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Continuously tunable, high-power, single-mode radiation from a short-pulse free-electron laser

H. H. Weits and D. Oepts
FOM Instituut voor Plasmafysica ‘‘Rijnhuizen,’’ P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

~Received 25 August 1998!

This paper gives the first demonstration of high-power, continuously tunable, narrowband radiation that is
produced by means of a free-electron laser~FEL! in the far-infrared region of the electromagnetic spectrum. A
Fox-Smith intracavity e´talon 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 Fabry-Pe´rot étalons was used to filter out a single line from
this spectrum. The power in the selected narrow line at 69mm wavelength 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 unlimited.@S1063-651X~99!04607-3#

PACS number~s!: 41.60.Cr, 42.62.Fi
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I. INTRODUCTION

Until recently, intense narrow-linewidth radiation in th
far-infrared region of the electromagnetic spectrum co
only be produced with molecular gas lasers. The fr
electron laser~FEL! can be a good alternative, if the effort
taken to manipulate and filter its inherently broadband sp
trum. The FEL has the advantage that its wavelength is c
tinuously tunable.

The laser process usually starts with incoherent spont
ous emission. The slippage distanceNl, whereN is the num-
ber of undulator periods, determines the homogeneous b
width of the spontaneous emissionDn5c/Nl. The gain
bandwidth is equal toDn5c/2Nl. The spectrum of a short
pulse FEL atl569 mm is depicted in Fig. 1~a!.

The cavity length in FELs usually measures a numbe
meters, since the space between the two cavity mir
should allow room for a lengthy undulator. The gain ban
width of an FEL thus comprises a large number of cav
modes. In the case of the free-electron laser for infrared
periments~FELIX! @1#, the cavity mirrors are spaced at
meters and the number of undulator periods is equal to
At an optical wavelength of 70 micrometers, this means t
a total of 2300 longitudinal cavity modes are contained in
gain bandwidth. Despite these problems, narrow-line op
tion in several FELs has been attempted@2–4#.

In the case when the FEL uses electron pulses that
substantially longer than the slippage length, gain narrow
and mode competition can lead to a narrow spectrum@2#.
However, a large number of gain passes is needed to ob
a single surviving cavity mode@5#. In general, this is a prob
lem since the electron beams are usually~except for super-
conducting linacs! produced during a macropulse of seve
microseconds that is repeated at a frequency of a few h

In the case of electron pulses with lengths that are co
parable to the slippage length, no gain narrowing is possi
However, by detuning the cavity length over a small amou
the length of the optical micropulses can be increased
PRE 601063-651X/99/60~1!/946~11!/$15.00
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coherence length of roughly 8 mm atl569 mm in the case
of FELIX. This being done, the only option that remains
reduce the number of lines in the laser spectrum is to p
form phase locking@6#. To achieve this, the cavity is filled
with a large number of separate optical micropulses. Thi
done by choosing the electron bunch repetition freque
equal to a multiple of the cavity roundtrip frequency. Pha
locking is achieved by means of an intracavity interferome
that induces a strict phase relationship between the op
micropulses. The optical micropulses now act as if they w
part of a much longer pulse with an effective length of ma
times the separation distance between the micropulses. S
the micropulses are short with respect to their separation
tance, the laser spectrum still consists of a comb of frequ
cies that are spaced by the phase-locking frequency, see
1~b!. It is thewidth of these phase-locked modesDnFS that is
reduced by the phase-locking process, see Fig. 1~c!. The
quality of the induced phase coherence determines the w
DnFS and hence the number of active cavity modes with
this bandwidth. By phase locking, the power per mode in
FEL output spectrum is increased. The number of active c
ity modes is reduced, whereas the FEL output power is
general, unaffected.

In previous papers, the effectivity of the phase-locki
method was studied for different types of intracavity inte
ferometers. This was done both theoretically and numeric
@6–8#, as well as experimentally@9,4#. This paper describes
an experiment in which we select asingle line from the
phase-locked spectrum of FELIX, of which the frequen
can be scanned continuously.

In order to obtain a single narrow line from a FEL
phase-locked spectrum, additional filtering by means of
ternal interferometers is required. This case is depicted
Fig. 2. The narrow lines in Fig. 2~a! correspond to the trans
mission function of an external Fabry-Pe´rot étalon that is
used to filter the output signal of the laser. When we zoom
on one of these lines in Fig. 2~b! , we notice that the resonan
946 ©1999 The American Physical Society
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PRE 60 947CONTINUOUSLY TUNABLE, HIGH-POWER, SINGLE- . . .
peak of the external e´talon is narrow enough to select
single phase-locked mode. Again, the quality of the pha
locking process finally determines the number of cav
modes that can be consecutively or simultaneously ac
within the selected line, as shown in Fig. 1~c!.

In a previous experiment with FELIX, the external sele
tion was done by means of a single external interferom
@3#. The selected frequencies could not be scanned in
experiment due to the fixed distance between the plate
the external e´talon.

At the Mark-III FEL Szarmeset al. achieved external se
lection of a narrow line atl53 mm in a similar type of
experiment@4#. They gave an experimental demonstrati
that the resonant frequency of such a selected line coul
changed. The external selection, however, was still made
means of an e´talon of fixed thickness. In the experiment th
is described here, we guided the phase-locked signal of
LIX through two Fabry-Perot e´talons in series. The finesse o
each of the e´talons was equal to 23. The free-spectral ran
of the étalons were chosen in the proportion of1:7. The
effective finesse of this system was equal to 161. Thus,
suppression of undesired frequencies was improved. The´ta-
lons were designed such that the distance between the p
could be varied. Therefore, we could vary the frequenc
that are resonantly transmitted by the external e´talons. In
order to obtain truely continously tunable narrowband rad
tion, it is required to tune the resonant frequencies of

FIG. 1. The spectrum of the phase-locked short-pulse fr
electron laser FELIX at three resolutions. The overall bandwidth
the laserDnL at l569 mm is large, i.e., typically 1%~a!. By
phase locking, the spectrum is reduced to discrete lines at mult
of 1 GHz ~or 0.033 cm21). Each Fox-Smith line is composed o
one or more cavity modes~c!. Each of the cavity modes shown i
~c! belongs to a different hypermode. The quality of the interpu
phase coherence determines the widthDnFS of the Fox-Smith mode
~c!.
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FEL’s intracavity étalon as well. The effects and feasibilit
of the latter were studied in detail in a previous article@10#.
This paper gives a demonstration of high-power, contin
ously tunable narrow-linewidth radiation that is produc
with a short-pulse free-electron laser.

