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Continuously tunable, high-power, single-mode radiation from a short-pulse free-electron laser
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This paper gives the first demonstration of high-power, continuously tunable, narrowband radiation that is
produced by means of a free-electron la$€£L) in the far-infrared region of the electromagnetic spectrum. A
Fox-Smith intracavity ®lon was used to induce phase coherence between the 40 optical micropulses that were
circulating in the laser cavity. The corresponding phase-locked spectrum consisted of a comb of discrete
frequencies separated by 1 GHz. A pair of external Fabrptféalons was used to filter out a single line from
this spectrum. The power in the selected narrow line atri9vavelength was equal to 250 mW during the
macropulse of the laser. The spectral width of the selected line is as small as that of a single cavity mode, i.e.,
a fraction of 25 MHz, in single macropulses of the laser. The average bandwidth of 25 MHz is determined by
mode hopping of the phase-locked FEL. The selected frequency hops over 25 MHz between the extrema of this
band. The influence of partially coherent spontaneous emission and mode hopping on the final linewidth was
studied. The narrow-linewidth radiation was scanned in frequency over 1 GHz. We show that the possibilities
to scan over smaller or larger frequency intervals are unlimfi8l063-651X%99)04607-3

PACS numbeps): 41.60.Cr, 42.62.Fi

. INTRODUCTION coherence length of roughly 8 mmat69 wm in the case

) ) ) ) o of FELIX. This being done, the only option that remains to
Until recently, intense narrow-linewidth radiation in the requce the number of lines in the laser spectrum is to per-
far-infrared region of.the electromagnetic spectrum coultgym phase locking6]. To achieve this, the cavity is filled
only be produced with molecular gas lasers. The freey i, 5 |arge number of separate optical micropulses. This is
electron Iase(_FEL) can be_agqod. alternative, if the effort is done by choosing the electron bunch repetition frequency
taken to manipulate and filter its mhere_ntly broadband_ Specéqual to a multiple of the cavity roundtrip frequency. Phase
:irr?lzg.u-glr;/etsrllz;blheas the advantage that its wavelength is Cor]bcking is achieved by means of an intracavity interferometer
: s hat induces a strict phase relationship between the optical
The laser process usually starts with incoherent Spontan%ﬁicropulses The optizal micropulses ngw act as if they vl?/ere
ous emission. The slippage distari¢e, whereN is the num- j : .
ber of undulator periods, determines the homogeneous banf2 Ofr? much Ior)gerdpulse W'E)h an effecr:]twe !engthlof many
width of the spontaneous emissiaghw=c/N\. The gain times the separation distance between the micropulses. Sujce
the micropulses are short with respect to their separation dis-

bandwidth is equal t& v=c/2N\. The spectrum of a short- ; )
pulse FEL al =69 um is depicted in Fig. ). tance, the laser spectrum still consists of a comb of frequen-

The cavity length in FELs usually measures a number ofies that are spaced by the phase-locking frequency, see Fig.
meters, since the space between the two cavity mirrord(D). Itis thewidth of these phase-locked modeses that is
should allow room for a lengthy undulator. The gain band-reduced by the phase-locking process, see Fig). The
width of an FEL thus comprises a large number of cavityquality of the induced phase coherence determines the width
modes. In the case of the free-electron laser for infrared exA vgg and hence the number of active cavity modes within
periments(FELIX) [1], the cavity mirrors are spaced at 6 this bandwidth. By phase locking, the power per mode in the
meters and the number of undulator periods is equal to 3&EL output spectrum is increased. The number of active cav-
At an optical wavelength of 70 micrometers, this means thaity modes is reduced, whereas the FEL output power is, in
a total of 2300 longitudinal cavity modes are contained in thegeneral, unaffected.
gain bandwidth. Despite these problems, narrow-line opera- In previous papers, the effectivity of the phase-locking
tion in several FELs has been attempt@e-4]. method was studied for different types of intracavity inter-

In the case when the FEL uses electron pulses that aferometers. This was done both theoretically and numerically
substantially longer than the slippage length, gain narrowing6—8|, as well as experimentall\9,4]. This paper describes
and mode competition can lead to a narrow spectf@in  an experiment in which we select single line from the
However, a large number of gain passes is needed to obtaphase-locked spectrum of FELIX, of which the frequency
a single surviving cavity modgs]. In general, this is a prob- can be scanned continuously.
lem since the electron beams are usuétlycept for super- In order to obtain a single narrow line from a FEL’s
conducting linacsproduced during a macropulse of severalphase-locked spectrum, additional filtering by means of ex-
microseconds that is repeated at a frequency of a few hertternal interferometers is required. This case is depicted in

In the case of electron pulses with lengths that are comFig. 2. The narrow lines in Fig.(3) correspond to the trans-
parable to the slippage length, no gain narrowing is possiblemission function of an external Fabry+®e ealon that is
However, by detuning the cavity length over a small amountused to filter the output signal of the laser. When we zoom in
the length of the optical micropulses can be increased to an one of these lines in Fig(ld , we notice that the resonant
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0.033 cm! are strongly suppressed. The selected Fox-Smith line
in (b) is again composed of one or more cavity modes, depending

FIG. 1. The spectrum of the phase-locked short-pulse freeOn the quality of the interpulse phase coherence, as was shown in

electron laser FELIX at three resolutions. The overall bandwidth of 9. 1(C).

the laserAv, at A\=69 um is large, i.e., typically 1%(a). By ) o, o
phase locking, the spectrum is reduced to discrete lines at multipldsEL’S intracavity ¢alon as well. The effects and feasibility
of 1 GHz (or 0.033 cm). Each Fox-Smith line is composed of Of the latter were studied in detail in a previous artide)].

one or more cavity mode®). Each of the cavity modes shown in This paper gives a demonstration of high-power, continu-
(c) belongs to a different hypermode. The quality of the interpulseously tunable narrow-linewidth radiation that is produced

phase coherence determines the willih 5 of the Fox-Smith mode ~ with a short-pulse free-electron laser.
(o). The outline of the remainder of this paper is as follows: In

Sec. Il we describe the experimental setup. Section Il dis-
peak of the externaltalon is narrow enough to select a cusses the intra and extracavity filtering techniques that were
single phase-locked mode. Again, the quality of the phaseysed to produce the tunable narrow-linewidth radiation. We
locking process finally determines the number of cavityfirst discuss how phase coherence is induced between the
modes that can be consecutively or simultaneously activeptical micropulses by means of a Fox-Smith intracavity in-
within the selected line, as shown in Figcl terferometer. This is followed by a description of the prop-

In a previous experiment with FELIX, the external selec-erties of the externaltalons. In Sec. IV the narrowband se-
tion was done by means of a single external interferometefection experiment is described. The frequency-scanning
[3]. The selected frequencies could not be scanned in thalxperiment is presented in Sec. V. Conclusions are given at
experiment due to the fixed distance between the plates @he end of this paper.
the external &lon.

