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Kerr-free propagation of a near-resonant laser in an atomic vapor
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In this paper, we address the propagation of a near resonant laser inside an atomic vapor in the case when,
due to the Kerr effect, the laser beam would either self-focus or self-defocus. We show, both theoretically and
experimentally, how to get rid of such an alteration in the transverse beam profile without changing any of
the characteristics of the laser light under consideration (wavelength, intensity, etc.), nor of the atomic vapor.
Moreover, our proposed method offers a lot of control on the beam profile, whose transverse size after propagation
may be chosen at will by making use of a second, copropagating laser, whose required wavelength and intensity

may be derived analytically.
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I. INTRODUCTION

The optical Kerr effect [1], which results from the intensity
dependence of the index of refraction, n = ng + n,I, where 1
is the light intensity, is ubiquitous in laser-matter interaction
and may lead to light self-defocusing (if n, < 0) or self-
focusing (when n, > 0). This effect may be detrimental for
various applications, e.g., isotope separation [2,3], when one
needs to let a laser light with a specific wavelength, close to
that of a spectral line, propagate inside a given atomic vapor.
In addition to the constraints on the vapor composition and
on the laser frequency, and because of technological issues
or needs to “optimize” a given process, one often has to also
specify the laser intensity, the vapor density, and the length of
laser propagation inside the vapor. It may then happen that,
for all these carefully chosen parameters, the space profile of
the laser field may be significantly modified due to the Kerr
effect, sometimes up to the point that the laser can no longer
propagate, thus making the chosen application ineffective.

In this paper we provide a theoretical analysis, confirmed
experimentally, showing that it is possible to get rid of the Kerr
effect for the laser light of interest (henceforth called laser 1)
by using a second copropagating laser (henceforth called laser
2), as is illustrated in Fig. 1. Indeed, the second laser provides
an additional term in the index of refraction, which now writes
n =ng+ nyl; —n,1, where I, and I, are, respectively, the
intensities of laser 1 and laser 2, and we show here that it is
possible to choose the frequency and intensity of laser 2 so
that n,I; — nyI, ~ 0. The Kerr effect induced by the second
laser cancels out that due to the first one, which can then
propagate inside the atomic vapor regardless of the constraints
imposed on the laser or vapor properties. Moreover, it is clear
that, with an appropriate choice of I, one may change the
sign of ny I} — n I, compared to that of n,, thus leading to the
focusing of a laser light that would naturally self-defocus or
vice versa. Hence, our proposed scheme allows one to precisely
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monitor the propagation of virtually any (low intensity) laser
light inside any atomic vapor.

Nevertheless, several conditions need to be satisfied for
our scheme to be effective. In particular, the atoms need to
be treated as three-level systems, levels |0), |1), and |2), as
illustrated in Fig. 2 (levels |0), |1), and |2) may be split into
hyperfine sublevels with no significant change to our basic
results). The three-level approximation is well grounded if
laser 1 (respectively, laser 2) is nearly resonant with transition
|0) — |1) (respectively, |1) — |2)) but way off resonance with
any other transition, if the Doppler broadening of the spectral
lines is much less than the detunings A; and A, defined
in Fig. 2 and if the lifetimes of levels |1) and |2) are long
enough for such effects as Raman scattering to be negligible.
Moreover, in order to write the laser index of refraction as n =
no + naly — nb 1, we need to use a perturbative expansion of
the atoms’ polarization up to third order in the field amplitudes,
and the atoms’ response to the laser electric fields needs to be
nearly adiabatic. The latter condition is fulfilled if, for j =1
or2, A;t; > 1, t; being the time duration of laser j, while the
perturbative value of polarization is accurate if Q;/A; < 1,
where € (respectively, €2,) is the Rabi frequency of transition
|0) — |1) (respectively, [1) — |2)).

Usually, the previous conditions are easily met, and they
were indeed satisfied when we performed the experiment on
an atomic vapor of barium, described in Sec. I1I, which yielded
the results illustrated in Figs. 1 and 6 showing the actual
effectiveness of our proposed scheme. Moreover, the values
for the intensity /; and the detuning A, of laser 2, which were
found experimentally to lead to an output profile of laser 1 that
best matched its input profile, are very close to those predicted
theoretically for the Kerr effect cancellation. This validates our
theoretical analysis of the phenomenon.

