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We have performed the harmonic analysis of the steady-state coherent pulse-stacking process in a high-Q Fabry-Perot
cavity. The expression for the stacked pulse shape is obtained as a function of both the laser cavity and pulse-stacking
cavity parameters. We have also estimated the pulse power gains attainable in the laser-optical system of NESTOR
storage ring, which is under development at Kharkov Institute of Physics and Technology. It is shown that high
power gains (~104) can be, in principle, achieved in a cavity, formed with low-absorption, high reflectivity (R ~
0.9999) mirrors, if the laser cavity length will differ exactly by half wavelength from the pulse-stacking cavity length.
It implies development of the sophisticated frequency stabilization loop for maintaining the cavity length constant
within a sub-nanometer range. At the same time, power gains of ~10% can be obtained with medium reflectivity

mirrors (R ~ 0.999) at considerably lower cost.

PACS: 29.20.Dh; 42.60By; 42.60 Da

1. INTRODUCTION

Over the last decade a number of projects has
appeared where Compton scattering (CS) has been
considered as a tool for production of the intensive
X-ray beams in low-energy (Ey=10 — 200 MeV) com-
pact electron storage rings [1, 2]. There are also the
most challenging schemes of using CS in linear super-
colliders [3, 4].

The common feature of all these facilities is the
problem of obtaining the intensive laser pulses with
pulse width of ~10 ps and pulse energy of ~10 mJ
(for ~y~y-colliders these values are ~1 ps and ~1 J,
respectively) that follow at a repetition rate of 100
— 500 MHz. Henceforth, we will refer to them as
quasi-CW (quasi-continuous wave) laser beams. The
feasible solution is coherent stacking of laser pulses
with required time characteristics in a high-Q optical
cavity system. The simplest scheme is an open cavity
(Fabri-Perot cavity) formed with two high-reflectivity
mirrors [5, 6].

Today the stacking of (CW) laser beams in a
Fabry-Perot cavity is a well-established technique,
while its implementation for quasi-CW laser beams is
encountered with difficulties. The essential require-
ment to the resonance optical system, intended for
stacking of short laser pulses, is coherence of pulse-
summing process that ensures accumulation of en-
ergy in the laser pulse without deterioration of its
temporal characteristics. To meet this requirement,
the axial-mode spectrum of the pulse-stacking cavity
(PSC) has to match the harmonic spectrum of quasi-
CW laser beam, the latter being coincident with the

mode spectrum of the laser cavity with active ele-
ment.

Feasibility of coherent pulse stacking in a high-
Q open cavity was demonstrated by R.J. Loewen
at SLAC [5]. Tteratively adjusting the cavity length
eventually enabled the laser to lock in 2 — 3 ms inter-
vals to the peak axial mode in a 6.7 kHz bandwidth
cavity (mirrors reflectivity R = 0.9998). The accumu-
lation factor was estimated to be =~ 4500. It should be
noted that the natural, manufacturer-specified, laser
pulse width of 7 ps was stretched up to 25—30 ps in
order to eliminate the effect of dispersion mismatch
between the laser cavity and PSC.

In this paper we present the results of sequential
harmonic analysis of the steady-state pulse-stacking
process in a high-Q Fabry-Perot cavity together with
some estimations for NESTOR storage ring, which is
under development at KIPT [2]. Absorption in cav-
ity mirrors is not taken into account, because it does
not affect the time characteristics of the stored pulse
while essentially complicates the derived expressions.
Detailed description is given elsewhere [7].

2. GENERAL DESCRIPTION

A match between the laser and the PSC means
that not only cavity lengths have to be matched, but
also their frequency spectra (combs) have to be iden-
tical. The main causes that hamper the matching are
dispersion in optical elements and the essential differ-
ence in reflector parameters that form these cavities.
The laser cavity reflectors have a large curvature ra-
dius in order to form a wide beam thus ensuring effec-
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tive interaction with the lasing medium. Reflectivity
of the mirror, through which the laser beam is ex-
tracted, has to be low (R ~ 0.9) in order to attain a
reasonable efficiency of the laser system and to pro-
vide the required output power.

