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Stimulated, coherent transition radiation (STR) has been observed at the Stanford SUNSHINE facility.
Far-infrared light pulses of coherent transition radiation emitted from femtosecond electron bunches
are recycled in a special cavity to arrive back at the radiator coincident with subsequent incoming
electron bunches. This overlap enables the electrons to do work on the electromagnetic field, thus
stimulating the emission of more radiated energy than would be possible without this external field.
The experimental setup to observe STR via cavity detuning measurements and experimental results is
discussed. [S0031-9007(96)00309-2]

PACS numbers: 41.60.—-m, 42.72.Ai

Recent progress in particle beam control allows the comveloping a radiation source based on STR is to further
pression of relativistic electron beams into short bunches afnhance this intensity by 1 or 2 orders of magnitude.
sub-psec duration. Such bunches can emit coherent elec-Theoretically the effect of STR can be derived from the
tromagnetic radiation [1] at far-infrared (FIR) wavelengthslinear wave equations as the combination of two solutions
determined by the Fourier transform of the electron distri{5]: one describing the external radiation fididy; alone
bution. Spontaneous coherent radiation was observed firand the other being the particular solutiBy, to the inho-
in the form of synchrotron radiation [2] and later also in mogeneous equation including the electron current. The
the form of transition radiation [3]. In this Letter, we re- former part is equivalent to Fresnel’s equations for reflec-
port the first observation of stimulated transition radiationtion and refraction, while the latter is just the spontaneous
(STR) which is emitted when electrons pass through thdR field. In the case of perfect temporal coincidence of
interface between two media of different dielectric con-E with the arrival of an electron bunch at the radiator, the
stants in the presence of an external electromagnetic fieleimitted radiation field becomds.,; + E,, and the total
in phase with spontaneous TR. The special phase relatigadiation intensity is proportional tfEe, + Ep|*>. The
enables the electrons to do work on the external field sextra radiation energh E = |Ec¢x + Egpl* — [Eex® —
that additional energy is transferred from the electrons tclaEspl2 = 2Re(Eq; - E:‘p) is due to stimulation or work
the radiation field [4,5]. done by the electrons on the external field. By continu-

While passing through a metallic foil each high energyously recycling radiation pulses while ignoring cavity
electron ¢ > 1) radiates spontaneous TR with a spectrallosses, this process increases the field in the optical cavity
energy of AE(w)/Aw = (remc?/mc)Iny [5] into a27  linearly until all electron bunches have passed the radiator.
half plane, wherer. is the classical electron radius and At the same time, the cavity energy increases quadratically.
mc?y the electron energy. Multiplying by the square of Of course, reflection and other losses limit the maximum
the number of electrons per microbunch and by the Fourieachievable cavity energy.
transform or form factor of the particle distribution and Stimulated transition radiation was observed in this
integration over all frequencies gives the total radiationexperiment via detuning measurements of a special cavity.
energy emitted by a single microbunch. Theoretically, @A pulse of about 3000 equidistant electron bunches is
radiation energy 00.8 wJ per 600 fsec microbunch could produced from a 3 GHz rf gun and a 30 MeV linear
be expected at the Stanford SUNSHINE facility whichaccelerator at the SUNSHINE facility [6,7]. In a magnetic
agrees well with the measured value0of3 wJ consider- compression system the duration of each microbunch is
ing a 39% collection efficiency in the detection optics, 52%reduced to about 600 fsec, and spontaneous, coherent TR
absorption due to humidity, and 13% window losses. Withis emitted while particles pass through a thin aluminum
3000 microbunches per pulse at 10 Hz this radiation sourciil. The radiation is then recycled in an optical cavity
provides 3.9 mW of average FIR radiation in a Fourierto serve as the external field for stimulation of subsequent
transform limited spectrum down to beloi®0 um and electron bunches.
into a radiation cone ot 100 mrad. This radiation power To observe STR a special optical cavity, BRAICER
is at least 3 orders of magnitude higher than available fronjbroadband radiation amplifier via inducing and circulat-
both a blackbody or a synchrotron radiation source in théng emission of radiation), has been designed and is de-
same wavelength range and acceptance. The goal of dseribed in more theoretical and technical detail in [8]. A