The paper is organized as follows. In Sec. II, we detail the
theoretical analysis that lets us derive the conditions that must
be met by laser 2 in order to cancel out the Kerr effect on
laser 1. The calculations are first performed for a three-level
atom, and then generalized to allow for a hyperfine structure.
Section IIT is devoted to the experimental evidence of our
proposed scheme in an atomic vapor of barium, while Sec. IV
concludes and summarizes this work.
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FIG. 1. XY surface plots of laser 1 at the output of a 1-m-long
barium vapor in three situations illustrating the control of the Kerr
effect by a copropagating laser, laser 2. (a) Laser 1 is alone and
its frequency is far enough from the atomic transition for its space
profile to remain nearly unperturbed. (b) Laser 1 is still sent alone
in the vapor but its frequency is tuned near the atomic resonance
(its detuning is A; = —25.84 GHz, and its intensity is /; = 3.2 x
10> W/cm?) which leads to self-focusing due to the Kerr effect.
(c) The input characteristics of laser 1 are the same as those in panel
(b), but the Kerr effect is almost canceled out by making use of a
second copropagating laser whose detuning with respect to resonance
and intensity are, respectively, A, = —34.17 GHz and I, = 1.2 x
10% W/cm?.

II. THEORETICAL ANALYSIS

In our analysis of the Kerr effect cancellation, we assume
that no atom is ionized, and consider two linearly polarized
laser fields with parallel polarizations, propagating along the
z direction, so that the total electric field amplitude can be
written as

E = Ei(x,y,z,0e' et 4 By (x,y,z,ne! 20 e,
6]

0)

FIG. 2. (Color online) Energy ladder of the three-level atom.
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where w;; = k¢ (j = 1,2) and where E; and E; are, respec-
tively, the slowly varying amplitudes of laser fields 1 and 2,
which are such that, for j =1 or 2, |EJ._182EJ-| < ki; and
|E;'0,E}| < .

Similarly, we assume that the atom polarization, P, can be
written as

P = Pi(x,y,z,0e 0570 4 Py(x,y,z,0)e' R0 fcc,
2)

where P; and P, are slowly varying envelopes. Then, within
the paraxial approximation [4], we easily find the following
equations of propagation for £; (j = 1,2),

an 18E] i lkl
— - =P, 3
dz ¢ ot 2k, 0 ©)

where A E; = 82Ej/8)c2 + 82Ej/8y2.

A. Three-level atom

For the sake of clarity, we first calculate the atom polariza-
tion by making use of the so-called three-level atom approxi-
mation, illustrated in Fig. 2, which amounts to assuming that
the atom only has three levels of energy, |0), |1), and |2), so
that the wave function may be written as

W) = ¢0[0) + Clefiwntu) + Cze*i(w11+wlz)l|2). 4)

This approximation is well grounded if laser 1 and 2 are,
respectively, nearly resonant with the transitions |0) — |1)
and |1) — |2), but are way off resonance with any other
atomic transition, and if spontaneous emission from levels
|1) or |2) is negligible, so that such phenomena as stimulated
Raman scattering are not to be accounted for. Moreover, the
ground atomic level has to be nondegenerate; in particular
there must not be any hyperfine structure (a theoretical analysis
accounting for the hyperfine structure is given in Sec. II B), and
the Doppler broadening of the spectral lines has to be small
compared to the frequency detuning of the laser fields. Then, if
we denote by hw; and fuw, the energy difference between levels
[1) and |0) and levels |2) and |1), respectively, and if we de-
note Ay = w; —wy; and Ay = (w; + @) — (w1 + wpn) (see
Fig. 2), the Schrodinger equation readily yields the following:

dco Ly it —iwpt —iont
- = Q7' + Qpe™' P - c.c)ere ™, )
dCl . . —iowyt —iwpt
— = —iAjc; + (e + Qre "
dt
+c.c)(coe ™ + cre'n?y, (6)
dC2 . . —iwpt —iwpt iwnt
E:_lAzcl-H(Qze P+ Qe - ec)e e, (7)

where ) and 2, are the Rabi frequencies for lasers 1 and
2, Qo= p12E12/h, with u; being the dipole moment of
transition |0) — |1) and p, that of transition |1) — |2).