The mirrors of the PSC have to meet practi-
cally contrary requirements. They should be high-
reflectivity mirrors (R = 0.999 — 0.9999), and the
radius of curvature p. should be rather small (p. ~
L./2, where L, is cavity length) in order to focus the
laser beam to the required spot size in the interaction
point.

The axial mode spectrum f, of the symmetric
cavity, formed with two mirrors with complex reflec-
tivity 7. = 7. - exp(—ip?), is given by [8]:
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where ¢ = 2 L. /) is the longitudinal index of the ax-
ial cavity mode TEM pgq; A is the laser wavelength;
frsr = ¢/(2L.) is the free spectral range and c is
the speed of light.

For the real parameters of the laser and pulse-
stacking cavities their frequency combs are shifted
one against the other.
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Fig. 1. Schematic spectra (frequency combs) of the
laser cavity modes and PSC modes: a) L = L, no
mode locking; b) after adjusting PSC' length

(L; # L) for mode locking (f. = fg)

This effect is illustrated in Fig.l,a where the
spectra of two cavities, namely, laser cavity
(Ll7 P, (,054, n = 2LZ/A) and PSC (L67 Pec, (105‘7 Q) are
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sketched. Here the laser cavity with active element
is presented with some equivalent two-mirror cav-
ity. The cavity lengths are matched, ie. L; =
L.. To drive the PSC at the laser carrier frequency
wo = 2w fo = 2mwe/ A, which corresponds to the cavity
mode with longitudinal index n, one has to lock this
frequency to the frequency of the PSC mode with
longitudinal index ¢ or to the frequency of any of
PSC modes that lay in close proximity to this one. It
can be done either by changing the carrier frequency
via a proper adjustment of the laser cavity length
or by changing the PSC length. In both these cases
the free spectral ranges for two cavities become un-
equal (fhgp # fésgr), so the mode frequencies in
two cavities get different shifts against the matched
mode frequency f! = J5- Fig.1,b illustrates this ef-
fect. So, the quasi-CW laser beam sidebands will
drive the PSC at frequencies that correspond to the
wings of its resonance curves instead of their peaks.
It can lead to pulse lengthening that finally results in
lower accumulation factors achieved.

3. HARMONIC ANALYSIS OF THE
PULSE-STACKING CAVITY

The infinite periodical sequence of electromag-
netic pulses of arbitrary shape propagating in z-
direction with group velocity v and repetition rate
frep can be presented in the time domain with the
infinite sum of pulses:

S(t, 2) :i 73(7)5[7— (t+ fip —Z_UZO)] dr.

n=—oo

Each of them presented with the function s(r) =
f(T)cos(wor + 0g) , where wy and §, are carrier fre-

quency and carrier initial phase, respectively. The
pulse structure is displayed in Fig. 2.
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Fig. 2. The laser pulse structure and the PSC
parameters

Let then assume that this sequence of pulses is in-
cident on the symmetrical two-mirror PSC with com-
plex mirror reflectivity 7 and complex transmission
factor £ . Note that R=72 , T ={>and R+ T = 1.

The incident laser beam has to be presented in
the frequency domain at some fixed point along z-
axis. In our case it is the point z = —L./2 where the
left mirror of the PSC is located:
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where wrep = 2 m/Tyep, and Fourier coefficients
C,, for Gaussian pulses are given by:

2
Crn = 1 /g . sz exp [ <m7rTZp) /21 dr, (4)
where 7, is the pulse duration. The beam stored in

the PSC can be presented at M; location with the
following infinite Fourier series [8] :

B(t,—L./2) = Z Con T cos [(wo + Mwyep) t+
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where T and W} are, respectively, the modulus and
the phase of the transfer function 7)) = TF exp(i¥;})
. They can be obtained from the following relations:
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where:gof; is the phase of the transmission factor f,
kD, = te/ (1 —r2) is the amplitude gain in the PSC
for the first harmonic of the laser beam and AL/L; =
(L; — L.)/L; can be obtained with:
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where indices ¢ and [ refer to the pulse-stacking and
laser cavities, respectively. By substituting Egs. (6),
(7), and (8) in Eq. (5) one can obtain the final solu-
tion for the stored pulse at z = —L./2.