At the Mark-1ll FEL Szarmet al. achieved external se- Il. SETUP
lection of a narrow line ah=3 um in a similar type of
experiment[4]. They gave an experimental demonstration The setup of the experiment is displayed in Fig. 3. The
that the resonant frequency of such a selected line could b®ain laser cavity consists of two gold-coated copper mirrors,
changed. The external selection, however, was still made byl; andM,, which are separated by 6 m. The resonant fre-
means of antalon of fixed thickness. In the experiment that quencies of the main cavity are thus separated by 25 MHz.
is described here, we guided the phase-locked signal of FEFhe upstream mirroM; contains a small outcoupling hole
LIX through two Fabry-Perottalons in series. The finesse of with a diameter of 3 mm. Fourty separate optical micro-
each of the @lons was equal to 23. The free-spectral rangepulses with an individual coherence length of 8 mm circulate
of the ‘@alons were chosen in the proportion bf7. The in the main cavity of the laser. Because the amplification of
effective finesse of this system was equal to 161. Thus, ththe radiation occurs with a repetition rate of 1 GHz, the
suppression of undesired frequencies was improved. Ehe e interpulse distance is equal to 0.3 m.
lons were designed such that the distance between the platesA Fox-Smith intracavity interferometer is used to induce
could be varied. Therefore, we could vary the frequenciesnterference between the optical fields of the subsequent op-
that are resonantly transmitted by the externalams. In  tical micropulses. In the intracavitytaon the radiation
order to obtain truely continously tunable narrowband radiabounces between the upstream mirkd; and the concave
tion, it is required to tune the resonant frequencies of thamirror M 5 via the partially transparent beamsplit&®,. The

wave number (cm™!)
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== ! Fox-Smith | the Fox-Smith intracavity talon Lgg. Thusd;=21.43 mm
. interferometer . andd,=3.06 mm.
L oMe=! The spacing of eachtalon can be scanned continuously
7 T BS1  undulator T over 70 uwm. This was made possible by mounting one of
N A . ------ I the etalon plates on a high-precision translation sfdgé
M1 ¥ M2 Deviations from the ideal parallel guidance in the form of
FS loss laser cavity

v pitch, yaw, and roll are small, the specified angular deviation
----------- l [——- being less than 1Qurad. Inside the device, the expansion of
------------------------------------------------ a piezoelectric crystal is used to induce the desired transla-

tion. The translation is measured by means of capacitive sen-
2 Fabry-Pérot Michelson interferometer sors, and controlled in a feedback loop.
interferometers ! . . . . .
AM4 M5 The resulting narrow-line optical signal is analyzed by a
| Michelson interferometer and detected by a liquid-helium-
| BS? cooled semiconductor germanium-gallium detector. The path
difference between the branches of the Michelson interfer-

2
Ydetecmr ometer can be varied between 0 and 2.1 m. Thus, the long-
range coherence of the signal can be studied. The total setup
FIG. 3. A schematic of the FELIX laser cavity with the Fox- operates in vacuum.
Smith intracavity “&alon. The external Michelson interferometer

was used for analysis. lll. INTRA- AND EXTRACAVITY FILTERING

distancel 5 between the Fox-Smith interferometer mirrors A. Phase locking

M; and M3 is chosen qpproximately equgl to _0.15 m. 1. Theory

Thereby, part of the radiation of each optical micropulse ) ] ]
temporally overlaps with that of its successors at the beam- The theory of phase locking by means of an intracavity
splitter BS,. Due to interference, the phases of the opticalFOX-Smith ¢alon was given in a separate pajpef]. In the
micropulses become locked. The optical phase of the lasdP€ory section of that paper we used the theoretical approach
signal thereby becomes periodic over a distance Iof<2 f[hat Szarmes and Madey used for the case of a Michelson
=0.3 m. In the frequency domain this corresponds to a speditracavity interferometef7]. The most important conclu-
trum with resonant frequencies that are separated by 1 GHSIOn in that work was that the system of coupled cavities

This means that the majority of the cavity modes is sup{l-€-, the main laser cavity with.=6.0 m and that of the

pressed during the gain process. Power that is contained [tracavity @alon with Lgs=Lc/M=0.15 m, withM =40)
cavity modes that are not resonant in the Fox-Smith interfern@sM different eigenmodes, the so-called hypermodes. Each
ometer leaves the cavity sideways at the beamspBiSrby hypermodem consists of a specific comb of frequencies
interference. In each set of fourty cavity modes whose resot(M) in the spectrum of the laser:

nant frequencies are found within a range of 1 GHz, only a

rew cavity modes can survive because their interference f(m)=> 8(v—nAfes+mAf,)

osses in the Fox-Smith interferometer are small enough. The n

selectivity of the Fox-Smith interferometer can be improved

by increasing the reflectivity? of the beamsplitteBS,. This with me{0,1,... M—1}, (1)

can only be done within certain limits since the effective

small-signal gain is reduced whefis increased. In the case with Af.=25 MHz, the cavity mode separation, and g

of FELIX, we cannot push this too far since the macropulse=1 GHz, the intracavity4alon mode separation. The Fox-
during which electron pulses are supplied to the laser has gmith intracavity &alon introduces losses that are different
duration of a few microseconds. We used a 12ri-thick  for each hypermode. The different hypermodes thus have
polypropylene foil for the beamsplitteBS,;, which has a different net gain factors, whereas the gross gain of the hy-
power reflection coefficient af?=0.3 and a power transmis- permodes is equal. The theory predicts that the hypermode
sion coefficient oft?=0.7 at an optical wavelength of  with the smallest interference loss gradually becomes domi-
=70 wm. The curvature of the mirrdvl; was chosen such nant in the laser spectrum during the macropulse. At satura-
that the wave fronts at the beamsplitter are matched. tion, the laser spectrum only contains the frequency comb of

A small fraction of the phase-locked signal leaves thethis hypermode. The frequency combs of the other hyper-
cavity by means of the outcoupling hole. It is directed modes are suppressed. This is the principle of phase locking.
through a pair of Fabry-Perotadons, placed in series. The By tuning the spacing of the Fox-Smith intracavitialen
pair of @alons selectively transmits a single phase-locked. g, another resonant hypermode can be selected to become
mode from the FELIX output spectrum. dominant at saturation.