We henceforth make use of the so-called rotating-wave
approximation (see Ref. [5]) that amounts to neglecting in
Egs. (5)—(7) the nonresonant terms, which are those whose
phases vary very rapidly with time. This leads to the following
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1 — ¥ .
Bloch equations for 0;; = ¢}c;:

doy, ) . s
e = —iAjog1 +i21(000 — 011) + i25002, (8)
do
d_;)z = —i Ao + Q0001 —iR2(012, 9
doys ) . s
el —i(Ay — Ao +i2(011 — o) —iQjop. (10)

Spontaneous emission has been neglected in the previous
equations, which is valid if the lifetimes, 71 and 75, of levels
[1) and |2) are such that A7, > 1. If this condition were
not fulfilled, one would just need to replace Ay by Ay +i/T)
and A, by A, +i/T,, which would not greatly change the
resolution of Eqs. (8)—(10).

Let us now solve Egs. (8)—(10) by perturbation. At 0 order
in the field amplitudes, o9 = 1 while 0;; = 0 whatever (i, j) #
(0,0). Hence, at first order in the field amplitudes, the equation
for oy reads

doo; : .
7=—1A1001+191, (11)
which yields, when Q,'dQ;/dt > A",
t
oo1 = / i)™ ar (12)
—00
1 A ar
=Q/A —— | =N ar (13)
Al J_o dt
~ Qi/A. (14)

From the latter adiabatic [6] value for oy, we find that, at
lowest order in the field amplitudes,

o ~ Q17 A7. (15)

Plugging the value Eq. (14) for oy, into Eq. (9) for o¢,, and
accounting for the fact that |og;| > |o12|, one finds
d0'02

A n .18
=~ —i A0 i
T 2002 A

which yields, using the same adiabatic approximation as for
o015

, (16)

Q12 (17
omn N ,
02 AA,
from which one gets
12117192
o R ———— 18
2 AZA2 (18)

Plugging the values we found for o1, 023, and o, into Eq. (10)
for o1,, and making use of the same adiabatic calculation as
that employed to derive oy, and op,, we find, at lowest order
in the field amplitudes,

o A Q7
12 A A% .
Since, from Eq. (18), 09, is of order 4 in the field amplitudes, at

third order, the identity opy + 011 + 022 = 1 simply amounts
to oo + o1 = 1, which, from Eq. (15) for o} yields

o0 & 1 — |Q1*/AL. (20)

19)
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Using this value for oqg, together with Eq. (15) for oy; and
Eq. (17) for oy, in Eq. (8) for o¢y;, we find the following
adiabatic expression for op;, at third order in the field

amplitudes:
Q 2
n €2, ) 21

Q Q2
O‘()1=—1 1—24
A A2 AN

Now, from the definition, Eq. (2), of P; and P, from Eq. (4)
for |W), and from the definition P = N(W|i|¥), one finds

Py = Nu0oo1, (22)

Py = Nusoqs. (23)

Using the Eq. (21) for oy in Eq. (22) for P, and plugging
this value of P; into the field equation, Eq. (3), one finds the
following wave equation for Ej,

0E; 10E; i
— + - - ALE
0z c ot 2k

Nui  NuilEi? | Npiws| Bl
280hA1 80h3A% 280h3A%A2

=ik1E1|: :|, 24)

which straightforwardly shows that the index of refraction,

nY, for the field E; reads n(l)znél)—i-n(zl)ll —n/z(l)lz,
with
n =14 (25)
0 2e0hA,’
—2Nut
(€8] My
n, = ——-, 26
T 2em3A} (20)
w _  —Nuius ' 27
T 2e3AlA,

From these results, it is clear that there is no Kerr effect on
laser 1 if laser 2 is chosen, so that

Lo 2uil,
11 M%Al ’

(28)

provided that laser 2 is not subject to focusing, or defocusing,
due to a Kerr-like effect induced by laser 1. From Eq. (19) for
o1, it 18 clear that the index of refraction for the field E; is
n® =1+ n(22)11, with

NMZMZ
ny = 5—152 h31 2 (29)
&nC AlAZ
Hence, when condition (28) is fulfilled,
® A5 2
ny Iy = ——=ny I = . (30)
21

From Eq. (30), a necessary condition for laser 2 to be very
little affected by the Kerr effect is (u3A2)/(u3A1) < 1.
More precisely, the power of laser 2 needs to be less than
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Fo+2

Jo mo Fo

FIG. 3. (Color online) Hyperfine levels coupled to the ground
level |0, Fy,mq) in the case when Jy = 0. Arrows show which levels
are coupled.

the critical one, which scales like A% /n'® [5]. In particular,
when designing our experiment on the Kerr-effect cancellation
detailed in Sec. III, we were careful to choose our parameters
so that the power of laser 2 was indeed less than the
critical one.

