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1. Introduction

The possibility to send high-power ultrashort laser pulstssthe atmosphere that would prop-
agate over several kilometers [1] has sparked the intefestany researchers in nonlinear
optics. As a result, atmospheric propagation of high-pdasers is currently a very active area
of research, with potential applications such as remotsisgmof the atmosphere using LIDAR
applications and lightning control [1, 2, 3, 4, 5, 6, 7, 8]pidally, the collapse/filamentation
distance of laser pulses in air is on the order of several isiefite often in atmospheric ap-
plications, however, one would like to be able to delay anzbtutrol the filamentation distance,
so that it would be anything from a few meters up to severankéters. Until very recently,
the only approach to achieve that was to launch negativalpeth ultrashort pulses [1, 2].
The idea behind this approach is that the increase in pulssion due to the normal group
velocity dispersion (GVD) of the air is precompensated bpanting a negative initial chirp
that makes the pulse compress in time as it propagates.drafifiroach one can control the
collapsef/filamentation distance through delicate chairgtsge amount of negative chirping.

In this study, we show that the filamentation distance camladsincreased with a defocusing
lens. Our analysis of the effect of a lens on the filamentatiistance is based on two key
observations:

1. Priorto beam collapse, the propagation in the atmospsessentially determined by the
Kerr nonlinearity and diffraction, as other effects (mpittoton absorption, plasma for-
mation, Raman scattering, etc.) become important only #feepulse has collapsed. As
a result, the collapse point can be calculated with theivelgtsimple two-dimensional,
cubic Nonlinear Sclirdinger model (NLS). This observation holds regardlesshaftiver
the beam collapses as a single filament or as multiple filasnent

2. The effect of a focusing/defocusing lens in the two-digienal, cubic NLS is the same
as in diffractionless, linear propagation.

Together, these two observations imply that if we denote:lilie filamentation distance of
the original beam, by the filamentation distance of the focused/defocused beathbpF
the focal length of the lens, themandz; are related by the simple lens relation

1_1,1
Zz z F
Recently, Jin et al. [8] demonstrated experimentally thatfilamentation distance in air can

be controlled with a deformable mirror. In Section 3 we shbattthe experimental results
of [8] can be explained with relation (1). This shows, in aitar, that the relatively expensive

@)
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deformable mirror effectively acts as a focusing/defoegdens. If one uses a lens with a
focal lengthF, however, one can only change the collapse distance &oim z-. Hence, a
continuous control can only be achieved by changing the poiwée beam (in order to change
Z:). Unfortunately, this requires a very delicate control ot laser power, which is hard to
achieve with the Terawatts lasers that are used in atmdsgitepagation. In order to overcome
this difficulty, in our experimental setup we used a telesetype double-lens system, in which
the filamentation distance is controlled by changing theadised between the two lenses. In
that case, a derivation similar to that of relation (1) shtleg the double-lens setup changes
the filamentation distance from to

z(Fi—d)—dR
(Fl+R)zc+FR—d(z+F)’

whereF; andF, are the focal lengths of the first and second lens, respéctive

In our experiments, we were able to use the double lens setopritrol the filamentation
distance, as well as to increase the filamentation distana& by a factor of six (e.g., from 8
to 47 meters). We could not observe filamentation distanoestgy than 50m because of the
size of the laboratory. Our theoretical prediction for thanfientation distance as a function of
the distance between the two lenses, equation (2), is in goadtitative agreement with our
experimental results.

In our experiments, we also observed that the increase idigt@nce of the onset of fila-
mentation was accompanied by an increase in the filamentheAgimilar phenomenon was
observed for negatively chirped pulses, where the delapebhset of filamentation was ac-
companied by an increase in the filament length [9, 10, 11k Similarity further suggests that
a defocusing lens can be viewed as the “spatial analogueggstive chirping.