The outline of the remainder of this paper is as follows:
Sec. II we describe the experimental setup. Section III d
cusses the intra and extracavity filtering techniques that w
used to produce the tunable narrow-linewidth radiation. W
first discuss how phase coherence is induced between
optical micropulses by means of a Fox-Smith intracavity
terferometer. This is followed by a description of the pro
erties of the external e´talons. In Sec. IV the narrowband se
lection experiment is described. The frequency-scann
experiment is presented in Sec. V. Conclusions are give
the end of this paper.

II. SETUP

The setup of the experiment is displayed in Fig. 3. T
main laser cavity consists of two gold-coated copper mirro
M1 andM2, which are separated by 6 m. The resonant f
quencies of the main cavity are thus separated by 25 M
The upstream mirrorM1 contains a small outcoupling hol
with a diameter of 3 mm. Fourty separate optical micr
pulses with an individual coherence length of 8 mm circul
in the main cavity of the laser. Because the amplification
the radiation occurs with a repetition rate of 1 GHz, t
interpulse distance is equal to 0.3 m.

A Fox-Smith intracavity interferometer is used to indu
interference between the optical fields of the subsequent
tical micropulses. In the intracavity e´talon the radiation
bounces between the upstream mirrorM1 and the concave
mirror M3 via the partially transparent beamsplitterBS1. The

-
f

es

e

FIG. 2. The externally filtered phase-locked spectrum at t
resolutions. The external e´talon selectively transmits a few Fox
Smith lines from the broad laser spectrumDnL ~a!. The frequency
difference between the transmitted Fox-Smith lines is equa
1.6 cm21. Due to the high resolution of the external etalon, t
Fox-Smith modes adjacent to the peak in~b! @see Fig. 1~b!# at
0.033 cm21 are strongly suppressed. The selected Fox-Smith
in ~b! is again composed of one or more cavity modes, depend
on the quality of the interpulse phase coherence, as was show
Fig. 1~c!.
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948 PRE 60H. H. WEITS AND D. OEPTS
distanceLFS between the Fox-Smith interferometer mirro
M1 and M3 is chosen approximately equal to 0.15 m
Thereby, part of the radiation of each optical micropu
temporally overlaps with that of its successors at the be
splitter BS1. Due to interference, the phases of the opti
micropulses become locked. The optical phase of the la
signal thereby becomes periodic over a distance of 2LFS
50.3 m. In the frequency domain this corresponds to a sp
trum with resonant frequencies that are separated by 1 G
This means that the majority of the cavity modes is s
pressed during the gain process. Power that is containe
cavity modes that are not resonant in the Fox-Smith inter
ometer leaves the cavity sideways at the beamsplitterBS1 by
interference. In each set of fourty cavity modes whose re
nant frequencies are found within a range of 1 GHz, onl
few cavity modes can survive because their interfere
losses in the Fox-Smith interferometer are small enough.
selectivity of the Fox-Smith interferometer can be improv
by increasing the reflectivityr 2 of the beamsplitterBS1. This
can only be done within certain limits since the effecti
small-signal gain is reduced whenr 2 is increased. In the cas
of FELIX, we cannot push this too far since the macropu
during which electron pulses are supplied to the laser ha
duration of a few microseconds. We used a 12.7-mm thick
polypropylene foil for the beamsplitterBS1, which has a
power reflection coefficient ofr 250.3 and a power transmis
sion coefficient oft250.7 at an optical wavelength ofl
570 mm. The curvature of the mirrorM3 was chosen such
that the wave fronts at the beamsplitter are matched.

A small fraction of the phase-locked signal leaves
cavity by means of the outcoupling hole. It is direct
through a pair of Fabry-Perot e´talons, placed in series. Th
pair of étalons selectively transmits a single phase-lock
mode from the FELIX output spectrum.

The semitransparent plates of the e´talons consist of cop-
per mesh with a grid period of 16.9mm and a transmitting
area of 44%. The finesse of each of the e´talons is equal to 23
at an optical wavelength of 70mm. The spacings betwee
the plates of the two etalons,d1 andd2, were chosen, respec
tively, equal to the fractions of 1/7 and 1/49 of the length

FIG. 3. A schematic of the FELIX laser cavity with the Fo
Smith intracavity e´talon. The external Michelson interferomet
was used for analysis.
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the Fox-Smith intracavity e´talon LFS . Thusd1521.43 mm
andd253.06 mm.

The spacing of each e´talon can be scanned continuous
over 70 mm. This was made possible by mounting one
the etalon plates on a high-precision translation stage@11#.
Deviations from the ideal parallel guidance in the form
pitch, yaw, and roll are small, the specified angular deviat
being less than 10mrad. Inside the device, the expansion
a piezoelectric crystal is used to induce the desired tran
tion. The translation is measured by means of capacitive s
sors, and controlled in a feedback loop.

The resulting narrow-line optical signal is analyzed by
Michelson interferometer and detected by a liquid-heliu
cooled semiconductor germanium-gallium detector. The p
difference between the branches of the Michelson inter
ometer can be varied between 0 and 2.1 m. Thus, the lo
range coherence of the signal can be studied. The total s
operates in vacuum.

III. INTRA- AND EXTRACAVITY FILTERING

A. Phase locking

1. Theory

The theory of phase locking by means of an intracav
Fox-Smith étalon was given in a separate paper@10#. In the
theory section of that paper we used the theoretical appro
that Szarmes and Madey used for the case of a Miche
intracavity interferometer@7#. The most important conclu
sion in that work was that the system of coupled cavit
~i.e., the main laser cavity withLc56.0 m and that of the
intracavity étalon with LFS5Lc /M50.15 m, with M540)
hasM different eigenmodes, the so-called hypermodes. E
hypermodem consists of a specific comb of frequenci
f (m) in the spectrum of the laser:

f ~m!5(
n

d~n2nD f FS1mD f c!

with mP$0,1, . . . ,M21%, ~1!

with D f c525 MHz, the cavity mode separation, andD f FS
51 GHz, the intracavity-e´talon mode separation. The Fox
Smith intracavity e´talon introduces losses that are differe
for each hypermode. The different hypermodes thus h
different net gain factors, whereas the gross gain of the
permodes is equal. The theory predicts that the hyperm
with the smallest interference loss gradually becomes do
nant in the laser spectrum during the macropulse. At sat
tion, the laser spectrum only contains the frequency comb
this hypermode. The frequency combs of the other hyp
modes are suppressed. This is the principle of phase lock
By tuning the spacing of the Fox-Smith intracavity e´talon
LFS , another resonant hypermode can be selected to bec
dominant at saturation.