B. Hyperfine structure and multi-isotope atoms

In this section, we show that our proposed scheme to cancel
the Kerr effect by making use of a second, copropagating, laser
still works when the atoms possess a hyperfine structure and
when the atomic vapor is composed of several isotopes.

1. Hyperfine structure

Atoms with an odd number of nucleons possess a nonzero
nuclear spin, and therefore a hyperfine structure, i.e., a fine
level |i) (Ji) =0),|1), or |2) for the three-level atom of
Sec. IT A), with kinetic momentum J;, is split into hyperfine
sublevels denoted by |J;, F;,m;), where F; is the total kinetic

J

1 1 1

1
pr= i
1= —4 H‘I,FU,FO-&-j,mU

g Ml Fg moy= 7F0 j=—1
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momentum including the nuclear spin (F; = J; + Z, 7 being
the nuclear spin) and where m; is the projection of F; along
the direction of the laser’s electric fields.

We still assume, in this section, that laser 1 is tuned close
enough to the transition between fine levels |0) and |1) that no
other fine levels are to be accounted for. Similarly, with regard
to laser 2, we assume that only the transition between fine levels
[1) and |2) is to be considered. However, within one given fine
level, the energy difference between hyperfine sublevels is
so small that one has to account for all allowed transitions,
|Ji, Fi,m;) — |Jj,Fj,m;), that satisfy the selection rules F; —
F; =0, £ 1and m; = m; (because we assume that the lasers
are linearly polarized). The latter condition makes it possible
to consider transitions for a given m independently of those
with m’ # m. An example of all transitions to be accounted
for between hyperfine sublevels, when the kinetic momentum
of the fine level |0) is Jy = 0, and for a given m, is illustrated
in Fig. 3.

The derivation of P; and P, when account is made of the
atom hyperfine structure is reported in the Appendix. The
result for P is

Bt} a5 | Ex?
RAZA

_ Bt E\ |
h2A3

] €1y

1

o= Z Z Z 1y Ry Fotjumo. (32)

F() m()—*F() j=—l 0A1M]

and where

z § E I‘Ll Fo,Fo+J, molu’l Fo, Fo+l, mol‘Ll Fo+j+0, Fo+l, Wlol‘l/l Fo+j+l, Fo+J, Wlo] )

j=—1ll=—1L=-1
(33)
{IM Fo.Fo+j.mo Z Z L2, Fot . B+ mo 2, Fot joH -y Fot j+mg K By, Forj+i+ymo | (- (34)
Fo moy=—F) j=—1 I=—11=-1
[
In the expressions above, fi| and fi, are, respectively, the mean and I, of lasers 1 and 2 are such that
dipole moments of transitions |0) — |1) and |1) — |2), ZFO .
denotes the sum over all values of the total kinetic momentum, 2 _ PiitiAr _ (35)
Fy, of level |0), and g = ZFU(ZFO -+ 1) is the number of I ﬂzﬂ%Al

hyperfine sublevels within level |0). Moreover ; r, r+j,m; 15
the dipole moment of the transition |J;, F;,m;) — |Ji+1,F; +
J.m;), which, by convention, is zero if the transition does not
exist [e.g., F; + j < 0, or |F; + j| > max(F;y;)]. As for A;
and A,, they are defined as in Fig. 2; in our derivation of P, we
neglected the energy difference between hyperfine sublevels
compared to A; and A;.

From Eq. (31), it is clear that it is still possible to cancel
out the Kerr effect for a given laser beam by making use of
a second, copropagating laser, provided that the intensities I

One can easily check that the result obtained in Sec. IT A is
recovered since, when the atom has no hyperfine structure, the
sums Y Fo in Egs. (33) and (34) only contain one term, so that
,31 :2and,32 =1.