2R (d)=d+ R @)

2. Effect of alens

The mathematical model for atmospheric propagation ohsedaser pulses can be quite com-
plex. This is due to the fact thafter the beam has collapsed into a filament, its intensity
becomes so high that, in addition to the Kerr nonlinearitgt diffraction, various other non-
linear effects (e.g., nonlinear saturation, nonlineaogttson, and plasma formation) become
important. Until the beam begins to collapse, however,ahemlinear effects are negligible,
and the propagation is dominated by the effects of the Karnlimearity and diffraction. There-
fore, the pulse propagatigorior to filamentation/collapse can be modeled by the Nonlinear
Schibdinger equation (NLS), which in dimensionless variabéssls

iAZ(z,x,y) + O?A+|APA=0. (3)

Here, A is the complex amplitude of the electric fieldjs the distance in the direction of
propagation, normalized by twice the diffraction (RaymitengthLgi; = koré, andx andy are
the transverse coordinates measured in units of the ibigiam widthrg.

The two-dimensional cubic NLS, equation (3), has the foilmywemarkable property, some-
times known as thkens transformatioffil2]. Let A(z,x,y) be a solution of the NLS (3), let

L(z) =1-2z/F, 4)
and let ] 1 a2
A (zxy) = @A(Z,E,n)éf “,
where « y -
Ezﬁa ’7:@7 (2= o L2 ©)
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ThenAF (z,x,y) is also an exact solution of the NLS (3). In the linear case)¢hs transforma-
tion holds in all dimensions. In the case of a cubic nonliitgdrowever, the lens transformation
holds only in the two-dimensional case.

SinceA™ (0,x.y) = A(0,x,y)e !0 +¥)/4F and

1 1 1

4= 6

T TE (6)
the lens transformation shows that the effect of a lens inedifive propagation in a bulk Kerr
medium is the same as in diffractionless, linear propagatioparticular, ifA(z x,y) collapses
atz = z, thenAF (z x,y) would collapse at = Z-, where

SR o

Equation (7) shows that a focusing lerfs ¥ 0) accelerates the collapse, i.&,< z, and a
defocusing leng < 0 delays the collapse, i.eZ; > z.. Moreover, it shows that in principle,
with a proper choice of the lens, the beam can be made to selktmany desired location, before
or after the “original” collapse poird.. We emphasize that the lens transformation models the
effect of an infinitely thin lens. The finite width of lensesedsin experiments, as well as their
nonlinear properties, can lead to deviations from the ptexhis of the lens transformation.

It is worth noting that the “original” input beam does not kaw be collimated, since in the
lens transformation we did not assume that the input b&&nx,y) is collimated. It is also
worth noting that the lens transformation shows thataddition of a thin lens does not change
the filamentation pattern in the NLS (Bpecifically, if the “original” beam breaks into multiple
filaments before it collapses, the focused beam would bregakie same number of filaments.

The above statements have been proved under two condilibadirst condition is that the
lens isthin. Thus, a “thick” lens may affect the filamentation patterrirftyoducing small-scale
abberations to the beam profile. The second condition isrthatiple flamentation occurs
when the propagation dynamics is still governed by the NS TAis is indeed the case for
beams whose power is of the order of PQ@®r more, since in this high-power regime multiple
filamentation occurs just before the beam collapses [3]. édaw at “lower” powers, multiple
filamentation occurs after the collapse is arrested, i.eenathe NLS model, hence the lens
transformation, are not valid. In that case, the lens magcathe filamentation pattern.

Since in atmospheric propagation we would like to delay thgeb of flamentation, from
now on we will focus on the case of a defocusing lens. Our tesubwever, are also applicable
to the case of a focusing lens.

The effect of a defocusing lens on the collapse distanceyas by equation (7), is illustrated
in Fig. 1. When the beam is collimated F = ), the beam collapses at. As —F decreases
from —F = o to —F =z, the collapse distance increases frpyto infinity. When—F < z;, the
value ofZ. becomes negative, indicating that there is no collapsetheravords, a defocusing
lens whose “imaginary” focus is shorter than the distandbedlowup point without the lens
will prevent the collapse.