4. RESULTS AND DISCUSSION

At the first stage we have performed calculations
by using the derived formulae for parameters which
are relevant to NESTOR facility [2] (A = 1064 um,
Eigser = 10W, 7, = 7 ps) The influence of the fol-
lowing parameters was studied:

— PSC length,
— radius of curvature of laser mirrors,
— reflectivity of the PSC mirrors.

Two possible PSC configurations were considered:
0.42 m (short) cavity and 2.52 m (long) cavity. The
first one corresponds to facility operation with 18
electron bunches and a high laser pulse repetition
rate frep = 350 MHz. The radius of curvature of

(wo + MWyep)t + o))
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i[(wo — mwrep)t + 50]>} , (3)
PSC mirrors p. = 21.4 cmm was chosen so as to ob-
tain the transverse beam-waist size 2wy = 200 pm.
The same parameter for laser mirrors was varied so
as to obtain the beam-waist size in the laser cavity 1
mm and 2 mm. The reflectivity of the laser mirrors
was taken to be 0.95, while PSC mirrors reflectiv-
ity ranged from 0.999 to 0.9999. The incident laser
pulse width 7 ps (FWHM) corresponds to the speci-
fied value for the commercially available mode-locked
lasers with SESAM mirrors [9)].

Some calculation results are presented in Figs.3,4.
Fig.3 illustrates how a time profile of the stored laser
pulse changes when the PSC cavity length changes so
as to lock the laser mode with longitudinal index n
to corresponding cavity modes. The significant pulse
distortion in the PSC with high-reflectivity mirrors
can be seen for non-optimal matching.
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Fig. 3. Time profiles of the 7 ps laser pulse stored
in 0.42 m PSC with different mirror reflectivity: a)
R =0.999; b) R =0.9999

Calculations have shown:

— maximal gain is obtained for the case, when the
PSC axial mode T'Myo, is locked to the laser cavity
mode T Moyo,—1 (optimal matching);
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— for medium-reflectivity mirrors we come very
close to ideal matching, i.e. (kJ;,)* ~ 10°, while for
the PSC with high-reflectivity mirrors we are far from
the goal value of 10%;

— in the PSC with high-reflectivity mirrors only
one cavity mode can provide the reasonable (for given
mirrors) pulse amplitude gain; a cavity with medium-
reflectivity mirrors permits one to use several modes,
thus simplifying mode matching and widening the op-
eration range;

— the long-cavity version yields to the short-cavity
one, this disadvantage becomes more pronounced
with increasing of mirror reflectivity;

— pulse-shape distortion and pulse widening is
conspicuous only for the non-optimal matching, this
effect is more noticeable for the cavity with high-
reflectivity mirrors.

The last effect is seen clearly in Fig.4 where the
shape of the stored pulse is given for different re-
flectivity of the PSC mirrors and two different radii
of curvature of the laser mirrors. Only the optimal
inter-cavity mode shift ¢ = n — 1 is presented. Solid
symbols correspond to large curvature radius of the
laser mirror p; = 41.7 m providing 2 mm beam waist
in the laser crystal, while the open symbols corre-
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spond to p; = 3.2 m that provides 1 mm beam waist.
In the last case the essential decreasing of the stored
pulse peak power is seen for high-reflectivity mirrors.
The noticeable widening of the stored pulse for the
PSC with high-reflectivity mirrors is also seen: by
factor 1.5 and 1.8 for p; = 41.7 m and p; = 3.2 m,
respectively.
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Fig. 4. Time profiles of the 7 ps laser pulse stored
in 0.42 m PSC. Solid symbols correspond to
p1=41.7 m, open symbols refer to pj=3.2 m
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Fig. 5. Time profiles of the 2 ps (a, ¢) and 20 ps (b, d) laser pulse stored in the PSC with
medium-reflectivity (a, b) and high-reflectivity (¢, d) mirrors. The family of curves in each picture
corresponds to different shifts between longitudinal indices of the laser mode and locked PSC mode
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At the second stage we performed calculations for
the 20 ps and 2 ps incident laser pulses in order to
understand how much the considered effects will be
alleviated for longer pulses (or aggravated for shorter
ones).

The results for 20 ps pulses show:

—a number of PSC axial modes which can be used
for pulse stacking in the medium-reflectivity version
increases while in the high-reflectivity version only
q = n — 1 case is admissible;

— the pulse amplitude gain in the high-reflectivity
version essentially increases against the case of 7 ps
pulses, and for optimal matching ¢ = n — 1 it ap-
proaches the ideal matching value.