2. Multi-isotope atomic vapor

Let us now consider the situation when the lasers propagate
inside an atomic vapor composed of a fraction, 7., of isotopes
with an even number of nucleons, and, therefore, no hyperfine
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structure, and of a fraction, n,, of isotopes with an odd number
of nucleons which, for the sake of simplicity, are assumed to all
have the same nuclear spin, Z. Then, clearly, the polarization,
Py, is just

M. + 770,31)17«‘11|E1 |2
hz

E; 5
P ZNF (ﬂe+'700!)M1—

(36)

| (et noB)AIA3|Eal®
h? ’
so that the Kerr effect cancellation is obtained provided that
the condition

é — (778 + noﬂl)ﬁ%A2
I (Me + 770,82)/1%A1

is fulfilled. If the odd isotopes do not all have the same nuclear
spin, and if the fraction of odd isotopes with nuclear spin, Z;,
is n;, then, in Eq. (37), the terms 7,8, and 1,8, only need to
be replaced by > ; 7; Y and doin; ), where g\ and B’
are just the values assumed by $; and 3, for the corresponding
nuclear spin, Z;.

(37

C. Application to barium

Let us now make an explicit calculation, for an atomic vapor
of barium, of the condition that must be fulfilled by 1,/1; in
order to obtain the cancellation of the Kerr effect on laser 1 by
making use of laser 2. The atomic vapor of barium was chosen
for the experiment detailed in Sec. III so that the theoretical
condition for the Kerr cancellation derived here can be directly
compared with that found experimentally.

In its natural state, barium is composed of seven different
isotopes; five of them (13?Ba, '3*Ba, 3°Ba, and !’®Ba),
representing about 82% of its composition, have an even
number of nucleons and therefore a 0 nuclear spin [7,8]. The
isotopic abundance of '33Ba is very small, less than 0.1%,
while '**Ba and '*’Ba have the same nuclear spin, Z = 3/2.
Hence, the condition, Eq. (37), for the Kerr effect cancellation
may be directly applied with n, = 0.82 and 5, = 0.18.

The ground state of barium (level |0)) is |6s2,%Sy) (hence
Jo = 0), and we choose for level |1) the level |6s6p,'P;)
(hence, J; = 1), whose energy is 18 060.261 cm~!, and
for level |2) the level |6s8s,%S,) (hence, J, =0), whose
energy is 34 371.002 cm~! [9]. All the allowed transitions
between hyperfine levels we have to account for are given in
Fig. 4.

Because Jy = 0, there is only one possible value for Fy,
Fy =17 =3/2, so that gy = 4. Moreover, because J, =0,
so that F, = Fp, the general expressions, Egs. (33) and (34)
respectively, for §; and B, can be cast in the more simple
forms

2

4/1 m=—F | j=—
, 3%
1 F 1
Pr= - D3 wiErsimb e Em |
Sl P— j=—1
with F = 3/2.
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-3/2 -1/2 1/2

F=3/2

F=3/2

m=-3/2 -1/2

FIG. 4. Hyperfine structure levels in the case of the chosen
transitions in '**Ba or *’Ba.

In order to derive B; and B,, we need to calculate all the
dipole moments, i1 F r4j, and (o, F4 j, F,m, for the transitions
between hyperfine levels. To do so, we use the formula that can
be found in Ref. [10], relating the dipole moment (s j' r r' m
for the transition |J, F,m) — |J’,F’,m) to the mean value [
of the dipole moment for the transition |J) — |J'):

W mpm = (DI BQF £ DR+ 1)
F 1 F\|J J 1

X<—m 0 m){F’ F I}’ (39)
where (fm (1) ni/) is a three-j symbol and {IJV, IJV II} a
six-j symbol (see Refs. [11,12]). For the barium, the six-
J symbol needs to be calculated with Z = 3/2 and, for the
chosen fine levels |1) and |2), its squared value is always
1/12. Then, using the values of the 3-j symbols that can
be found in Ref. [11], one easily finds that Eq. (38) yields
B1 =2 while Eq. (39) yields 8, =1, i.e., exactly the same
values as for an atom with no hyperfine structure. We therefore
conclude that, for the chosen transitions in an atomic vapor of
barium, Eq. (28) yields the condition for the cancellation of
the Kerr effect on laser 1 by laser 2 provided that ©; and

W are, respectively, the mean dipole moments of transitions
|0) — |1) and 1) — |2).