In Fig. 2 we show the effect of a defocusing lens on the profi@gaf a Gaussian beam with
input powerP = 9F;;. When the beam is collimated-F = ), it self-focuses until it collapses
at the dimensionless distance zgf= 0.0423. When—F = 1.18z, i.e., slightly abovez., the
beam initially diffracts (due to the lens) untilz; ~ 2 and later collapses  /z. ~ 6.5. When
—F = 1.0034z, the beam initially diffracts due to the lens urtilz; ~ 20, then propagates at
a defocused stage untilz; ~ 110 and finally collapses & /z; ~ 300. When—F = 0.9975%,
i.e., slightly belowz:, the defocusing lens is stronger than the Kerr nonlinedréyce the pulse
simply diffracts.
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Ideally, in order to achieve long-distance atmospheripagation, we would like the propa-
gation to be as in Fig. 2C. Here, the collapse distance isecthy a factor ofs 235, compared
with the collapse distance in the absence of the defocusimg Moreover, during most of the
propagation, the beam intensity is substantially lowerglfigctor ofx~ 55) than its initial inten-
sity. Hence, the effects of nonlinear absorption, as wetifaeny other nonlinear mechanism,
are minimized. In that case, the justification for using tHeSNmodel (3) until the onset of
filamentation is even stronger.

z

‘ -F

Fig. 1. Control of the location of the blowup poizt with a defocusing length with focal

lengthF.
2000 150 150
@ (b) © 0 ()
2
%)
c
[J]
€
‘» 1000 75 75 35
g
c
o &
0 0 OL 0 —
0 1 0 6 0 200 0 100
zlz zlz zlz zlz
(3 3 c [+

Fig. 2. Dynamics of the on-axis intensity of the solution of the NLS (3) withoter defo-
cusing lenses. (&) = —o; (b) —F = 1.18%; (¢) —F = 1.0034z; (d) —F = 0.997%.

3. Deformable mirror experiment

In [8], Jin et al. showed that the filamentation distance imcan be controlled by changing
the beam divergence anglewith a deformable mirror and also by changing the input power
In Figure 8 in that study, the authors fitted the results of seieof experiments (with input
powerP = 300GW) with the following approximation for the filamentation thsce, which in
dimensionless variables reads as

V2(p—1)+rZtarf 6 +tan6 ®)
2(p—1)—tarf O ’

Z"(6) ~
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wherep = P/P is the fractional input power, is the dimensionless focal spot size, and a pos-
itive/negative value 06 corresponds to a diverging/converging beam. There aregbawsev-
eral problems with the analytical approximation (8). Foe @¢hing, according to equation (8),
in the case of a collimated beam,

1
V2o 1)

This square-root dependence is indeed correct for inpuepow 100P;,. However, at input
powers above 1M®,, which was the case in that experiment, the collapse distsimould scale
as I/P, see [3]. The reason equation (8) provided a good fit to ther@xgental data is because
the value ofP used in the fit was 4BW (the measured value of the integrated laser pulse in
the filament) rather than the input power of 8W. Therefore, the second drawback of this
analytical approach is that it requires measuring the filrapot size and the integrated power
in the filament.

We now show that the experimental results of Jin et al. carxpamed with equation (7).
Note that this approach does not require knowledge of theadifd spot size, nor of the inte-
grated power in the filament. Instead, is uses the valug,dhe filamentation distance in the
absence of the deformable mirror, whose value as a funcfitreanput powelP can either be
measured “once and for all”, or calculated numerically.

Since the divergence angheis related to the focal distance through

z"(6=0) ~

__To
tanf = =
rewriting equation (7) in terms d gives
1 -1 1
—— =—tanf+ —. 9
z(6) 1o Z )

In Fig. 3 we present the data taken from Fig. 8 of Ref. [8] faethdifferent power levels.
Motivated by equation (9), we plot/%:(6) as a function of taf, and indeed observe that

1. For each power level, the results are on a straight line.

2. All three lines have essentially the same slope.

These two observations are in a remarkable agreement wéttthdoretical model (9). A
linear fit of the data, with Arp and 1/z being the fitting parameters, gives valuesrgft=
10.7mm 8.7mmand 95mmfor the cases oP = 350GW, 400GW and 45@W, respectively.
The fact that the three values uf are in good agreement with each other is consistent with
equation (9), since varying the input powaffects only the collapse distanzge These three
values are also in reasonable agreement with the valug-efl5mmreported in [8]; the minor
difference is probably due to using different definitionghef beam width.