The semitransparent plates of th@lens consist of cop- In practice, however, the phase-locking process is influ-
per mesh with a grid period of 16.&m and a transmitting enced by thepartially) coherent spontaneous emission that
area of 44%. The finesse of each of fl@lens is equal to 23 is emitted by the electron bunches when they pass through
at an optical wavelength of 7&m. The spacings between the undulatof10]. The spontaneous emission, because it is
the plates of the two etalond; andd,, were chosen, respec- partially coherent, acts as a seeding signal to the laser. The
tively, equal to the fractions of 1/7 and 1/49 of the length ofrepetition frequency at which the electron bunches are in-
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jected is equal to 1 GHz. Due to the specific shape of the 108 ; : i - !
electron bunches and due to the stability of the FELIX rf 10‘2‘- ;
accelerator, the spontaneous emission already exhibits a cor 1%

siderable degree of coherence between successive pulsez ‘EZ‘
[12]. Therefore, the spontaneous emission signal seeds ths ° [
laser at the start of the macropulse with radiation that hass | -¢
peaks in the frequency domain at multiples of 1 GH3].
Due to a small, but non-negligible noise in the optical phase :
of the spontaneous emission pulses, the average width of th®*
spontaneous peaks extends over a fefy, or cavity mode
spacings. Moreover, due to this noise, the center and width
of the spontaneous peaks in the frequency domain may vary
from macropulse to macropulse, but also during a macro- . . ‘ . .
pu|se_ 400 600 800 1000 1200

These variations in the seeding signal lead to the phenom:- frequency (MHz)
enon of mode hopping, as was demonstrated in Réf;: In
different macropulses, different hypermodes become domi- FIG. 4. The simulated average spectrum for a set of 48 macro-
nant, despite the fact that the interference losses in the FouIses. Two values for the power reflection coefficiefitof the
Smith dgalon have a minimum for one particular hypermodeFOX'Smith beamsplitter were userf=0, or spontaneous phase-
only. Due to the different interference losses, however, eaclpcking (@), andr?=0.3, or induced phase-lockir(g). The domi-
hypermode has its own specific saturated power. For modant reson_ant frequencies i@ are _found around multiples of
settings in our experiment, the hopping is limited to two 1 GHz, be_lng the resonant frequ_enues of the sponta_neously phase-
hypermodes. The laser then operates interleaved at two dif2cked emission. By means of induced phase lockingkinthe
ferent combs of resonant frequencies, the combs being sep%?—sonam frequencies were shiftedntal GHz+400 MHz.
rated by the cavity mode spacindgf .=25 MHz [10]. transform over the last 2 microseconds of the macropulses,

Another consequence of the partial coherence of the seegle , in the saturated signal of the laser. The laser cavity was
ing signal is that in occasional macropulses a superpositiofietuned by 2L.=—2.0\.
of two (or more hypermodes develops. In these cases, the The spectrum in Fig. @) is that of the laser without the
Fox-Smith has difficulty in rejecting one of the two hyper- intracavity ‘¢alon. It shows the cavity modes at regular inter-
modes. The macropulse duration of 7 microseconds is thegals of 25 MHz, of which each is part of a different hyper-
too short to obtain a single hypermode. The resulting lasemode. On average, the cavity modes around multiples of 1
spectrum of such a macropulse contains both frequencgHz are dominant in this spectrum. This is due to the fact
combs. that the spontaneous emission contains strong frequency

Note that the frequency combs specified in E&). are  components around multiples of 1 GHz, as was described in
only exact when the laser and Fox-Smith cavity lengths ar&ec. 111 A 1. Thus, without applying the intracavity interfer-
equal to their synchronous lengths of 6.0 m and 0.15 mgmeter toinduce phase locking, the saturated signal of the
When the lengths of these cavities are detuned by not mongser is already phase lockedontaneouslywith fixeddomi-
than a few optical wavelengths, E(l) gives a reasonable npant frequencies at multiples of 1 GHz.
approximation of the resonant frequencies of the coupled- By means of the Fox-Smith intracavifyaéon we can se-
cavity system. Strictly speaking, such a system of detunegbct other hypermodes to become dominant. Also, the sup-
cavities has no eigeandeS. The effect of mode pulllng th%ression of unwanted hypermodes is improved_ The spec-
occurs in this case was described in R&D]. trum in Fig. 4b) gives an example. We chose the detuning of
the Fox-Smith intracavity talon to be Lps=—0.4\,
which locates the resonant frequencies of the intracatity e

A simple numerical model was used to simulate the speclon at 400 MHz-nX1 GHz. Thereby, we selected another
trum and power of the FELIX laser during the macropulse.hypermode to become dominant than the hypermodes that
Details of this model are given in a separate pdfiét. The  were preferred by the spontaneous emission in Kig. Zhe
values of the input parameters that were used here are equgdturated laser spectrum in Figlb4 which was averaged
to those described in that paper. This simulation of theover 48 aselect macropulses, now has its dominant frequen-
phase-locking process in a FEL takes into account the effecties at 400 MHz-nX1 GHz. The relatively small contri-
of partially coherent spontaneous emission. The latter wabution of the partially coherent spontaneous emission is still
included in the model in a realistic manner: an experimentafound at the frequencies ofX1 GHz. The resonant peaks
study of the characteristics of the coherent spontaneous emiyat are present at regular intervals of 25 MHz from the main
sion in FELIX provided the necessary information to modelfrequency of 400 MHz in Fig. @) represent cavity modes
this phenomenofl3]. that belong to the other, suppressed, hypermodes. The peak

In Fig. 4 we show a part of the average spectrum of a sgpower in the hypermodes at 375 MHnx1 GHz and
of 48 simulated macropulses on a logarithmic scale for twa125 MHz+nX1 GHz is attenuated to fractions of, respec-
different situations. Figure(d) gives the case of spontaneous tively, 7% and 11% of the peak power in the dominant hy-
phase lockingdi.e., r>=0, or without using the Fox-Smith  permode. By changing the lengthg of the Fox-Smith int-
whereas Fig. &) gives that of induced phase locking?(  racavity interferometer, other hypermodes can be selected to
=0.3). Both spectra were obtained by taking the Fouriebecome dominant.

er (a

2. Simulations
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FIG. 5. (a), (b), and (c) show spectra of different individual simulated macropulses. The evolution of the laser power during these
macropulses is given itf)—(h). The signal off) was replotted with a dashed line(g) and(h). (d) shows the average spectrum of 48 aselect
macropulses, whereds) gives the improved spectrum, with respect to spectral purity, of a selection of 19 macropulses. The power signals
of the 48 and 19 macropulses that were, respectively, involved in the averages are plGittehdj).