In practice, however, the phase-locking process is in
enced by the~partially! coherent spontaneous emission th
is emitted by the electron bunches when they pass thro
the undulator@10#. The spontaneous emission, because i
partially coherent, acts as a seeding signal to the laser.
repetition frequency at which the electron bunches are
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PRE 60 949CONTINUOUSLY TUNABLE, HIGH-POWER, SINGLE- . . .
jected is equal to 1 GHz. Due to the specific shape of
electron bunches and due to the stability of the FELIX
accelerator, the spontaneous emission already exhibits a
siderable degree of coherence between successive p
@12#. Therefore, the spontaneous emission signal seeds
laser at the start of the macropulse with radiation that
peaks in the frequency domain at multiples of 1 GHz@13#.
Due to a small, but non-negligible noise in the optical pha
of the spontaneous emission pulses, the average width o
spontaneous peaks extends over a fewD f c , or cavity mode
spacings. Moreover, due to this noise, the center and w
of the spontaneous peaks in the frequency domain may
from macropulse to macropulse, but also during a mac
pulse.

These variations in the seeding signal lead to the phen
enon of mode hopping, as was demonstrated in Ref.@10#: In
different macropulses, different hypermodes become do
nant, despite the fact that the interference losses in the F
Smith étalon have a minimum for one particular hypermo
only. Due to the different interference losses, however, e
hypermode has its own specific saturated power. For m
settings in our experiment, the hopping is limited to tw
hypermodes. The laser then operates interleaved at two
ferent combs of resonant frequencies, the combs being s
rated by the cavity mode spacingD f c525 MHz @10#.

Another consequence of the partial coherence of the s
ing signal is that in occasional macropulses a superpos
of two ~or more! hypermodes develops. In these cases,
Fox-Smith has difficulty in rejecting one of the two hype
modes. The macropulse duration of 7 microseconds is t
too short to obtain a single hypermode. The resulting la
spectrum of such a macropulse contains both freque
combs.

Note that the frequency combs specified in Eq.~1! are
only exact when the laser and Fox-Smith cavity lengths
equal to their synchronous lengths of 6.0 m and 0.15
When the lengths of these cavities are detuned by not m
than a few optical wavelengths, Eq.~1! gives a reasonable
approximation of the resonant frequencies of the coup
cavity system. Strictly speaking, such a system of detu
cavities has no eigenmodes. The effect of mode pulling
occurs in this case was described in Ref.@10#.

2. Simulations

A simple numerical model was used to simulate the sp
trum and power of the FELIX laser during the macropul
Details of this model are given in a separate paper@10#. The
values of the input parameters that were used here are e
to those described in that paper. This simulation of
phase-locking process in a FEL takes into account the ef
of partially coherent spontaneous emission. The latter
included in the model in a realistic manner: an experimen
study of the characteristics of the coherent spontaneous e
sion in FELIX provided the necessary information to mod
this phenomenon@13#.

In Fig. 4 we show a part of the average spectrum of a
of 48 simulated macropulses on a logarithmic scale for t
different situations. Figure 4~a! gives the case of spontaneo
phase locking~i.e., r 250, or without using the Fox-Smith!,
whereas Fig. 4~b! gives that of induced phase locking (r 2

50.3). Both spectra were obtained by taking the Fou
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transform over the last 2 microseconds of the macropul
i.e., in the saturated signal of the laser. The laser cavity
detuned by 2dLc522.0l.

The spectrum in Fig. 4~a! is that of the laser without the
intracavity étalon. It shows the cavity modes at regular inte
vals of 25 MHz, of which each is part of a different hype
mode. On average, the cavity modes around multiples o
GHz are dominant in this spectrum. This is due to the f
that the spontaneous emission contains strong freque
components around multiples of 1 GHz, as was describe
Sec. III A 1. Thus, without applying the intracavity interfe
ometer toinducephase locking, the saturated signal of t
laser is already phase lockedspontaneously, with fixeddomi-
nant frequencies at multiples of 1 GHz.

By means of the Fox-Smith intracavity e´talon we can se-
lect other hypermodes to become dominant. Also, the s
pression of unwanted hypermodes is improved. The sp
trum in Fig. 4~b! gives an example. We chose the detuning
the Fox-Smith intracavity e´talon to be 2dLFS520.4l,
which locates the resonant frequencies of the intracavity´ta-
lon at 400 MHz1n31 GHz. Thereby, we selected anoth
hypermode to become dominant than the hypermodes
were preferred by the spontaneous emission in Fig. 4~a!. The
saturated laser spectrum in Fig. 4~b!, which was averaged
over 48 aselect macropulses, now has its dominant frequ
cies at 400 MHz1n31 GHz. The relatively small contri-
bution of the partially coherent spontaneous emission is
found at the frequencies ofn31 GHz. The resonant peak
that are present at regular intervals of 25 MHz from the m
frequency of 400 MHz in Fig. 4~b! represent cavity mode
that belong to the other, suppressed, hypermodes. The
power in the hypermodes at 375 MHz1n31 GHz and
425 MHz1n31 GHz is attenuated to fractions of, respe
tively, 7% and 11% of the peak power in the dominant h
permode. By changing the lengthLFS of the Fox-Smith int-
racavity interferometer, other hypermodes can be selecte
become dominant.