4. DoubleLenssetup

The results of Section 3 show that the effect of the deformatitror is equivalent to that of
a defocusing lens. Therefore, the filamentation distannebeacontrolled with a simple defo-
cusing lens, rather than with the more sophisticated (ane rxpensive) deformable mirror.
A defocusing lens also has a higher damage threshold thafoardgble mirror, which can be
an advantage considering the high powers needed for atrmosinopagation. However, if we
replace the deformable mirror with a single lens with a fixechf length-, we would face new
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0.14

1/z_(6)

0.02
tan 0 X 1074

Fig. 3. Experimental data extracted from Fig. 8 in [8]. Filamentation digtam@ir as a
function of divergence angl@. Input power isP = 300GW (black, squaresP = 350GW
(red, circles), ané® = 400GW (green, triangles).

obstacles. Indeed, we have seen that in order to achievesideoable delay, the focal length
should be slightly larger thary. Since the typical filamentation distanzen air is 5-15n, the
focal length of the defocusing lens should be in that rangerder to achieve a significant de-
lay. Such defocusing lenses are, however, less common.dverewnith a fixed focal lengtk,
one could only achieve a continuous control of the locatipwdrying the input power. When
—F is slightly larger tharz., however, the filamentation distance is extremely sersitismall
variations in the difference betweepand —F (compare, e.g., Fig 2(b) with Fig 2(c)). There-
fore, the required level of control over the laser power widag beyond what could be expected
from lasers operating at the high powers needed for atmosghrepagation.

We overcome the above difficulties as follows. We reduce ttang defocusing of the lens
by adding a second, weaker focusing lens. This way, theteféelensing obtained by the dou-
ble lens system is weaker than of a single defocusing lense lMaportantly, for a fixed laser
power, we obtain continuous control of the location of tharfientation distance by continu-
ously changing the distance between the two lenses. Hdmeeouble lens system acts as an
adjustable lens. We note that a similar double lens setupueed by Lucet al.in [13, 14]. In
that study, however, the goal of the telescope was to cottiteolvidth of the beam and not the
filamentation distance.

4.1. Analysis

In our experimental setup described below, a defocusirgMeth focal lengthF; < 0 is placed

atz= 0, and a defocusing lens with focal lendgth > 0 is placed atz = d. The defocusing
lens was chosen to be stronger than the focusing leis € F), in order for the effective
lensing to be weakly defocusing. We determined which leisishbe placed first as follows.
By equation (4), the beam width at the second lens changedduya of

L(z=d) = (1-d/Fy) (10)

relative to its initial width. As a result, the effective Raigh lengthL g = korg changes by a
factor of (1—d/F;)2. Therefore, we can delay the onset of collapse by incredbimgffective
Rayleigh length, which would be achieved by placing the de$ing lens first and the focusing
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lens second. Clearly, if one is interested in acceleratiegcollapse, the focusing lens should
be placed first.

We now analyze the effect of a double lens setup with two ssiee applications of the lens
transformation. The effect of the first lens is given by

1 1 1

E = E + Fila O<z<d.
Similarly, the effect of the second lens is given by
1 1 1

ZFl’FZ—d:Z':l—d—’_g’ d<z

EliminatingZ gives

5 zh-dz-dR
z o d+F2(F1+F2—d)Z+F1F2—d =

This equation is the same as the imaging equations for thdamses in linear geometrical
optics. Indeed, by replacingz— u andz 2 — v, we get that

(Fi—du+d R
(d-FR-R)u+FR-dR

The relation between andv cannot be written simply as a (thin) lens imaging relatiot bu
rather it representsthick lensimaging relation. In such a relation there is a differendsvieen
the forward focal lengthy— o) and backward focus lengthr & ) [15].

If, as before, we denote kg the filamentation distance in the absence of the double-lens
setup, then Eq. (12) shows that the double lens setup chémgékamentation distance to

z;(F1 —d)—dF)
(R+R)z+FRFR-dz+F)’

We emphasize that Eq. (12) is an exact relation for the cedlggmint in the NLS model (3).
The remarkable resemblance between the results for the Nd $alinear geometrical optics
is due to the lens transformation property of the NLS (se¢i@eR).