Note that the spectral lines in Fig(B} corresponding to evolution of the laser output power during the macropulse.
the hypermodes at 375 MHmX1 GHz and 425 MHz These differences can be used to make a selection of macro-
+nX1 GHz have a width that is substantially larger thanpulses of which the average spectrum has a better quality.
that of the dominant hypermode. In general, we notice thaSingle hypermode operation can be recognized by a steep
the width of the resonant lines in Fig(b} is much larger increase in the output power at the start of the macropulse,
than that in Fig. 4). Both effects are not fully understood. while the (saturateyl power has a constant level during the
Although it is to be expected that the increased interferenctast microseconds of the macropulse. Macropulses that oper-
losses that the Fox-Smith induces to certain hypermodeste in different hypermodes can be distinguished mainly by
leads to reduced coherence lengths for these modes, it is niite fact that their saturated output powers are different. The
clear why the hypermodes at 375 MHnx1 GHz and macropulses that operate in a superposition of hypermodes
425 MHz+nx1 GHz seem to have larger widths than can be recognized by their impeded gain and by the fact that
various other resonant lines in Figlbd. their power levels at the end of the macropulse still increase

The spectrum in Fig. @) was averaged over the indi- slowly with time. Another characteristic of these macro-
vidual spectra of 48 macropulses. The quality of this averag@ulses, which will not be further discussed in this text, is the
spectrum was influenced in a negative way by two effectsfact that their power signal is modulated with a frequency of
These effects are caused by the influence of the partiallgd5 MHz.
coherent spontaneous emission, as was described in Sec.The differences are clearly observed in the simulated
A1 macropulses that are shown in Fig. 5. Fig&)55(c) show

The first effect is mode hopping: Some macropulses opspectra of individual macropulses from a set of 48 simulated
erate in one hypermode, others operate in a different onenacropulses. Figuregf3—5(h) show the corresponding laser
The mode hopping is, in general, limited to two to threepowers during these macropulses. Figufd) Bjives the av-
hypermodes in the case of our experiment. The second effeerage spectrum of the set of 48 macropulgésa part of Fig.
is that some macropulses start to operate in a certain supet. In Fig. 5i) the corresponding 48 macropulse signals are
position of two(or more hypermodes. The duration of the plotted together. Note that the sidebands in the average spec-
macropulse is in some of these cases too short to allow thieum of Fig. 5d) are much larger than the sidebands in the
Fox-Smith etalon to suppress one of these hypermodes ispectrum of a single macropulse like that of Fi¢g)5In Fig.
order to achieve single hypermode operation. 5(a) the power contained in each of the sidebands is smaller

Both of the effects mentioned that deteriorate the qualitythan 0.015% of the power in the main peak, whereas in Fig.
of the average spectrum lead to observable differences in tH&d) this value is equal to 10%. Figurde} gives an “im-
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proved” average spectrum that belongs to a selection of 19 10° T

macropulses from the set of 48 macropulses. In Fip.tGe 107!

corresponding 19 macropulse signals are shown. These mac- 1°:§

ropulses were selected according to the criterium that their 10 | ]
power levels at=8 us should be larger than 96% of the e I )

(maximum power level that was attained in Fig(fb As is

shown by Fig. %e), the average spectrum of the subset of o
selected macropulses is indeed very much improved over 1;91 \ )
that in Fig. 8d). Whereas the power contained in the side-

-2 ]
bands at 25 MHz in Fig. (8l) was equal to 10% of that in the ]2_3 I |
main hypermode, this value is decreased to 1% in Fig. 5 10-4k (b

-5

Such differences in the power evolution during the mac-
ropulse and in the saturation level of the laser were also
observed experimentalljl0]. Thus, it seems promising to
select macropulses according to the described criterium for
high-resolution experiments, in order to reduce the influence
of the frequency and amplitude jitter that are caused by mode
hopping. The macropulse output signal of the laser should
then be monitored by means of a low-noise detector. The
selection could be done by either a “smart-trigger” facility

transmitted power

on the oscilloscope used in the measurement, or by suitable 10°

software after the data-acquisition. This method, however, 10:;

was not used in the experiments that were described in this ‘°_3

paper. 00 1
Ws[ TT—— T ()]

0 10 20 30 40 50 60 70 80 90 100

B. External selection frequency v (GHz)

By means of filtering the phase-locked output signal of
the laser, we aim to select a single frequency from the fre- FIG. 6. The transmission spectra of several configurations of
quency comb of the induced hypermode This can b@xternal ¢alons are given(a) and(b) show spectra of the individual

achieved by using a Fabry-fe (FP) étalon as an external talons with spacingsl; =21.43-mm(a) and d,=3.06 mm (b),
filter [14]. wherer?=0.87 gives a finesse of 23. () these two talons were

The reflective plates of a Fhaton for operation in the used in series. For comparisdn) gives the case of a singléaton
with d=3.06 mm,r>=0.98, and a finesse of 161.

far-infrared region of the electromagnetic spectrum are usu
ally made of metal mesfL5]. Commercially available elec-
troformed mesh is suitable for wavelengths in tsehmm  peaks in Fig. €a). The latter figure represents the transmis-
range. For far-infrared radiation around wavelengths ofsion spectrum of the externataéon with the largest plate
70 um, this mesh is not ideally suited. However, an alter-spacing. Due to our choice of théaton plate separatiore
native material that can be applied for a broad range ofinddy, the effective free-spectral range of the system of the
wavelengths arounti=70 um is not available. The finesse, two etalons is equal to 492Lgs, or 49 GHz. The etalon
or resolving power, of Fabry-Pet etalons with mesh plates spacingsd; andd, were chosen to be rational fractions of
is, therefore, limited at these wavelengths. We achieved hrs because this allows a good understanding of the results
finesse of 23 ah=70 um using copper mesh. This mesh when the spacingd; andd, are fine tuned in order to pre-
had 1500 lines per inch, which gives a grid period ofpare the experiment. If we had chosen another fractign,
16.9 um, while the ratio between the transmitting and the=6.5d, for example, the effective free-spectral range would
reflective area was equal to 44P56]. have been larger.