FIG. 4. The simulated average spectrum for a set of 48 ma
pulses. Two values for the power reflection coefficientr 2 of the
Fox-Smith beamsplitter were used:r 250, or spontaneous phase
locking ~a!, and r 250.3, or induced phase-locking~b!. The domi-
nant resonant frequencies in~a! are found around multiples o
1 GHz, being the resonant frequencies of the spontaneously ph
locked emission. By means of induced phase locking in~b! the
resonant frequencies were shifted ton31 GHz1400 MHz.
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FIG. 5. ~a!, ~b!, and ~c! show spectra of different individual simulated macropulses. The evolution of the laser power during
macropulses is given in~f!–~h!. The signal of~f! was replotted with a dashed line in~g! and~h!. ~d! shows the average spectrum of 48 asel
macropulses, whereas~e! gives the improved spectrum, with respect to spectral purity, of a selection of 19 macropulses. The power
of the 48 and 19 macropulses that were, respectively, involved in the averages are plotted in~i! and ~j!.
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Note that the spectral lines in Fig. 4~b! corresponding to
the hypermodes at 375 MHz1n31 GHz and 425 MHz
1n31 GHz have a width that is substantially larger th
that of the dominant hypermode. In general, we notice t
the width of the resonant lines in Fig. 4~b! is much larger
than that in Fig. 4~a!. Both effects are not fully understood
Although it is to be expected that the increased interfere
losses that the Fox-Smith induces to certain hypermo
leads to reduced coherence lengths for these modes, it i
clear why the hypermodes at 375 MHz1n31 GHz and
425 MHz1n31 GHz seem to have larger widths tha
various other resonant lines in Fig. 4~b!.

The spectrum in Fig. 4~b! was averaged over the ind
vidual spectra of 48 macropulses. The quality of this aver
spectrum was influenced in a negative way by two effe
These effects are caused by the influence of the part
coherent spontaneous emission, as was described in
III A 1.

The first effect is mode hopping: Some macropulses
erate in one hypermode, others operate in a different o
The mode hopping is, in general, limited to two to thr
hypermodes in the case of our experiment. The second e
is that some macropulses start to operate in a certain su
position of two~or more! hypermodes. The duration of th
macropulse is in some of these cases too short to allow
Fox-Smith etalon to suppress one of these hypermode
order to achieve single hypermode operation.

Both of the effects mentioned that deteriorate the qua
of the average spectrum lead to observable differences in
t
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evolution of the laser output power during the macropul
These differences can be used to make a selection of ma
pulses of which the average spectrum has a better qua
Single hypermode operation can be recognized by a s
increase in the output power at the start of the macropu
while the ~saturated! power has a constant level during th
last microseconds of the macropulse. Macropulses that o
ate in different hypermodes can be distinguished mainly
the fact that their saturated output powers are different. T
macropulses that operate in a superposition of hypermo
can be recognized by their impeded gain and by the fact
their power levels at the end of the macropulse still incre
slowly with time. Another characteristic of these macr
pulses, which will not be further discussed in this text, is t
fact that their power signal is modulated with a frequency
25 MHz.

The differences are clearly observed in the simula
macropulses that are shown in Fig. 5. Figs. 5~a!–5~c! show
spectra of individual macropulses from a set of 48 simula
macropulses. Figures 5~f!–5~h! show the corresponding lase
powers during these macropulses. Figure 5~d! gives the av-
erage spectrum of the set of 48 macropulses~cf. a part of Fig.
4!. In Fig. 5~i! the corresponding 48 macropulse signals
plotted together. Note that the sidebands in the average s
trum of Fig. 5~d! are much larger than the sidebands in t
spectrum of a single macropulse like that of Fig. 5~a!. In Fig.
5~a! the power contained in each of the sidebands is sma
than 0.015% of the power in the main peak, whereas in F
5~d! this value is equal to 10%. Figure 5~e! gives an ‘‘im-
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proved’’ average spectrum that belongs to a selection o
macropulses from the set of 48 macropulses. In Fig. 5~j! the
corresponding 19 macropulse signals are shown. These
ropulses were selected according to the criterium that t
power levels att58 ms should be larger than 96% of th
~maximum! power level that was attained in Fig. 5~f!. As is
shown by Fig. 5~e!, the average spectrum of the subset
selected macropulses is indeed very much improved o
that in Fig. 5~d!. Whereas the power contained in the sid
bands at 25 MHz in Fig. 5~d! was equal to 10% of that in th
main hypermode, this value is decreased to 1% in Fig. 5~e!.

Such differences in the power evolution during the m
ropulse and in the saturation level of the laser were a
observed experimentally@10#. Thus, it seems promising t
select macropulses according to the described criterium
high-resolution experiments, in order to reduce the influe
of the frequency and amplitude jitter that are caused by m
hopping. The macropulse output signal of the laser sho
then be monitored by means of a low-noise detector. T
selection could be done by either a ‘‘smart-trigger’’ facili
on the oscilloscope used in the measurement, or by suit
software after the data-acquisition. This method, howev
was not used in the experiments that were described in
paper.

B. External selection

By means of filtering the phase-locked output signal
the laser, we aim to select a single frequency from the
quency comb of the induced hypermode. This can
achieved by using a Fabry-Pe´rot ~FP! étalon as an externa
filter @14#.

The reflective plates of a FP e´talon for operation in the
far-infrared region of the electromagnetic spectrum are u
ally made of metal mesh@15#. Commercially available elec
troformed mesh is suitable for wavelengths in the~sub!mm
range. For far-infrared radiation around wavelengths
70 mm, this mesh is not ideally suited. However, an alt
native material that can be applied for a broad range
wavelengths aroundl570 mm is not available. The finesse
or resolving power, of Fabry-Pe´rot étalons with mesh plates
is, therefore, limited at these wavelengths. We achieve
finesse of 23 atl570 mm using copper mesh. This mes
had 1500 lines per inch, which gives a grid period
16.9 mm, while the ratio between the transmitting and t
reflective area was equal to 44%@16#.

Since this finesse is too small to filter a single-frequen
component from the phase-locked FELIX spectrum, we u
two FP étalons in series. The spacings between the plate
the two etalons,d1 andd2, were chosen respectively equal
the fractions of 1/7 and 1/49 of the length of the Fox-Sm
intracavity etalonLFS , i.e., d1521.43 mm andd253.06
mm. The transmission functions of the e´talons are given,
respectively, in Figs. 6~a! and 6~b!. Since the ratiod1 /d2 is
equal to a natural number larger than one, the transmis
function of the pair of e´talons approximates that of a sing
étalon with a larger finesse. This is depicted in Fig. 6~c!. We
used this configuration in our experiment. The effective
nesse of the pair of e´talons is equal to 161, i.e., 7 times th
finesse of the individual e´talons. Note that the width of the
transmission peaks in Fig. 6~c! is approximately that of the
9
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peaks in Fig. 6~a!. The latter figure represents the transm
sion spectrum of the external e´talon with the largest plate
spacing. Due to our choice of the e´talon plate separationsd1
andd2, the effective free-spectral range of the system of
two étalons is equal to 49c/2LFS , or 49 GHz. The etalon
spacingsd1 and d2 were chosen to be rational fractions
LFS because this allows a good understanding of the res
when the spacingsd1 andd2 are fine tuned in order to pre
pare the experiment. If we had chosen another fraction,d1
56.5d2 for example, the effective free-spectral range wou
have been larger.