III. EXPERIMENTAL EVIDENCE
A. Setup

In order to check our theoretical prediction of the Kerr-free
laser propagation, an experiment was led on an atomic vapor
of barium using the atomic transitions specified in Sec. IIC.
Level |1) (6s6p,'P) corresponds to an energy of 18 060.261
cm™!, while level |2) (6s8s,'Sy) corresponds to an energy of
34 371.002 cm~'. The mean dipole moment for the transition
|0) — |1) is well known to be u; & 8 D. As regards the
dipole moment for the transition |1) — |2), we chose the
value published in Ref. [13], i, & 0.7 D, which seems quite
accurate [14].

In our Kerr-free experiment, the barium temperature is close
to 900 K, so that for our laser wavelengths, A; & 553 nm and
A2 & 613 nm, the Doppler broadening is (FWHM) Avp =
V8I)T/M /) ~ 1 GHz.

The lifetimes of levels |1) and |2) are not known perfectly
but may be estimated to be 77 &~ 20 ns and T, ~ 4 us [15].
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laser # 2

Ba Vapor

i)—_

FIG. 5. (Color online) Experimental setup.

laser #1

Figure 5 shows our experimental setup. The laser source
is composed of a frequency-doubled single-mode-pulsed
YAG:Nd3+ laser (Quanta-Ray DCR3) amplifying the output
of two Coherent Inc. continuous-wave (cw)-stabilized single-
mode ring dye oscillators pumped by two diode pumped solid
state laser (DPSSL) Verdi SW (Coherent Inc.). The absolute
frequencies of the amplified laser fields are measured with
cw laser wavelength meters (Burleigh WA1000). After spatial
filtering, the transverse distribution is checked by a charge-
coupled device (CCD) camera exhibiting a near transverse
Gaussian profile.

The overlapping of the two beams is carefully adjusted
with the help of a second CCD camera at the exit of the
oven. Temporal pulse profiles (7; = 6 ns duration total pulse
width at half maximum with a nearly Gaussian distribution)
as well as energy per pulse measurements are done before
and after propagation in the atomic vapor with respectively
high-speed photodiodes on a Lecroy 1-GHz bandwidth scope
and calibrated Laser Precision RJ-7200 energy meters. With
the same pump being used for lasers 1 and 2, there is no time
jitter between the two lasers. This laser system is characterized
by a reproducible output spatial distribution. Shot-to-shot
variations of the temporal profile and of the energy per pulse
are lower than a few percent.

The atomic medium is obtained using vapor pressure of
solid barium heated in a temperature-controlled oven of L =
1 m effective length. A vapor pressure of argon is applied to
ensure window protection. Less than 1 Torr was used in order
to obtain a dephasing collision time 7 as long as possible.
We measured that a pressure of 1 Torr of argon leads to a time
T.o1 of the order of 200 ns.

Temperatures in the oven are measured by a thermal sensor
but do not have sufficient reliability to be used for deducing
the barium atomic density. As a consequence, the N L product
in the oven is determined for different temperatures between
870 K and 960 K using the method described in Ref. [16].
At T =900 K, which is the temperature corresponding to the
experiments described here, we find NL = 5.44 x 10°cm™2.

B. Kerr effect cancellation

The main parameters of the two lasers are summed up
in Table I. From these data, the inverse Fresnel number is
AL/mw? 2~ 0.3, so that the space profiles are almost not
affected by free propagation (the beam waist increases by

PHYSICAL REVIEW A 89, 013849 (2014)

TABLE I. Main experimental parameters for laser 1 and laser 2.

Laser 1 Laser 2
Energy € (uJ) 0.25 120
Beam waist® along x, w, (mm) 0.76 0.86
Beam waist* along y, w, (mm) 0.88 0.96
Pulse duration (ns) 6 6
Wavelength (nm) 553 613

2The waist is the radius of 1/e irradiance.

about 4.5% after 1 m of propagation for a Gaussian spatial
profile).