0031-900796/76(22)/4163(4)$10.00 © 1996 The American Physical Society 4163



VOLUME 76, NUMBER 22 PHYSICAL REVIEW LETTERS 27 My 1996

ergy should be recorded by the bolometer at intervals of

the cavity path length which are consistent with the dis-
electrons tance between electron bunches. To interpret the observed
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bolometer signal let the cavity length (e.g\,— P1 —

M1 — M2 — P2 — B) be equal to the distance between
two electron bunches within a train 8fidentical, equidis-

; tant bunches. No loss in the cavity is assumed. The first
1 bunch passing through the radiator at A and B causes for-
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‘ side) TR. Considering only the forward radiation the emit-
M1 ey ted field isE and the radiation intensity is proportional to
FIG. 1. Conceptual diagram of the BRAICER cavity. |[E|?. This radiation pulse travels from A counterclock-
wise to B and arrives there at the same time with another
electron bunch. The total radiated field is n@&vfrom
conceptual diagram of the BRAICER cavity is shown inthe first bunch reflected by R plus an equal figldrom
Fig. 1 and a schematic layout of the actual cavity as usethe spontaneous backward radiation emitted by the sec-
in this experiment is shown in Fig. 2. It consists of a thinond bunch. The radiated energy is now proportional to
foil radiator and reflector (R), two thin foil reflectors (F1 |E + E|> = 4|E|?, and the extra, stimulated energy is pro-
and F2), two gold coated off-axis parabolic reflectors ofportional to2|E|>. Through the presence of the external
152-mm effective focal length (P1 and P2), two goldfield, the second electron bunch therefore emits more en-
coated first-surface mirrors (M1 and M2), and a 2@  ergy than the first electron bunch. The combined radia-
thick Mylar beam splitter (BS). All reflectors (R, F1, and tion pulse then travels from B clockwise to A and arrives
F2) are made of §m-thick Al foils. The source points A there coincident with a third electron bunch. This time, the
and B in Fig. 1 are the focal points of P1 and P2, respecexternal radiation field from previous bunche2I5 plus
tively. The divergent TR beam emitted from, for example,the field E from the third bunch. The energy in the ra-
A becomes parallel by the parabolic mirror P1 and propasiation pulse is then proportional {aE + E|> = 9|E|?,
gates through M1 and M2 to P2, which will focus the rayand the extra stimulated energy is proportionaktg|>.
again to the focal point at B. The mirrors (M1 and M2) This process goes on until all electron bunches have passed
and the beam splitter (BS) are mounted on a remotely corthrough the radiator. If the cavity path length is chosen
trolled linear translation stage which allows the path lengtharbitrarily, this extra radiation energy is not generated, in
in the cavity to be changed without affecting the align-which case the radiation pulses from all electron bunches
ment. A small fraction of radiation is coupled out by the would be oscillating independently in the cavity and the
beam splitter (BS) and collected into a room-temperatur@olometer signal would not depend on the cavity path
pyroelectric bolometer to monitor the cavity energy. Thelength. In a nonresonant condition the total radiation en-
bolometer electronics is slow compared to the electrorrgy would scale only linearly with the number of electron
beam pulse duration df us and therefore records the total bunchesN whereas STR scales lik§?. The source of
energy radiated from all bunches. this extra energy is the electron beam.

Stimulation of TR is observed by recording the bolome- The cavity energy scales quadratically with the number
ter signal as a function of the cavity path length varied byof contributing electron bunches. If the path length in
a computer controlled actuator. In the absence of stimuthe cavity ism times as long as the distandg, between
lation, the total radiated energy from all bunches wouldadjacent electron bunches, the cavity energy scales like
be independent of the cavity length. On the other hand2m (N /m)?|E|?, whereN is the total number of electron
if stimulation occurs, an enhancement of the radiated erbunches. The factor of 2 arises from the fact that
TR pulses start independently as forward and backward
radiation. Furthermore, there areindependent radiation
pulses from then sets of everynth electron bunch.