It can be seen in Fig.5 where the time profiles
of the stored pulse is presented both for the short 2
ps pulse (a, ¢) and long 20 ps pulse (b, d) and for
medium-reflectivity (a, b) and high-reflectivity (c, d)
mirrors. In vertical scale the instant power in stored
laser pulse Istoreq is plotted in arbitrary units. The
incident laser pulse amplitude is unity, so from a com-
parison of the peak power value from the figure with
the square of kgh we can deduce how close to the ideal
matching we approach. Note, that (kgh)2 is equal to
103 and 10* for (a, b) and (c, d), respectively.

Calculations show that for 2 ps pulse width and
high-reflectivity mirrors (see Fig.5¢) the stored pulse
is greatly widened against the incident one. The am-
plitude of the stored laser pulse decreases drastically
and even for optimal matching attains only 0.07 of
the ideal matching value. The same value of Istoredq
can be obtained in the PSC formed with mirrors with
reflectivity R = 0.999 (see Fig.5,a).

The pulse amplitude gain doesn’t take into ac-
count pulse widening of the stored pulse. When this
widening is within controllable limits it is useful to
define the power gain factor k,; as a figure of merit
that describes a pulse-stacking efficiency:

Trep/2 Trep/?

Istored (t)dt/
—Trep/2

]Cph = Iincident(t)dt ) (9)

—Trep/2

where [ gored(t) and Iincident (1) are power intensities
of the stored and incident laser pulse, respectively.
This parameter is displayed in Fig. 6 versus cavity
mode shift g —n for two values of PSC mirrors reflec-
tivity and three pulse durations. One can see that the
long-pulse results show a systematical excess over the
short-pulse data except the case of optimal matching
for R = 0.999 and 7, = 7ps and 20 ps, where both
points coincide giving maximal value of 10 (no dis-
persion effects).
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Fig. 6. Power gain factor as a function of the
cavity mode shift g-n for medium-reflectivity
mirrors (a) and high-reflectivity mirrors (b)

5. CONCLUSION

We have analyzed the effects of matching be-
tween axial mode spectra of the laser cavity and
pulse-stacking cavity upon the stored pulse width
and stored power. It is shown that for high reflec-
tivity mirrors (R ~ 0.9999) high power gains can
be obtained only if the laser carrier frequency coin-
cides with the definite axial mode frequency of the
PSC, namely, with that second to the peak mode.
It means that both cavity lengths have to differ ex-
actly by one half of the laser wavelength, and these
conditions have to be maintained during all period of
generation. This task is the present state-of-the-art
of laser optics technology, and it requires much ef-
forts, both financial and scientific, to develop a laser
pulse stacking system with power gains up to 10%.
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KOTEPEHTHOE HAKOIIJIEHUE IITMKOCEKYH/ITHBIX JIASEPHBIX
NMMITYJIBCOB B BBICOKOAJOBPOTHOM OIITNTYECKOM
PE3OHATOPE JId IITPUMEHEHUA B YCKOPUTEJIAX