Since this finesse is too small to filter a single-frequency
component from the phase-locked FELIX spectrum, we used  IV. NARROW-BAND SELECTION EXPERIMENT
two FP ¢alons in series. The spacings between the plates of
the two etalonsd; andd,, were chosen respectively equal to
the fractions of 1/7 and 1/49 of the length of the Fox-Smith At a central wavelength ok =69 um we performed a
intracavity etalonLgg, i.e., d;=21.43 mm andd,=3.06 narrow-band selection experiment. We used the Fox-Smith
mm. The transmission functions of theéalns are given, intracavity interferometer to obtain a phase-locked signal.
respectively, in Figs. @) and Gb). Since the ratial; /d, is  The length of the Fox-Smithtalon was chosen equal to the
equal to a natural number larger than one, the transmissiosynchronous length df =150 mm. This was achieved by
function of the pair of talons approximates that of a single self-calibration at 1 GHz, i.e., by inducing overlap between
étalon with a larger finesse. This is depicted in Figc)pWe  the successive micropulses. The remaining uncertainty in
used this configuration in our experiment. The effective fi-Lrs=150 mm is discrete and equal to\/2. The cavity
nesse of the pair oftalons is equal to 161, i.e., 7 times the detuning 2L, was chosen equal te 345 um. For this de-
finesse of the individualtalons. Note that the width of the tuning, a relative bandwidth of 0.9% was achieved for the
transmission peaks in Fig(® is approximately that of the FELIX output spectrum.

A. Experimental approach
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scanned over 272 mm, maximum interference over the full
range of this interferogram would imply that the pair of ex-
ternal etalons succeeded in selectingilgle phase-locked
mode. Note that if more than one phase-locked mode would
be transmitted by the external etalon, a decreased modulation
of the interferometer signal would be observed at certain
path differences along a scan of 150 mm.

However, Fig. 7a) shows that interference occurs over
the full range of the interferometer scan. Figb)7shows a

w
:‘é
>
£
&
9 o.o. . . , ] small piece of this scan, indicating the period of the fringes.
2 527.782 663.895 800.008 Each measurement point was taken in a different macro-
5 pulse. Approximately 16 points were measured per path dif-
s 10 ' T ' (b) ference interval of 69um, the length of this interval being
g equal to the optical wavelength. The motorized translation of
s ¥ (. the scanning mirror in the Michelson interferometer was not
@ strictly uniform, due to irregularities in the guiding rails.
£ osf i Therefore, a pure sine function could not well be fitted
through the data points in Fig(h), and the precise wave-
0.4 1 length of the selected narrow line could not be determined.
For a discussion of the spectrum of the selected narrow
0-2 line, we will need to consider the fringe visibility at various
I path differences in the interferometer scan of Fi@).7The
0.0 L ] 2 . e L epes . .
527.782 528.212 598.642 fringe visibility is equal to the difference between the maxi-

mum and the minimum signal, divided by twice the average
signal in the fringe. If this fringe visibilty is equal to unity

FIG. 7. The signal of the analyzing interferometer as a functionOVer & certain range of path differenaek, , then the signal
of path difference. The long scan (&) shows interference over the IS 100% coherent over this range and the corresponding
full length of 272 mm, which means that the externalens se- Spectrum thus consists of a line with a full width at half
lected a single phase-locked mode from the phase-locked lasghaximum(FWHM) that is smaller than L, .
spectrum.(b) shows a small piece ofa), giving the actual data There are a few complications in the interpretation of the
points recorded for successive macropulses. interferogram in Fig. @). First of all, we notice a decrease
in the power level in the maxima for larger path differences,
whereas the power level of the minima stays constant
throughout the whole interferogram. This bias in the detected
signal represents radiation that neither takes part in the inter-
ference, nor depends on the power of the signal that is trans-
mitted by the @lons. The latter can be explained by the
presence of straylight that bypassed the etalons in our experi-
ment. This bias signal was stable during the full scan in Fig.
(a) because the output power of FELIX was stable during
€ measurement.

path difference (mm)

The spacings of the externatgons were chosen close to
1/7 and 1/49 olg5. A direct measurement of the spacings
was not available. However, by optimizing the transmitted
power through each of theaadons as a function of the spac-
ingsd,; andd,, the specified spacings could be set to within
a few wavelength’s accuracy. The optimum transmission oc
curs only when the modes of théaton are commensurate
with as many phase-locked modes as is possible for a sp
cific spacing. In our case, the resonant frequencies of the twi S dl i low d in the sianal of th
gtalons are commensurate with, respectively, every 7th and econdly, we notice a slow decrease In the signal of the
49th phase-locked mode—over the full bandwidth of the la- maxima in Fig. 8. It should be noted that the measure-
ser output spectrum—sinad andd, are equal to 1/7 and ments Of. F'g. (@) took several hours. D_unng th'_s_ time span

) . ) e . some drifts in the lengths of the various cavities may be
1/49 timesLgg. Since the FELIX bandwidth is finite, this dt T . Id lain the sl
method to select the spacings of the extermaloms gives an expected to occur. Two scenarios could explain the slow
uncertainty in the spacing of a few wavelengths. decreage in the S|'gnal of the maxima in Figa)7In the first

We fine tuned the spacing of the etalons by means of thelrcﬁlnzno \gle :gn&der; srr:all dm;: n tge_:ftletnhgthf of thaian t
piezos such that a phase-locked mode in the center of th‘ghICh 1maX|mungnsr%J|§5|gnSggcu?s |rr1l thisalgn r\;gﬂﬁ;gg a
FELIX spectrum was selected. The transmitted signal of this"

ightly shifted away from théfixed) frequency of the Fox-
&?éfgsgiqgt;??é?g;lgfs analyzed by means of the extern mith mode that is transmitted by the pair of exterrtal-e

ons. This shift would be smaller than 0.43 times the FWHM
of the ‘@alon peak. It would lead to a reduction in the trans-
mitted signal of 25%, as is the case in the figure. The corre-
The result of scanning the path difference between theponding drift in the spacingl,; of the @alon would be
branches of the interferometer from 527 mm to 800 mm issmaller than 0.7um. Note that in this scenario the fre-
displayed in Fig. {a). With a successful selection of a single quency of the selected narrow line would be unaffected.
phase-locked mode, we expect to see maximum interferend@nly the distribution of the power over tistill small) side-
over the full range of path differences in this measurementbands at 0.033 cm from this line would be slightly altered
Since the length of the long branch of the interferometer waslue to this drift. A drift in the length of the Fox-Smith int-

B. Results
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racavity ¢alon may also have occurred. In that case, the To conclude, we generated a narrow-band signal by filter-
frequency of the narrow line would have been affecteding the output of the phase-locked FEL. We demonstrated
However, we consider the latter scenario to be less likelyexperimentally that the width of the selected band was
because we did not observe such an effect in previous exdmaller than 1 GHz. This means that in individual macro-

periments that were performed to study the mode hoppingulses, a single cavity mode of the phase-locked laser is
phenomenon. transmitted. Mode hopping in the phase-locked FEL deter-

In addition to the slow decrease of the power in themines the effective bandwidth of the signal when a series of
maxima of the interferogram, we also notice the presence gnacropulses is considered. The selected line then consists of
noise in the detected maxima. Since the noise is mucf band of roughly 25-MHz width, in which the frequency
smaller in the minima, this is interpreted as signal noise. NOPS between the extremes of the band.

