmission radiography, cancer therapy, andf 500 MeV (y = 978.5). Two electron bunches, each
positron beam production. of which corresponded to a current of 1.2 mA spatially
The present scheme is illustrated in Fig. 1. Theseparated by one-half the circumference of the ring,
1.1 GeV race-track shaped Duke electron storage ring hgmarticipated in both lasing ang-ray production. The
demonstrated the ability to store an average current gbower in the lasing cavity was 0.54 W with a photon
155 mA at an injection energy of 230—280 MeV. Theflux of 1.03 X 10'® sec’!. This mode of running differs
demonstrated ramping capabilities of this ring providefrom our future plans [3-5] in which one bunch will
for an operational beam energy from 230 MeV up tobe used for lasing and the second bunch will act only
1.1 GeV. Low emittances (at 500 Me¥; = 4.5 nmrad as the target for backscattering. The main disadvantage
and €, < 04 nmrad and horizontal and verticaB  of the present scheme arises from the fact that the
functions of 4 m at the collision point) are determined bypatrticipation of the target bunch in the lasing process leads
the lattice of the ring, which has a very large dynamicto additional energy diffusion which increases its energy
energy aperture of 5%—6% [12]. At present, the energypread, typically 0.4%—0.5% FWHM in the present case,
acceptance is limited by the rf system and is 17.5 MeVcompared to a natural FWHM of 0.06%.
(3.5%) at an electron energy of 500 MeV. This makes it Gamma rays were first detected usingl@in. X
possible to preserve all electrons in theay production 10 in. Nal (Tl) detector centered on theg-ray beam
process for all measurements presented below. Thiaxis approximately 30 m from the collision point. This
“no-loss mode” produces an electron beam having aletector has been previously used in numerous capture
lifetime of 2—3 h, determined by intrabeam scattering andeaction studies, and its properties are well known [15].
finite vacuum. It was necessary to attenuate theray flux by the use
The OK-4 FEL is an optical klystron (OK) invented by of 10 cm of Pb in order to reduce the count rate in this
Vinokurov and Skrinsky [13]. It consists of two wigglers detector to a manageable level. The energy-calibrated
separated by a buncher (B in Fig. 1) and provides folNal detector indicated that the observedrays had an
a factor of 5-10 enhancement in the gain compared tenergy of 12.2 MeV. The flux, corrected for the detector
conventional FELs. The present 53.73 m long (one-halgfficiency and the attenuation of the lead, was observed to
the ring circumference) narrow band uv optical cavity isbe 2.0 X 10° y’s per sec, compared with the calculated
comprised of two multilayer spherical mirrors, each withvalue of2.6 X 10° y’s per sec, which is based on the
a 27.27 m radius of curvature. The reflectivity band ofphoton and electron fluxes given above.
these mirrors limits the lasing to a smoothly tunable range The second phase of our measurements attempted
of 345-413 nm (3.6—3.0 eV). The spectrum consistedo monochromatize they rays by installing a 3 mm
of a very narrow line with a FWHMSA/A = (1-3) X  diameter Pb collimator approximately 30 m downstream
1074, The present setup provides a Rayleigh range obf the collision point and in alignment with the axis
3.3 m at the center of the OK-4, where electrons anaf the electron beam (see Fig. 1). The 10 cm thick
photons collide. The collision point was designed to becollimator attenuated the off-axiy rays by a factor
inside of a field-free region 20 cm long, since the presencef 290. The resultingy-ray flux was detected using a
of magnetic fields at the collision point would curve the“142%” high-purity germanium (HPGe) detector, whose
trajectory of the electron beam and thereby degrade thaxis was aligned along the electron beam direction. We
guality of they-ray beam [9]. A detailed description of have used the FEL laser beam for visual prealignment
the OK-4 FEL and the Duke storage ring is publishedof the collimator. Minor fine tuning of the collimator
elsewhere [12,14]. alignment was accomplished by maximizing the count
The measurements reported below were obtained withate in the HPGe detector, indicating that it was on axis.
a photon wavelength of 379.4 nm and an electron energyhis detector has an energy resolution of about 5 keV
for 12 MeV vy rays and therefore the linewidths observed
should be a direct measure of the beam energy spread.
The energy scale of the detector system was calibrated
using radioactive sources, including the 4.4 MeMray
line from an AmBe source. The observed flux was
about 100 times less than the uncollimated flux measured
above, as expected. The resulting spectrum is displayed
in Fig. 2. It should be noted that this spectrum represents
the convolution of the detector response function with the
FIG. 1. Schematic of the OK/Duke storage ring FEL and +.-ray energy distribution. The full-energy peak and the