B.II. Andpocos, U.M. Kaprayxos, FO.H. Teaezun

MBI BBIIOJSHIIN TAPMOHUYECKHUI aHAJIN3 CTAIMOHAPHOIO IIPOIECCa KOIE€PEHTHOIO0 HAKOIIEHUS JIa3€PHBIX
HUMITYJIbCOB B BBICOKOI0OPOTHOM pe3oHatope Pabpu-Ilepo. Ilosyuenbl BbIpaykeHUsl, OMUCHIBamoIne ¢Gop-
My HAKOILJIEHHOTO HMMILYJIbCA B 3aBUCHUMOCTH OT IIAPAMETPOB JIA3€PHOI'O M HAKAILJIMBAIOIIEr0 PEe30HATOPOB.
Ms1 Takake OreHUIN KOI(DDUIMEHT HAKOIJIEHN MOITHOCTH B MMITYJIbCE, KOTOPBIA MOXKET OBITH IMOJIyJIEH B
snazepHo-ontudeckoit cucreme nakornuresss HECTOP, paspabarsisaemoro 8 HHIT X®TU. [okazano, uro
koadunment makomtenns (~10%) MoxkeT GLITH, B TPUHIMIE, MOMYUeH B PE3OHATOPE, 0OPA30BAHHOM 3€p-
KaJIaMU C MAJIbIM MOTJIONEHNEM M BBICOKUM Koaddurmentom orpaxkerust (R ~ 0.9999), ecin syuHa a3ep-
HOT'O pe30HaTOpa Oy/IeT OTJINYAThCs OT JJIMHBI HAKAIJIMBAIOIIEIO PE30HATOPA POBHO HA HOJOBHUHY JIJINHBI
BOJIHBI JIA3€PHOIO UBJIyUYEHHUs. DTO IOAPA3YMEBAET HEOOXOAMMOCTDH CO3/AHUS OUEHb CJIOXKHOW W JIOPOroit
CUCTEMBI CTAOMIN3AINNA JACTOTHI, KOTOpas CIOCOOHA HEPEPBLIBHO KOHTPOJHPOBATH [JIMHY PE30HATOPA C
cy6-HAHOMETPOBOI TOYHOCTBIO. B TO ke Bpems, Kodbduiuent nakomtenus ~10% Moxker GBITH HOIyHUeH ¢
3epKajiaMu, uMemuMu KoddduimeHT orpaxkerus R ~ 0.999, ¢ cyIecTBeHHO MEHBINUME 3aTPATaMU.

KOTEPEHTHE HAKOIIMYEHHA ITITKOCEKYH/ITHNX JIASEPHUIX
IMIIVJIBCIB ¥ BUCOKOAOBPOTHOMY OIITUYHOMY
PE3OHATOPI OJI{1 BUKOPUCTAHHAA ¥V ITPUCKOPHOBAYAX

B.II. Andpocos, I.M. Kapnayxos, I0.M. Teaezin

Mun BUKOHANM TapMOHIYHMII aHAJI3 CTAIllOHAPHOIO IIPOIECY KOTE€PEHTHOT'O HAKOIWYEHHS Ja3€pPHUX M-
MyJIbCiB y BUCOKOHMOOpoTHOMY pe3onaropi @abpi-Ilepo. Onepxkani criBBiIHONIEHHS, MO OMUCYIOTH (POPMY
HAKOIYEHOT'O IMITYJILCY B 3aJIE2KHOCTI BiJ| ITapaMeTpiB JIa3epPHOT0 PE30HATOPY Ta PE30HATOPY, IO HAKOIU-
aye. My TakozK OIMiHUIN KOeIIieHT HAKOIMMIEHHSI €HePril B iMITy/IbCl, 110 MOXKe Oy TH OJIepKAHUI y JTa3epHO-
ontuyHiit cucremi HakonuayBada HECTOP, mo pospobasierbes B HHIT X®PTI. Tlokazano, mo koedirient
nakonmdenns (~10%) moxke 6yTH, B JIHCHOCTI, O/lepKaHUIl Y DE3OHATOPI, 10 CTBOPEHUI J3ePKAIAME C MAJHM
MOTJIMHAHHSM 1 BUCOKUM KoedimienToMm Bigazepkaitenas R ~ 0.9999, aKimo moBKUHA JIA3€PHOTO PE30HATOPA
OyZie BiIPI3HATHCH BiJl JOBKWHE PE30HATOPA, 0 HAKONUIYE, PIBHO HA [TOJIOBUHY JIOBXKWHU XBUJI1 JIA3€PHOTO
punpoMinoBanis. Ile po3ymie HEOOXiTHICTD CTBOPEHHS Ay2Ke CKJIAIHOI Ta JOPOrol cucTeMu cTabimizaril Ja-
CTOTH, IO Ma€ Oe3repePBHO KOHTPOJIIOBATHU JIOBXKUHY PE30HATOPA 3 CyO-HAHOMETPOBOIO TOYHICTIO. Y TOil 2Ke
Jac, KoedimienT Hakormmaenns ~10% Moxke 6yTH ofleprKaHMIl 3 I3epKaJaMu, MO MaloTh KoedilienT Bimmzep-
Kajenus R ~ 0.999, 3i 3Ha4HO MEHIITUMH BUTPATAMU.
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