There are several possible sources of signal noise in this
experiment. The first is mode-hopping, see Sec. Il A 2.
When a new macropulse is started, the laser signal can de- The average power of the phase-locked signal\at
velop in several different hypermodes. This is because the-69 um, i.e., without the external Fabry-fe etalons, was
seeding signal of the partially coherent spontaneous emissianeasured in air on the optical table. It was equal to 2 mW.
that can force the laser to start up in a certain hypermodelhis power was produced by macropulses with an effective
varies from macropulse to macropulse. Since each hypeduration of 3.6 us that were repeated at a frequency of 5
mode has a different power level at which it saturates, thisiz. The corresponding power during the macropulse was
leads to discrete signal “noise.” Also, the combs of resonanthus equal to 111 W.
frequencies of the different hypermodes are shifted with re- We have to take two factors into account if we want to
Spect to each other by discrete Steps in frequency Of 25 Msz_educe the pOWer of the narrow linewidth radiation from this
Due to the fact that the mode hopping involves discrete hop¥alue. Firstly, we need to know the transmission factor at
in the frequency comb of the laser output signal, the fre.which each &@lon passes a resonant input S|gnal.,Th|s value
quency of the narrow line that is selected from this comb byVas €qual to 1/4 of the input power for each of thalens.
means of the externakalons also hops over 25 MHz. The Secondly, we need to know the fraction of the input spec-
FWHM linewidth of the external etalon with the finest lines "™ that is resonantly refiected by the pair tdlens. Since
is equal to roughly 11 times 25 MHz. Therefore, this etalonOnly one phase-locked mode at thg center of 'the FELIX
with d, = 21.43 mm will transmit both frequencies between spectrum was selected to be transmitted, the pair of etalons

hich the hoppi but with sliahtly diff { att reflected roughly 27/28 of the total power that was contained
which the hopping occurs, but with slightly difierent attenu- ., ., o phase-locked spectrum. We thus have to multiply 111

ation factors. This is a second source of signal noise. Notg, by 1/16 and by 1/28 to obtain 250 mW for the power that
that the frequency hopping also leads to discrete hops in th@ contained in the selected narrow line during each macro-
phases that are detected for different macropulses at a ﬁx?ﬂjlse

path difference in the interferometer. At a path difference o This value is somewhat larger than the 100 mW that can
f800 mm, ?ohfg ov((je_r 25 I\T/Ith W.'” give rise tc;]a phas_e dif- be obtained by means of a standard far-infra(feidR) laser.
ﬁfef‘ce ? @ Ta |.ans.| HIS gives ”;’e tohp ase .no'sifonWe use the FIR laser as a comparison since it is the common
the Interferometer signal. However, the phase-noise aftectyionative for high-power coherent radiation in the wave-

the detected signal in the maxima and the minima equally. %ngth range that is covered by the narrow-band setup at
third possible source of signal noise is shifts in the mea LIX.

frequency of the broadband output laser signal. These shifts
can be caused by jitter in the mean energy of the electrons.
Since we filter a narrow line from the overall FELIX spec-
trum, shifts in the mean frequency of the FELIX spectrum |n an experiment by Szarme al. it was demonstrated
will lead to variations in the power of the transmitted signal.that the output of a phase-locked FEL can be applied in
The selected frequency, however, is unaffected. high-resolution spectroscopic experiments because its reso-
If we inspect the minima in Fig. (@), we notice a slow nant lines can be tuned in frequenpy]. They selected a
modulation of the fringe depth by roughly 10% with a period single line from the phase-locked spectrum by means of an
of 6.05+0.07 mm. This feature is ascribed to the presence oéxternal grating monochromator and an external sdhtbe.
a small sideband at a frequency that is 16602 cm!  However, in that type of experiment the selected line can
smaller or larger than the dominant frequency in the obtainednly be scanned over a limited frequency range if one re-
narrowband signal. It corresponds to a line in the tail of thequires the spectral purity of the signal to be constant during
FELIX spectrum, at a frequency where the exterrtalans the scan.
are both again resonant. The free-spectral range of the pair of In this section we describe the experiment in which con-
external ¢alons is equal to 420.033 cm !, which means tinuously tunable, truely narrow-linewidth radiation was cre-
that sidebands to the dominant frequengyin the transmit-  ated with a phase-locked FEL in the far-infrared region of
ted radiation are indeed expected:gt-1.63 cml. Such the electromagnetic spectrum. By means of the method that
sidebands could only be removed by using more externalas described in Sec. IV we selected a narrow line. The
etalons or by reducing the width of the FELIX spectrum. Thefrequency of this line was subsequently scanned. This was
first solution will lead to a smaller power in the selectedachieved by step scanning both the resonant frequencies of
narrow-line radiation. The second is difficult to achieve withthe Fox-Smith intracavity interferometer and the resonant
the FELIX short-pulse FEL. frequency of the pair of externatadons.

C. Power

V. FREQUENCY-SCANNING EXPERIMENT
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Smith intracavity &lon Lrg was reduced by 37.5um. At

. an optical wavelength ok=69 um the spacing was thus
/\/\/ . . reduced by slightly more thain/2. By changingLgg by

) ' " (v) oA W —\/2 the frequencies of the phase-locked modes are scanned
; : over a frequency range of 1 GHz, which is the free spectral
W \_J . range of the Fox-Smith intracavifytadon. Since we are able
y LI} to scan the frequencies of the phase-locked modes over this

-
y S

range, we can generate any frequency—within the inherent
bandwidth of the FEL—that is requested. Tuning of the fre-
quencies of the phase-locked modes over a range larger than
1 GHz is in principle not necessary, although it is possible,
according to the 1.09-GHz scan that was achieved in our
experiment.