The denominator in (12) vanishes at

(11)

v = d-k

(12)

2

F
d=F+FRh—-—1—.
c 1+ R FL+2

We note that in the absence of the double lens, the filamentdistancez; is of the order of
several meters, whereksg, F> andd are below (bm. Therefore,

Fi,R,d, < Z.
Therefore, fod = d;, equation (12) can be approximated with

ze(de — F1) 1
zz+F  (d.—d)’

>0

251’5 ~do—F

We thus see that whethis slightly belowd., the value o™ is negative (i.e., there is no col-
lapse). In other words, the double lens setup is defocusingger than the Kerr nonlinearity.
This case is thus similar to that of a defocusing lens with< z; (see Section 2).
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Whend is slightly aboved., the collapse point is mapped to “near infinity”. Asncreases
from d, the collapse point decreases frt%’F2 = 4o, Because of th&, — d term in the
denominator, the changes " are very fast (see Figure 4). For example, when dy =
F1 + R, the collapse distance is given by

Ff(ze+F1) _F?
z+"2(do) = 1+ 2R + 2(Z|c:2 1)%F%zC
1 1

The change of; by a factor ofFZZ/Fl2 is due to the effective change of the beam width by a
factor of, see equation (10),

F

Fy

. RtR R
Lz=do) = (1~ "z=2) =~ =

Y

which changes the Rayleigh length 5§/F12. Indeed, wherd = dp the lenses are aligned as
in a telescope, so that if the input beam in collimated, tr@bemerging from the double lens
setup will also be collimated. Hence, in that case the dolelle setup changes the valuezpf
“only” by changing the effective Rayleigh distance.

80

F1,Fg
Ze 7 4
Zc

d d 1.05d,
d

Fig. 4. The filamentation distance as a function of the distance between therses @)
for the double lens system with = —0.5F, < 0.

4.2. Experimental setup and results

The experiments were conducted using a 55fs laser syste@OatBcapable of delivering up
to 5TW. The beam radius wag ~ 20mmcorresponding to initial intensity up to 43 /cn?.
The double-lens consisted of a defocusing léns< —0.252m), which was placed at the com-
pressor exit, followed by a focusing lens (= 0.504m), whose distance from the first lens
was continuously varied (see Fig 5). After passing through telescopic system, the laser
pulse propagated in aiP§ =~ 3GW) within the laboratory. The existence of a filament was
determined with a Polyvinyl Chloride (PVC) target, whosendge threshold for 55fs pulses is
~ 102 W/cn?. This damage threshold is high enough so the beam withontditgation is not
producing any damage. The collapse distance was defineé abohtest propagation distance
at which the laser beam could create a visible damage to ti& PV

In our experiments, we measured the collapse distance anfildiment length in air, as
a function of the distance between the two lenses of thedeges In these experiments, we
always observed multiple filaments at the initial collapsip which is typical for input powers
that are above 10®; [3]. The presence of the telescope did not seem to changeuthber of
filaments at the initial collapse point, in agreement with aoalysis in Section 2.
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Variable Telescope

—e Mirror

) . Mirror
Polyvinyl Chloride
target

Fig. 5. Experimental setup of the double-lens system and filamentationcBstaeasure-
ment.

In Fig. 6 we show the filamentation distance as a function ef distance between the
lensed. As predicted by our analysis:

1. The filamentation distance decreases as the distancediethe lenses increases.

2. The filamentation distance is sensitive to small changethé distance between the
lenses.

3. Setting a stronger defocusing lens, followed up by a wefakeising lens, can resultin a
considerable increase in the filamentation distance. Faamele, In Fig. 6(a) the collapse
distance increases from= 11mup toZ*" = 53m; in Fig. 6(b) the collapse distance in-
creases froma. = 8.2mup '[oil’F2 = 47m. Observation of filamentation distances greater
than 50m was not possible because of the length of our ladrgrat

Moreover, the results in Figure 6 show a convincing quaingsagreement between the
theoretical prediction, Eq. (12), and the experimentalltss The~1mm deviations in the
values ofd between the experimental data and the theoretical predietie well within the
experimental errors, considering the shot-to-shot fluina in the laser power and the finite
thickness (7mm and 11mm) of the two lenses.