IV. NARROW-BAND SELECTION EXPERIMENT

A. Experimental approach

At a central wavelength ofl569 mm we performed a
narrow-band selection experiment. We used the Fox-Sm
intracavity interferometer to obtain a phase-locked sign
The length of the Fox-Smith e´talon was chosen equal to th
synchronous length ofLFS5150 mm. This was achieved b
self-calibration at 1 GHz, i.e., by inducing overlap betwe
the successive micropulses. The remaining uncertainty
LFS5150 mm is discrete and equal to6l/2. The cavity
detuning 2dLc was chosen equal to2345 mm. For this de-
tuning, a relative bandwidth of 0.9% was achieved for t
FELIX output spectrum.

FIG. 6. The transmission spectra of several configurations
external e´talons are given.~a! and~b! show spectra of the individua
étalons with spacingsd1521.43-mm ~a! and d253.06 mm ~b!,
wherer 250.87 gives a finesse of 23. In~c! these two e´talons were
used in series. For comparison,~d! gives the case of a single e´talon
with d53.06 mm,r 250.98, and a finesse of 161.
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952 PRE 60H. H. WEITS AND D. OEPTS
The spacings of the external e´talons were chosen close t
1/7 and 1/49 ofLFS . A direct measurement of the spacin
was not available. However, by optimizing the transmitt
power through each of the e´talons as a function of the spac
ings d1 andd2, the specified spacings could be set to with
a few wavelength’s accuracy. The optimum transmission
curs only when the modes of the e´talon are commensurat
with as many phase-locked modes as is possible for a
cific spacing. In our case, the resonant frequencies of the
étalons are commensurate with, respectively, every 7th
49th phase-locked mode—over the full bandwidth of the
ser output spectrum—sinced1 and d2 are equal to 1/7 and
1/49 timesLFS . Since the FELIX bandwidth is finite, thi
method to select the spacings of the external e´talons gives an
uncertainty in the spacing of a few wavelengths.

We fine tuned the spacing of the etalons by means of t
piezos such that a phase-locked mode in the center of
FELIX spectrum was selected. The transmitted signal of
narrow-band radiation was analyzed by means of the exte
Michelson interferometer.

B. Results

The result of scanning the path difference between
branches of the interferometer from 527 mm to 800 mm
displayed in Fig. 7~a!. With a successful selection of a sing
phase-locked mode, we expect to see maximum interfere
over the full range of path differences in this measureme
Since the length of the long branch of the interferometer w

FIG. 7. The signal of the analyzing interferometer as a funct
of path difference. The long scan in~a! shows interference over th
full length of 272 mm, which means that the external e´talons se-
lected a single phase-locked mode from the phase-locked
spectrum.~b! shows a small piece of~a!, giving the actual data
points recorded for successive macropulses.
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scanned over 272 mm, maximum interference over the
range of this interferogram would imply that the pair of e
ternal etalons succeeded in selecting asingle phase-locked
mode. Note that if more than one phase-locked mode wo
be transmitted by the external etalon, a decreased modula
of the interferometer signal would be observed at cert
path differences along a scan of 150 mm.

However, Fig. 7~a! shows that interference occurs ov
the full range of the interferometer scan. Fig. 7~b! shows a
small piece of this scan, indicating the period of the fring
Each measurement point was taken in a different mac
pulse. Approximately 16 points were measured per path
ference interval of 69mm, the length of this interval being
equal to the optical wavelength. The motorized translation
the scanning mirror in the Michelson interferometer was
strictly uniform, due to irregularities in the guiding rails
Therefore, a pure sine function could not well be fitt
through the data points in Fig. 7~b!, and the precise wave
length of the selected narrow line could not be determine

For a discussion of the spectrum of the selected nar
line, we will need to consider the fringe visibility at variou
path differences in the interferometer scan of Fig. 7~a!. The
fringe visibility is equal to the difference between the ma
mum and the minimum signal, divided by twice the avera
signal in the fringe. If this fringe visibilty is equal to unity
over a certain range of path differencesDLM , then the signal
is 100% coherent over this range and the correspond
spectrum thus consists of a line with a full width at ha
maximum~FWHM! that is smaller than 1/DLM .

There are a few complications in the interpretation of t
interferogram in Fig. 7~a!. First of all, we notice a decreas
in the power level in the maxima for larger path difference
whereas the power level of the minima stays const
throughout the whole interferogram. This bias in the detec
signal represents radiation that neither takes part in the in
ference, nor depends on the power of the signal that is tra
mitted by the e´talons. The latter can be explained by th
presence of straylight that bypassed the etalons in our exp
ment. This bias signal was stable during the full scan in F
7~a! because the output power of FELIX was stable dur
the measurement.

Secondly, we notice a slow decrease in the signal of
maxima in Fig. 7~a!. It should be noted that the measur
ments of Fig. 7~a! took several hours. During this time spa
some drifts in the lengths of the various cavities may
expected to occur. Two scenarios could explain the s
decrease in the signal of the maxima in Fig. 7~a!. In the first
scenario we consider a small drift in the length of the e´talon
with d1521.43 mm. Due to such a drift, the frequency
which maximum transmission occurs in this e´talon would be
slightly shifted away from the~fixed! frequency of the Fox-
Smith mode that is transmitted by the pair of external e´tal-
ons. This shift would be smaller than 0.43 times the FWH
of the étalon peak. It would lead to a reduction in the tran
mitted signal of 25%, as is the case in the figure. The co
sponding drift in the spacingd1 of the étalon would be
smaller than 0.7mm. Note that in this scenario the fre
quency of the selected narrow line would be unaffect
Only the distribution of the power over the~still small! side-
bands at 0.033 cm21 from this line would be slightly altered
due to this drift. A drift in the length of the Fox-Smith int
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PRE 60 953CONTINUOUSLY TUNABLE, HIGH-POWER, SINGLE- . . .
racavity étalon may also have occurred. In that case,
frequency of the narrow line would have been affect
However, we consider the latter scenario to be less lik
because we did not observe such an effect in previous
periments that were performed to study the mode hopp
phenomenon.