While the resonant frequencies of the laser are scanned
over 1.09 GHz in steps of on average 72 MHz, the resonant
frequency of the pair of externataons should be scanned
over the same frequency range with similar steps. This is
achieved by scanning the spacitigof the 21.43-mm talon.
Ideally, d; would be reduced by 5.3@m in 15 steps of
o 0.357 um. For instrumental reasons, howevet; was
scanned over 6um in 15 steps of 0.4um. Thus the steps
that were actually made were 13% too large. However, this
did not affect the scanning of the frequency, since the exact
frequency of the phase-locked mode that was transmitted by
the external ®@lons was determined by the spacibgg of
the intracavity Fox-Smithtalon. The FWHM of the finest
299.92 300.00 30008  299.92 300.00 300.08 etalon line was equal to 0.3 GHz. Therefore, despite the error

path difference (mm) path difference {mm) of 0.13 GHz(after 15 stepsin the resonant frequency of this
etalon with respect to the frequency of the transmitted phase-
GHz in 15 steps with an average stepsize of 72 Miz-(p) sh Yocked mode, the phase-locked mode is still transmitted.

P ge step ) SNOW™ 5}y the power in the transmitted line is reduced by roughly

the mterferograms th?‘t were measured for each step in freq_uencx %. This explains the difference between the signal levels
Each data point consists of an average over the saturated signal 0

20 macropulses. in Figs. a) and §0).
It was not necessary to scan the spaap®f the second
A. Experimental approach external 'mlqn during the experiment. The free spectral
range of this &alon was equal to 49 GHz. With a finesse of
3 this gives a FWHM of 2.13 GHz for the resonant lines of
is @alon. The fine adjustment of the spacing of thialen
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FIG. 8. Frequency scan of the narrowband radiation over 1.0

For each of 15 steps with an average stepsize of 72 MH
in the frequency of the narrow-band radiation, we measure

an inte_rfer(_)gram around a path difference of 300 mm i_n thri‘/vas chosen such that in the middle of the frequency scan,
analyzing interferometer. The results are shown in Fig. 8i e., in Fig. 8i), the frequency of the selected phase-locked

From Figs. &) to 8(p) the selected narrow-band radiation mode was exactly commensurate with one of the resonant

was scanned over a total range of 1.09 GHz. The imerferomﬁequencies of thistalon. In Figs. &) and 8p) the fre-

eter 5|gn_als were detepted at a fixed instant during 'Fhe_ma juency of the transmitted phase-locked mode was scanned
ropulse, i.e., at saturation of the laser. Each data point in th

. . , respectively—0.5 GHz and+ 0.5 GHz away from the
figures consists of an average over 20 macropulses. Due éls pectively z Z away

4 = oo onant frequency of the second exterrialom. These fre-
this average, the effect of mode hopping is not visible in the, ,o 0y gifferences fall well within the half width at half

inte_rferograms, although _mode hopping_ occurred fo_r eadf'naximum of 1.06 GHz of the resonant lines of the second
setting of the Fox-Smith interferometer in the ?Xpe”mem'étalon. Therefore, again, the frequency scan of the narrow-

. . . band radiation itself is not affected by the choice to kdgp
constant during the frequency-tuning experiments. Thus, th xed during the scanning experiment. The only effect is that
resonant frequencies of the laser cavity modes were keq

) . ; . e selected phase-locked mode, of which the frequency is
fixed, being separated by discrete intervals of 25 MHz. Byscanned, is t?ansmitted by the secordlan with a gmall 4

stepping the length of the Fox-Smith interferometer, we thu?eduction in the power. This reduction attains a maximum of
subsequently selected different cavity modes to become reS8hos in the cases of Figs(® and 8p)

nant in the laser.

The frequencies of the phase-locked modes were scanned
by reducing the distance between the mirrbtg and M.
The value ofLgg at which the frequency scan was started If we compare Figs. @ to 8(p), we observe that the
was equal to 150.02 mm, moduld2. The mirrorM; was  optical phase of the detected signal—at a fixed path differ-
translated into the direction of the beamsplit®®, in 15  ence in the interferometer—shifts gradually over 1.1 times
steps of 2.5um each. Thereby, the spacing of the Fox-2m, as is expected for a frequency scan of 1.1 GHz. This

B. Results
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means that the number of fringes that would be detected ithe frequency of the phase-locked mode that is transmitted
an interferometer scan over a path difference of 300 mm, iby the external &@lons also needs to be scanned. The Fox-
increased by 1.1 fringe, due to the frequency scan. The lattémith intracavity &lon has a free-spectral range of 1 GHz.
corresponds to a relative change in the wavelength of thdhis means that its comb of resonant frequencies is periodic
narrow line of —1.1x69 um divided by 300 mm, or  With 1 GHz. Although a frequency scan over 7 GHz could
—0.0253%. Sinca =69 um corresponds to a frequency of be performed by detuninggs over 7 timesn/2, such a de-
4.35 THz, the corresponding frequency shift is equal to 1.funing is on the edge of what is feasible with the FELIX
GHz, as was the purpose of our experiment. short-pulse free-electron laser. A better option is to detune
Note that the detected power in Figig8is sharply re- Lrs Of the Fox-Smith etalon from O ta/2 (creating a scan
duced compared with the power detected in Figé) &nd of 1 GH2), and then jump back to zero detuning and start a

8(h). For this specific spacing of the Fox-Smith intracavity "€W scan of 1 GHz by detuning ovar2. This is to be

&talon, the output power of the laser is sharply reduced. ThigEPeated seven times. On every occasion when a new sub-
effect was explained in detail in Ref10]. The reduced scan of 1 GHz is started, the pair of extern@lens starts to

transmit a phase-locked mode that is adjacent to the phase-

power is a consequence of the fact that the laser in this Ca836cked mode that was transmitted in the previous subscan
chooses to operate in a hypermode that has larger interfeii.— '

. P he resonant frequency of the pair dhlens then follows
lence losses in the Fox-Smtha%nn. .The reason why the the frequency of this phase-locked mode during its scan over
aser starts to operate precisely in this hypermodg, and NOLIN 11, "The combination of the seven consecutive scans cre-
the hypermode that has the smallest losses for this Fox-Smi es a frequency scan over 7 GHz.

spacing, is found in the disturbing influence of the seeding The frequency of the narrow line can be scanned over an

coherent spontaneous emission signal. Just in this case, tgsen wider range by fine tuning the spacihgof the second

dominant frequencies of the coherent spontaneous emissiol. on overn/2. Thus, the full free-spectral range of 49 GHz

are almost equal to the frequencies that are resonantly ens’, . - . ! .
hanced by the Fox-Smith intracavity etalon. The latter exjaf this ealon is exploited to scan the frequency. The spacing

lains why the disturbing influence of the spontaneous emi dq of the first extemal lon should be detuned from O to
P why 9 : Pe X NS 2 (covering 7 GHz, which is to be repeated 7 times. Cor-
sion signal can have such an impact for precisely this setti