y-ray source. Two electron bunches spatially separated by one;. i ;
half the circumference of the ring participate both in lasing andq}IrSt escape peak are clearly visible along with Compton

v-ray production via Compton scattering of intracavity photons.s‘c""ﬁered eventg. In order to obtain a measure of the
A collimator installed downstream selects a narrow cone ofeNergy spreaq in the beam, the full-energy 'peak was
guasimonoenergetig rays. fit to a Gaussian whose centroid was constrained to be
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FIG. 2. Fully-ray spectrum as measured by a HPGe detector. O™ | v . """“J‘ AN : 20
The full-energy and first escape peaks associated with the Energy (MeV)

12.2 MeV vy-ray beam are clearly visible. The inset shows

a Gaussian fit to the full-energy peak. The fit has a FWHM ofFIG. 3. First escape peak spectrum after background
120 keV. subtraction.

located at 12.2 MeV. The resulting Gaussian fit, showrsubtracted y-ray spectrum is shown in Fig. 3. This
in Fig. 2, indicated a FWHM of 120 keV, corresponding spectrum, which shows only the first escape peak and its
to a 1% energy spread in theray beam. The Gaussian associated Compton scattered events, provides convincing
was fit to the high energy edge of the peak to minimizeconfirmation of the fact that the-ray beam is a nearly
the contribution from the Compton edge and other lowemonochromatic beam with a FWHM energy spread of
energy events. Fitting a Gaussian to the entire peak givesbout 1.2%.
an energy spread of 1.25%. Our final measurement of the beam properties consisted
The energy spread of the-ray beam is determined of a measurement of the linear polarization of theay
by the energy and momentum spread in the electrobeam, expected to be close to 100%. This measurement
beam and the FEL photons, as well as by geometricavas performed using théH(y,np) reaction. Previous
considerations. A detailed analysis of these factors isneasurements [16] indicated that the asymmetry of the
given in [3]. A calculation of they-ray energy spread was neutrons produced at a reaction angle of 88ould be
performed using measured values of these paramete®95 = 0.02. Our measurements utilizeddacm X 6 cm
The results indicated that we should observe an energscintillating GD1, liquid target positioned with its sym-
spread of approximately 1.2%, in good agreement wittmetry axis perpendicular to the beam axis. The signal
our measured value. It is worth noting that the mainproduced by protons in the scintillator was used to “tag”
contribution to they-ray energy resolution came from the desired neutron events in two identical 13 cm diame-
the energy spread induced by lasing. This observatioter calibrated neutron detectors positioned 23 cm from the
makes it apparent that we should prevent lasing of theenter of the scintillating target. These two BC501 detec-
target bunch for future improvement of theray energy tors were mounted so that one was in the horizontal plane
resolution. and the other was in the vertical plane directly above the
An additional measurement was made in an atscintillating deuterium target. Pulse-shape discrimination
tempt to obtain a somewhat clearer observation of théechniques were used to distinguish between the detec-
v-ray energy distribution, unencumbered by the detectotion of neutrons and rays in the neutron detectors. The
response function. In order to achieve this, we insertedesult of our asymmetry measurement we& =+ 0.05.
the HPGe detector into a Nal annulus which had a 10 cn€orrecting this value for the finite geometry of our ex-
inside diameter and a 23 cm outside diameter. If onlyperimental setup gave an asymmetryOd§8 = 0.05. A
events in the HPGe detector which are coincident withcorrection for the effects of neutron multiple scattering in
511 keV events in the Nal detector are observed, onthe GD,, target leads to a final corrected asymmetry of
should see only those rays associated with the first 0.93 = 0.06, which is consistent with a 100% linear po-
escape peak events in the full spectrum. Unfortunatelylarization for they-ray beam.
the Nal shield allowed a background to leak into this The results of these preliminary tests confirmed a
spectrum due to its poor energy resolution. Howevernumber of important statements that we have published
this could be subtracted by setting gates above anbh the past. First, the self-consistent theory of the storage
below the region of the 511 keV line in the Nal to ring FELs developed and used for the prediction of the
obtain a background spectrum. The resulting backgroun®K-4/Duke FEL y-ray source performance [17] (i.e., the
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