In addition to the slow decrease of the power in t
maxima of the interferogram, we also notice the presenc
noise in the detected maxima. Since the noise is m
smaller in the minima, this is interpreted as signal noise.

There are several possible sources of signal noise in
experiment. The first is mode-hopping, see Sec. III A
When a new macropulse is started, the laser signal can
velop in several different hypermodes. This is because
seeding signal of the partially coherent spontaneous emis
that can force the laser to start up in a certain hypermo
varies from macropulse to macropulse. Since each hy
mode has a different power level at which it saturates,
leads to discrete signal ‘‘noise.’’ Also, the combs of reson
frequencies of the different hypermodes are shifted with
spect to each other by discrete steps in frequency of 25 M
Due to the fact that the mode hopping involves discrete h
in the frequency comb of the laser output signal, the f
quency of the narrow line that is selected from this comb
means of the external e´talons also hops over 25 MHz. Th
FWHM linewidth of the external etalon with the finest line
is equal to roughly 11 times 25 MHz. Therefore, this eta
with d1521.43 mm will transmit both frequencies betwe
which the hopping occurs, but with slightly different atten
ation factors. This is a second source of signal noise. N
that the frequency hopping also leads to discrete hops in
phases that are detected for different macropulses at a
path difference in the interferometer. At a path difference
800 mm, a hop over 25 MHz will give rise to a phase d
ference of 0.13p radians. This gives rise to phase noise
the interferometer signal. However, the phase-noise aff
the detected signal in the maxima and the minima equally
third possible source of signal noise is shifts in the me
frequency of the broadband output laser signal. These s
can be caused by jitter in the mean energy of the electr
Since we filter a narrow line from the overall FELIX spe
trum, shifts in the mean frequency of the FELIX spectru
will lead to variations in the power of the transmitted sign
The selected frequency, however, is unaffected.

If we inspect the minima in Fig. 7~a!, we notice a slow
modulation of the fringe depth by roughly 10% with a peri
of 6.0560.07 mm. This feature is ascribed to the presence
a small sideband at a frequency that is 1.6560.02 cm21

smaller or larger than the dominant frequency in the obtai
narrowband signal. It corresponds to a line in the tail of
FELIX spectrum, at a frequency where the external e´talons
are both again resonant. The free-spectral range of the pa
external e´talons is equal to 4930.033 cm21, which means
that sidebands to the dominant frequencync in the transmit-
ted radiation are indeed expected atnc61.63 cm21. Such
sidebands could only be removed by using more exte
étalons or by reducing the width of the FELIX spectrum. T
first solution will lead to a smaller power in the select
narrow-line radiation. The second is difficult to achieve w
the FELIX short-pulse FEL.
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To conclude, we generated a narrow-band signal by fil
ing the output of the phase-locked FEL. We demonstra
experimentally that the width of the selected band w
smaller than 1 GHz. This means that in individual mac
pulses, a single cavity mode of the phase-locked lase
transmitted. Mode hopping in the phase-locked FEL de
mines the effective bandwidth of the signal when a series
macropulses is considered. The selected line then consis
a band of roughly 25-MHz width, in which the frequenc
hops between the extremes of the band.

C. Power

The average power of the phase-locked signal atl
569 mm, i.e., without the external Fabry-Pe´rot étalons, was
measured in air on the optical table. It was equal to 2 m
This power was produced by macropulses with an effec
duration of 3.6 ms that were repeated at a frequency of
Hz. The corresponding power during the macropulse w
thus equal to 111 W.

We have to take two factors into account if we want
deduce the power of the narrow linewidth radiation from th
value. Firstly, we need to know the transmission factor
which each e´talon passes a resonant input signal. This va
was equal to 1/4 of the input power for each of the e´talons.
Secondly, we need to know the fraction of the input sp
trum that is resonantly reflected by the pair of e´talons. Since
only one phase-locked mode at the center of the FEL
spectrum was selected to be transmitted, the pair of eta
reflected roughly 27/28 of the total power that was contain
in the phase-locked spectrum. We thus have to multiply 1
W by 1/16 and by 1/28 to obtain 250 mW for the power th
is contained in the selected narrow line during each mac
pulse.

This value is somewhat larger than the 100 mW that c
be obtained by means of a standard far-infrared~FIR! laser.
We use the FIR laser as a comparison since it is the com
alternative for high-power coherent radiation in the wav
length range that is covered by the narrow-band setup
FELIX.

V. FREQUENCY-SCANNING EXPERIMENT

In an experiment by Szarmeset al. it was demonstrated
that the output of a phase-locked FEL can be applied
high-resolution spectroscopic experiments because its r
nant lines can be tuned in frequency@4#. They selected a
single line from the phase-locked spectrum by means of
external grating monochromator and an external solid e´talon.
However, in that type of experiment the selected line c
only be scanned over a limited frequency range if one
quires the spectral purity of the signal to be constant dur
the scan.

In this section we describe the experiment in which co
tinuously tunable, truely narrow-linewidth radiation was cr
ated with a phase-locked FEL in the far-infrared region
the electromagnetic spectrum. By means of the method
was described in Sec. IV we selected a narrow line. T
frequency of this line was subsequently scanned. This
achieved by step scanning both the resonant frequencie
the Fox-Smith intracavity interferometer and the reson
frequency of the pair of external e´talons.
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954 PRE 60H. H. WEITS AND D. OEPTS
A. Experimental approach

For each of 15 steps with an average stepsize of 72 M
in the frequency of the narrow-band radiation, we measu
an interferogram around a path difference of 300 mm in
analyzing interferometer. The results are shown in Fig.
From Figs. 8~a! to 8~p! the selected narrow-band radiatio
was scanned over a total range of 1.09 GHz. The interfer
eter signals were detected at a fixed instant during the m
ropulse, i.e., at saturation of the laser. Each data point in
figures consists of an average over 20 macropulses. Du
this average, the effect of mode hopping is not visible in
interferograms, although mode hopping occurred for e
setting of the Fox-Smith interferometer in the experime
Note also that the length of the laser main cavity was k
constant during the frequency-tuning experiments. Thus,
resonant frequencies of the laser cavity modes were
fixed, being separated by discrete intervals of 25 MHz.
stepping the length of the Fox-Smith interferometer, we th
subsequently selected different cavity modes to become r
nant in the laser.