) ' ngr‘espondingly, the spacinggg of the Fox-Smith intracavity
If we measure the frequency with a resolution of 25 MHz,. alon shouid be detuned from 0 12 (covering 1 GH

we will notice that the frequency scan is not smooth arouna‘at o X ; . .
this specific setting of the Fox-Smith spacing due to the awkVhich is to be repeated 49 times. Since the linewidth of the

ward choice of the laser to operate in a hypermode Witl_gELIX output in the case of our narrowband experiments at

; : ; =69 um is equal to 66 GHz, it would be necessary to
larger losses. This can be circumvented by choosin . : .
slightly different repetition frequency of t%e electrc?n adjust the central frequency of the FEL a few times during

; - e 49-GHz scan by changing the strength of the magnetic
bunches, by changing the frequency settings of the electrcheld in the undulator.

accelerator. However, the maximum amount by which th . ' : .
Scanning the frequency by finer steps is also an option.

electron bunch repetition frequency can be easily adjusted i_?he smallest step that can be taken to ch is equal to

equal to 400 kHz, which might be too small for this goal. 195 hich ds t 0 in f ¢ 36
Another option is to reduce the amount of coherently en-" pm, which corresponds fo a step in irequency o
Hz at A=69 um. This stepsize is still equal to 1.5 times

hanced spontaneous emission by manipulating the electr ] ) . :
P y P g the cavity mode spacing of 25 MHz. Even finer tuning of

bunch shap¢12,13. However, this method would increase ; . . .
e., to achieve stepping from one cavity mode to the

the time interval between the start of the macropulse and theFs: I- i ; .
instant at which saturation occurs. next, can be achieved by means of a piezoelectric crystal

attached to mirroM5. For reliable and flexible tuning on
this scale, however, the present piezo should be replaced by
an expansion controlled piezo device with closed-loop con-
In the preceding text a proof-of-principle was given of thetrol like the ones that are used in the externialans. It is
frequency scanning method. The setup is very flexible. It carven possible to tune the frequency on a sub-25 MHz scale.
also provide tunable, narrowband radiation over variousThis requires fine tuning of the length of the laser cavity. At
other ranges of frequencies. Despite this, it cannot be prehis frequency scale, however, one has to realize that the
vented that the effective spectrum of the selected line will ineffect of mode hopping causes the selected frequency to hop
all cases consist of twgr threg discrete lines that are sepa- over discrete intervals of 25 MHz for different macropulses,
rated by 25 MHz, due to mode hopping of the phase-lockegee Ref.[10]. The mode-hopping phenomenon can not be
FEL. prevented since it originates from the partially coherent
First of all, continuous scanning over a larger frequencyspontaneous emission signal that is emitted by the electron
range than 1.1 GHz is possible with the described setubunches when they pass through the undulator. The sponta-
Continuous scanning over 7 GHz can be easily achieved. hieous emission functions as a seeding signal to the laser
involves fine scanning of the spacing of the first external because it is partially coherent. The mode-hopping phenom-
etalon over\/2, covering the full free-spectral range of 7 enon may limit the applicability of fine tuning on a sub-25
GHz of this ¢alon. Since the frequency is now scanned oveMHz scale in certain experiments. Nevertheless, fine tuning
a larger range, the spacinty of the second talon should on this scale can be achieved. Moreover, it was shown in
now be scanned along. Considering that the free-spectr@ec. Il A 2 that, by monitoring the power level in the output
range of the secondadon is equal to X7 GHz, it will be  signal of the laser during the macropulse, a selection can be
clear thatd, needs to be scanned over X/X/2. Of course, made of macropulses that operate in a single hypermode. By

C. Discussion
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using only the latter macropulses, the mode-hopping problocked FEL. The effective bandwidth is then equal to 25
lem could be avoided. This would require the use of a smarMHz, while the frequency of the laser hops over a discrete
trigger, which should act on the signal of the laser outputinterval of 25 MHz between the two extrema of this band.
power during the macropulse. The latter signal should bdhe mode hopping originates from small changes in the

measured upstream of the external filterirtglans, with a pro_perties of the par';ially _coherent spontaneous emission,
low-noise detector. which acts as a seeding signal for each new macropulse of

the laser. The average spectrum can be improved by neglect-
ing macropulses that display a reduced saturated output
power.

This paper described an experiment in which high-power, The frequency of the narrowband radiation was scanned
coherent, continuously tunable, narrowband radiation wa§ver 1 GHz by scanning the spacings of the intracavity in-
produced in the far-infrared part of the electromagnetic specterferometer and of one of the extracavitalens. The ex-
trum. As a source we used the FELIX short-pulse freefP€rimental setup also allows scanning over smaller and
electron laser at a wavelength of §9m (i.e., 145 cm'Y). larger ranges. Frequency scanning over an interval of 25

A total of 40 micropulses were circulating in the laser cavity. MHZ is feasible if the cavity length is also scanned. How-
Phase locking was induced between these micropulses er, on this frequency scale one has to take the discrete jitter

means of a Fox-Smith intracavity interferometer. The spec!ll the transmitted frequencies that is caused by mode hop-
trum of the phase-locked FEL consists of discrete frequenPing for granted. Despite the latter, the descnbed_experlment
cies that are separated by 1 GKx 0.033 cmY), the so- demonstrates that a free-electron laser can provide coherent

called phase-locked modes. By means of a pair of externgfdiation with a small spectral width and a high power in
etalons, we selected a single phase-locked mode from thigombination with an unsurpassed tunability. The power in
spectrum. This was proven by means of an interferogram i€ Selected narrow line was equal to 250 mW during the
which the path difference between the branches was scann8cropulse of the laser.

over 272 mm. From the simulations presented, which were
corroborated by previous experimeft®], it was concluded
that the actual width of the selected spectral line is a fraction This work was supported by the Nederlandse Organisatie
of the laser's cavity mode spacing of 25 MHz, or voor Wetenschappelijk Onderzodletherlands Organiza-
0.00083 cm?. For individual macropulses this fraction can tion for the Advancement of Reseajclt is part of the re-

be very small. However, when the spectrum of the narrowsearch program of the Stichting voor Fundamenteel Onder-
line is averaged over many different macropulses, the bandzoek der MaterigFoundation for Fundamental Research on
width is much larger, due to mode hopping of the phaseMatter).

VI. CONCLUSIONS
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