4.3. Filament length

We also measured the position where the filament “ended; vileere the laser beam ceased
to create a visible damage to the PVC target. In Figure 7 wev she filament length, defined
as the distance between the earliest and latest distancae Wie filament is observed, as a
function of the filamentation distance. One can see tt@filament length increases with the
filamentation distance.

We now discuss some possible explanations for the increabe filament length. The fila-
ment depends on the power of the filament and of the surrogridimergy reservoir” [16, 17]
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Fig. 6. Experimental data (stars) and theoretical prediction (solid lingjeofilamentation
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Fig. 7. Filament length as a function of the filamentation distance, for therempntal data
of Fig. 6 (b).

at the onset of filamentation. This power, however, is urédie by the change of the filamen-
tation distance. Indeed, for the distances involved in apeaments £ 50m), linear losses in
atmospheric propagation are truly negligible. Moreovédrewlinear losses are important, then
the pulse power at the onset of filamentatiotoiser for a longer propagation distance, hence
the filament lengtldecreasesSimilarly, nonlinear losses do not affect the beam poweheat
onset of collapse because they become important only wieebem intensity increases sub-
stantially, i.e., after the collapse. The beam power may décrease with propagation due to
the temporal broadening effect of the group velocity disjwer. This effect, however, becomes
important only after propagation distances of several heohslof meters. We thus see that in
our experiment, the beam power at the onset of collapse epamtent of the filamentation
distance. Hence, it cannot explain the increase of the fittuleagth.

The length of a single filament depends also on the conveegengle at the onset of col-
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lapse [18]. Using the lens transformation, it can be showanhdtstronger defocusing lens does
not only delay the onset of collapse/filamentation, but &daers the convergence angle there.
It is quite likely, therefore, that this change in the comgearce angle leads to an increase in the
filament length. This explanation is also valid when the beagaks into several well-separated
filaments. If, however, the filaments are close to each atierchange in the convergence angle
may affect the interaction between the filaments, and, asudtye¢he total filament length. In
that case, the effect of changing the convergence angles<lear.

We note that a similar increase in the filament length withftlaenentation distance was
observed for negatively chirped pulses [10, 11]. Howewelika a defocusing lens that affects
only the spatial phase distribution, chirping affects kbentemporal phase distribution and the
pulse duration (hence, the beam power). Netaal.[9] showed that both positive and negative
chirping increase the filamentation distance. Howeveratieg chirping increased the filament
length whereas positive chirping reduced it. Moreovery thbserved that negative chirping
increased the filament length and positive chirping reditcegen if the pulse duration remains
constant and only the temporal phase distribution is “@dfp Since the change in the pulse
duration is independent of the sign of the chirping, thesailte suggest that the change of
the filament length in that study was mainly due to the effdcthorping on the temporal
phase distribution. In that case, a defocusing lens candwed as the “spatial analogue” of
negative chirping. In another study, however, Couairorj {58d an energy depletion analysis
to show that for non-chirped pulses, the pulse duratiorctfthe filament length. Therefore,
the increase of the filament length with negative chirping i@ due to the combined effects
of the increase of pulse duration and the change of the teahpbase distribution.

5. Conclusions

In this study we showed experimentally that the filamentatistance in air can be continu-
ously controlled with a double lens setup. We also derivechale formula for the dependence
of the filamentation distance on the distance between thdemses, and showed that it is in
good agreement with measurements of the filamentationndistan air. We believe that the
combination of a simple control tool (two lenses) with anwaate theoretical formula for the
filamentation distance will provide a useful tool for filant&tion control in both current and
future atmospheric applications.

One advantage of the double lens setup is that it can be usegwses of any duration, and
not just with ultrashort pulses. Since the limiting quantit self-focusing is the pulse power,
the possibility to work with longer pulses means that thexféat can contain more energy.

In our model we neglected temporal effects, which allowedifoonsiderable simplification
in the analysis. However, while nonlinear temporal eff¢ptasma formation, Raman etc.) can
be neglected so long as the pulse does not begin to collapsar temporal effects, namely,
group velocity dispersion (GVD), may become important faygagation distances of the or-
ders of kilometers. Note, however, that in that case, if rdethe effect of GVD can be mini-
mized by working with longer pulses.
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