The frequencies of the phase-locked modes were sca
by reducing the distance between the mirrorsM3 and M1.
The value ofLFS at which the frequency scan was start
was equal to 150.02 mm, modulol/2. The mirrorM3 was
translated into the direction of the beamsplitterBS1 in 15
steps of 2.5mm each. Thereby, the spacing of the Fo

FIG. 8. Frequency scan of the narrowband radiation over 1
GHz in 15 steps with an average stepsize of 72 MHz.~a!–~p! show
the interferograms that were measured for each step in freque
Each data point consists of an average over the saturated sign
20 macropulses.
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Smith intracavity e´talon LFS was reduced by 37.5mm. At
an optical wavelength ofl569 mm the spacing was thu
reduced by slightly more thanl/2. By changingLFS by
2l/2 the frequencies of the phase-locked modes are sca
over a frequency range of 1 GHz, which is the free spec
range of the Fox-Smith intracavity e´talon. Since we are able
to scan the frequencies of the phase-locked modes over
range, we can generate any frequency—within the inhe
bandwidth of the FEL—that is requested. Tuning of the f
quencies of the phase-locked modes over a range larger
1 GHz is in principle not necessary, although it is possib
according to the 1.09-GHz scan that was achieved in
experiment.

While the resonant frequencies of the laser are scan
over 1.09 GHz in steps of on average 72 MHz, the reson
frequency of the pair of external e´talons should be scanne
over the same frequency range with similar steps. This
achieved by scanning the spacingd1 of the 21.43-mm e´talon.
Ideally, d1 would be reduced by 5.36mm in 15 steps of
0.357 mm. For instrumental reasons, however,d1 was
scanned over 6mm in 15 steps of 0.4mm. Thus the steps
that were actually made were 13% too large. However,
did not affect the scanning of the frequency, since the ex
frequency of the phase-locked mode that was transmitted
the external e´talons was determined by the spacingLFS of
the intracavity Fox-Smith e´talon. The FWHM of the finest
étalon line was equal to 0.3 GHz. Therefore, despite the e
of 0.13 GHz~after 15 steps! in the resonant frequency of thi
étalon with respect to the frequency of the transmitted pha
locked mode, the phase-locked mode is still transmitt
Only the power in the transmitted line is reduced by roug
43%. This explains the difference between the signal lev
in Figs. 8~a! and 8~o!.

It was not necessary to scan the spacingd2 of the second
external e´talon during the experiment. The free spect
range of this e´talon was equal to 49 GHz. With a finesse
23 this gives a FWHM of 2.13 GHz for the resonant lines
this étalon. The fine adjustment of the spacing of this e´talon
was chosen such that in the middle of the frequency sc
i.e., in Fig. 8~i!, the frequency of the selected phase-lock
mode was exactly commensurate with one of the reson
frequencies of this e´talon. In Figs. 8~a! and 8~p! the fre-
quency of the transmitted phase-locked mode was scan
by, respectively,20.5 GHz and10.5 GHz away from the
resonant frequency of the second external e´talon. These fre-
quency differences fall well within the half width at ha
maximum of 1.06 GHz of the resonant lines of the seco
étalon. Therefore, again, the frequency scan of the narr
band radiation itself is not affected by the choice to keepd2
fixed during the scanning experiment. The only effect is t
the selected phase-locked mode, of which the frequenc
scanned, is transmitted by the second e´talon with a small
reduction in the power. This reduction attains a maximum
20% in the cases of Figs. 8~a! and 8~p!.

B. Results

If we compare Figs. 8~a! to 8~p!, we observe that the
optical phase of the detected signal—at a fixed path dif
ence in the interferometer—shifts gradually over 1.1 tim
2p, as is expected for a frequency scan of 1.1 GHz. T
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means that the number of fringes that would be detecte
an interferometer scan over a path difference of 300 mm
increased by 1.1 fringe, due to the frequency scan. The la
corresponds to a relative change in the wavelength of
narrow line of 21.1369 mm divided by 300 mm, or
20.0253%. Sincel569 mm corresponds to a frequency o
4.35 THz, the corresponding frequency shift is equal to
GHz, as was the purpose of our experiment.

Note that the detected power in Fig. 8~g! is sharply re-
duced compared with the power detected in Figs. 8~f! and
8~h!. For this specific spacing of the Fox-Smith intracav
étalon, the output power of the laser is sharply reduced. T
effect was explained in detail in Ref.@10#. The reduced
power is a consequence of the fact that the laser in this
chooses to operate in a hypermode that has larger inte
ence losses in the Fox-Smith e´talon. The reason why the
laser starts to operate precisely in this hypermode, and n
the hypermode that has the smallest losses for this Fox-S
spacing, is found in the disturbing influence of the seed
coherent spontaneous emission signal. Just in this case
dominant frequencies of the coherent spontaneous emis
are almost equal to the frequencies that are resonantly
hanced by the Fox-Smith intracavity etalon. The latter
plains why the disturbing influence of the spontaneous em
sion signal can have such an impact for precisely this sett
If we measure the frequency with a resolution of 25 MH
we will notice that the frequency scan is not smooth arou
this specific setting of the Fox-Smith spacing due to the a
ward choice of the laser to operate in a hypermode w
larger losses. This can be circumvented by choosin
slightly different repetition frequency of the electro
bunches, by changing the frequency settings of the elec
accelerator. However, the maximum amount by which
electron bunch repetition frequency can be easily adjuste
equal to 400 kHz, which might be too small for this go
Another option is to reduce the amount of coherently
hanced spontaneous emission by manipulating the elec
bunch shape@12,13#. However, this method would increas
the time interval between the start of the macropulse and
instant at which saturation occurs.

C. Discussion

In the preceding text a proof-of-principle was given of t
frequency scanning method. The setup is very flexible. It
also provide tunable, narrowband radiation over vario
other ranges of frequencies. Despite this, it cannot be
vented that the effective spectrum of the selected line wil
all cases consist of two~or three! discrete lines that are sepa
rated by 25 MHz, due to mode hopping of the phase-loc
FEL.