For the experiment described here, the SUNSHINE
facility produced particle pulse trains of about 3000 mi-
crobunches at 10 Hz and an energy of 30 MeV. Each mi-
crobunch consists of aboatx 10% electrons uniformly
distributed within a bunch length df8§0 wm and an in-
terbunch distance off;;, = 10.5 cm. For this first ex-
ploratory experiment the BRAICER cavity has been placed
in air and the electrons were extracted from the evacuated
beam line through a 7o-m-thick stainless steel window
FIG. 2. Schematic setup of the BRAICER cavity. to cross the cavity through the foils F2, R, and F1. This
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FIG. 3. Typical detuning scan varying the cavity length from resonance.  With this adjustment the observed intensity
73div 10 8dip. ratio of the second (ﬂt%dib) and fourth order resonance (at
7f¢dib) agree well with simulations. There are, however,

method seemed to be appropriate to demonstrate the diwo _major discrepancies: first the third order resonance
fect of stimulation although the spontaneous TR signal waat7§dib in the measurement does not show the expected
significantly reduced by an increased electron beam crosemplitude, and second the resonanc8dt being a first
section caused by multiple scattering in the stainless steerder resonance should have a much higher amplitude
window. Furthermore, the cavity energy was significantlycompared to the second and fourth order resonances.
reduced by water absorption in ambient air. Unwanted The difference between measurement and simulation
radiation like Cherenkov radiation or TR from the sur-can be explained by a misalignment detected after the ex-
faces F2 and F1 is eliminated by the selectivity of theperiment was disassembled. Inspection of the oxidation
paraboloidal mirrors which properly focus only radiation traces on the reflectors R, F1, and F2 indicate that the elec-
from the radiator R. tron beam passed through the radiator R at an offset from

In addition to the first order resonance described abovehe focal points A and B of P1 and P2, respectively. The
where the radiation pulses meet electron bunches evesffect of this misalignment between cavity and electron
time they arrive at the radiator, other configurations ardbeam is demonstrated in Fig. 5. Considering an integer
possible where the radiation pulse, for example, has toesonance, the radiation emitted at C will not arrive at D
travel twice, three times, or times through the cavity to meet another bunch because the image point of C is
before it meets another electron bunch at the radiatodisplaced to | and therefore no stimulation occurs. Af-
again. We identify these conditions as the second, thirder reflection at the radiator this radiation, however, travels
or nth resonance. Stimulation of arth order resonance back to C where stimulation is possible. This condition is
can be observed when the cavity path lengtimi®r n  now consistent with a second order resonance because the
times as long ad;,, wherem is an integer. One can scan
through different resonances as shown in Fig. 3 where the
cavity path length has been varied frdr%w to 8 interbunch
distancesd;,. Three resonances are apparent in thicOffset
range located aV%dib, 7%dib, and 8d;,. The increase f
of the bolometer signal under these conditions indicate:
an increased energy flow from the electron bunches inti
the cavity and then to the bolometer. Since the physica
conditions at the transition radiator and the electron bear
conditions are not changed while varying the cavity
length, energy conservation requires that more radiatiol
is emitted by the electrons on-resonance compared to &
off-resonance situation.

A numerical simulation of the expected bolometer signal
for a perfectly aligned cavity-beam system, in which the
electron bunches cross the focal points of P1 and P2 (c

Fig. 1), is shown in Fig. 4. To match signal ampIItUdeSFIG. 5. A misaligned BRAICER cavity in which the electron

of 'Simula_tion an_d megsurements th'e cavity losses Wer@ajectory at C and D is offset from the optical axis defined by
adjusted in the simulation to 70% to give the same absolutg1 and P2. The image points of C and D are displaced to | and

radiation signal on the bolometer for the second ordep, respectively.
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96% is expected to result in a tenfold increase of the

- 08
S 06 | 6th order 6th order l available STR through the beam splitter compared to the
52 ) | + | intensity from single pass TR boosting the FIR intensity
cS 04 4th order to some 40 mW distributed over a wavelength range
%e 2nd order 2nd order of about 1 mm down to belowi50 um. This intense

5 02 radiation is coherent and comes in bursts of 600 fsec.
£ oL Alternative cavity designs with less mirrors and therefore

7.50 7.75 8.00 higher overall mirror reflectivity promise to increase this
by another order of magnitude.
This work was supported by the Department of Energy

FIG. 6. Numerical simulation of the bolometer signal for a Contract No. DE-AC03-76F00515.
misaligned BRAICER cavity.
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