First of all, continuous scanning over a larger frequen
range than 1.1 GHz is possible with the described se
Continuous scanning over 7 GHz can be easily achieve
involves fine scanning of the spacingd1 of the first external
étalon overl/2, covering the full free-spectral range of
GHz of this étalon. Since the frequency is now scanned o
a larger range, the spacingd2 of the second e´talon should
now be scanned along. Considering that the free-spe
range of the second e´talon is equal to 737 GHz, it will be
clear thatd2 needs to be scanned over 1/73l/2. Of course,
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the frequency of the phase-locked mode that is transmi
by the external e´talons also needs to be scanned. The F
Smith intracavity e´talon has a free-spectral range of 1 GH
This means that its comb of resonant frequencies is perio
with 1 GHz. Although a frequency scan over 7 GHz cou
be performed by detuningLFS over 7 timesl/2, such a de-
tuning is on the edge of what is feasible with the FEL
short-pulse free-electron laser. A better option is to detu
LFS of the Fox-Smith etalon from 0 tol/2 ~creating a scan
of 1 GHz!, and then jump back to zero detuning and star
new scan of 1 GHz by detuning overl/2. This is to be
repeated seven times. On every occasion when a new
scan of 1 GHz is started, the pair of external e´talons starts to
transmit a phase-locked mode that is adjacent to the ph
locked mode that was transmitted in the previous subsc
The resonant frequency of the pair of e´talons then follows
the frequency of this phase-locked mode during its scan o
1 GHz. The combination of the seven consecutive scans
ates a frequency scan over 7 GHz.

The frequency of the narrow line can be scanned over
even wider range by fine tuning the spacingd2 of the second
étalon overl/2. Thus, the full free-spectral range of 49 GH
of this étalon is exploited to scan the frequency. The spac
d1 of the first external e´talon should be detuned from 0 t
l/2 ~covering 7 GHz!, which is to be repeated 7 times. Co
respondingly, the spacingLFS of the Fox-Smith intracavity
étalon should be detuned from 0 tol/2 ~covering 1 GHz!,
which is to be repeated 49 times. Since the linewidth of
FELIX output in the case of our narrowband experiments
l569 mm is equal to 66 GHz, it would be necessary
adjust the central frequency of the FEL a few times dur
the 49-GHz scan by changing the strength of the magn
field in the undulator.

Scanning the frequency by finer steps is also an opt
The smallest step that can be taken to changeLFS is equal to
1.25 mm, which corresponds to a step in frequency of
MHz at l569 mm. This stepsize is still equal to 1.5 time
the cavity mode spacing of 25 MHz. Even finer tuning
LFS , i.e., to achieve stepping from one cavity mode to t
next, can be achieved by means of a piezoelectric cry
attached to mirrorM3. For reliable and flexible tuning on
this scale, however, the present piezo should be replace
an expansion controlled piezo device with closed-loop c
trol like the ones that are used in the external e´talons. It is
even possible to tune the frequency on a sub-25 MHz sc
This requires fine tuning of the length of the laser cavity.
this frequency scale, however, one has to realize that
effect of mode hopping causes the selected frequency to
over discrete intervals of 25 MHz for different macropulse
see Ref.@10#. The mode-hopping phenomenon can not
prevented since it originates from the partially cohere
spontaneous emission signal that is emitted by the elec
bunches when they pass through the undulator. The spo
neous emission functions as a seeding signal to the l
because it is partially coherent. The mode-hopping phen
enon may limit the applicability of fine tuning on a sub-2
MHz scale in certain experiments. Nevertheless, fine tun
on this scale can be achieved. Moreover, it was shown
Sec. III A 2 that, by monitoring the power level in the outp
signal of the laser during the macropulse, a selection can
made of macropulses that operate in a single hypermode
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using only the latter macropulses, the mode-hopping pr
lem could be avoided. This would require the use of a sm
trigger, which should act on the signal of the laser out
power during the macropulse. The latter signal should
measured upstream of the external filtering e´talons, with a
low-noise detector.

VI. CONCLUSIONS

This paper described an experiment in which high-pow
coherent, continuously tunable, narrowband radiation w
produced in the far-infrared part of the electromagnetic sp
trum. As a source we used the FELIX short-pulse fre
electron laser at a wavelength of 69mm ~i.e., 145 cm21).
A total of 40 micropulses were circulating in the laser cavi
Phase locking was induced between these micropulse
means of a Fox-Smith intracavity interferometer. The sp
trum of the phase-locked FEL consists of discrete frequ
cies that are separated by 1 GHz~or 0.033 cm21), the so-
called phase-locked modes. By means of a pair of exte
étalons, we selected a single phase-locked mode from
spectrum. This was proven by means of an interferogram
which the path difference between the branches was sca
over 272 mm. From the simulations presented, which w
corroborated by previous experiments@10#, it was concluded
that the actual width of the selected spectral line is a frac
of the laser’s cavity mode spacing of 25 MHz,
0.00083 cm21. For individual macropulses this fraction ca
be very small. However, when the spectrum of the narr
line is averaged over many different macropulses, the ba
width is much larger, due to mode hopping of the pha
ed
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locked FEL. The effective bandwidth is then equal to
MHz, while the frequency of the laser hops over a discr
interval of 25 MHz between the two extrema of this ban
The mode hopping originates from small changes in
properties of the partially coherent spontaneous emiss
which acts as a seeding signal for each new macropuls
the laser. The average spectrum can be improved by neg
ing macropulses that display a reduced saturated ou
power.

The frequency of the narrowband radiation was scan
over 1 GHz by scanning the spacings of the intracavity
terferometer and of one of the extracavity e´talons. The ex-
perimental setup also allows scanning over smaller
larger ranges. Frequency scanning over an interval of
MHz is feasible if the cavity length is also scanned. Ho
ever, on this frequency scale one has to take the discrete
in the transmitted frequencies that is caused by mode h
ping for granted. Despite the latter, the described experim
demonstrates that a free-electron laser can provide cohe
radiation with a small spectral width and a high power
combination with an unsurpassed tunability. The power
the selected narrow line was equal to 250 mW during
macropulse of the laser.
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