The energy and detuning of laser 1 were chosen so as to
obtain, without laser 2, a clear single filament at the output of
the barium vapor. With laser 2 copropagating, we sought the
parameters (laser 2 energy and frequency detuning) yielding an
output profile for laser 1 which best agreed with the input one.
Figure 1 shows one result of such an experimental procedure
which corresponds to A} = —25.84 GHz and A, = —34.17
GHz, with an energy per pulse & = 0.25 wJ for laser 1 and
&, ~ 120 wJ for laser 2. One can easily check that the power
of laser 1, P; ~ 39 W, is way above the critical one, P,, ~ 0.4
W [5,17], so that laser 1 alone is expected to self-focus after
propagating over L & 1 m of barium vapor, as experimentally
observed. By contrast, the power of laser 2, P, ~ 1.9 x 10*
W, is less than the critical one, P, ~ 6 x 10* W, so that
the transverse profile of laser 2 is nearly not affected by its
propagation in the atomic vapor of barium, as required for our
process to be effective.

Both A; and A; are much larger than the Doppler
broadening, than 1/7; and 1/T3, and than 1/7;, so that the
analysis of the Sec. II holds. In particular, we showed in
Sec. II C that our theoretical condition to cancel out the Kerr
effect on laser 1 by making use of laser 2 is given by Eq. (28),
which yields

4]

1

~ 345, (40)
th

while, experimentally, we find

Eety g 4
o Slwiwg - ' “1)

L
I

exp

The theoretical predictions are, therefore, in very good agree-
ment with the experimental results. The relative discrepancy
between the theoretical and experimental values of I/1; is
close to 12%, which is within the uncertainties induced by
those on the knowledge of u, and on the measurements of
the lasers’ energies and waists. Note moreover that, as may
be seen in Fig. 1, even if they are close, the output profile of
laser 1, when laser 2 is copropagating, does not exactly match
the out of resonance profile. This is mainly because the input
profile of laser 2 does not exactly match that of laser 1 (see
Table I).

C. Control of the output profile of laser 1 using laser 2

Clearly, using laser 2, it is possible to change the sign
of the Kerr index of refraction of laser 1, i.e., make it that
(n(zl)ll — n;(])lz)n(zl) < 0, and make laser 1 focus while it
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FIG. 6. (Color online) Example of the monitoring of the space
profile of laser 1 obtained by tuning the frequency of laser 2. The
other laser characteristics are identical to those of Fig. 1.

would have defocused when propagating alone, or vice versa.
Actually, the value of (n(zl)l 1 — n'z(l)lz) can be chosen at will,
so that the atomic vapor can be used as an adaptable lens
that allows one to control the output profile of laser 1 using
laser 2.

The monitoring of the space profile of laser 1, by making
use of laser 2, is illustrated in Fig. 6, where, at constant energy
per pulse, depending on the tuning of laser 2 frequency, we
could make laser 1 focus inside the vapor while it would have
defocused when propagating alone or, conversely, we could
increase the defocussing. For instance, Fig. 6(a) displays the
transverse profile of laser 1 at the exit of the vapor when laser
1 and laser 2 frequencies are far from the atomic resonance,
i.e., when no interaction exists with the atomic vapor. Figure
6(b) represents the output transverse profile of laser 1 for a
detuning A; = 420 GHz (self-defocusing) and when laser 2
does not interact with the atomic medium (frequency of laser 2
far from the resonance). Figures 6(c) and 6(d) show the output
transverse profile of laser 1 for two values of A,, the first one
leading to focusing (A, = +15 GHz) and the second one to
an increased defocusing (A, = —10 GHz).

IV. CONCLUSION

In this paper, we showed that, when two lasers copropagate
inside an atomic vapor, with laser 1 nearly resonant with
the transition |0) — |1) and laser 2 nearly resonant with the
transition |1) — |2), as shown in Fig. 2, then the index of
refraction of laser 1 is n = ng + noI; — n, I, where I; and I,
are, respectively, the intensities of lasers 1 and 2. Hence, by
choosing I, and the detuning to resonance, A,, of laser 2, so
that no I, = n, D, it is possible to cancel out the Kerr effect on
laser 1, which can then propagate with very little distortion of
its transverse profile.

Theoretically, this result is obtained through a resolution
of the Bloch equations using both a perturbative analysis
and the adiabatic approximation. Such approximations are
well grounded provided that, for j =1 or 2, Q;/A; < 1,
and ©;7; > 1, where 7; is the time duration of laser j, and
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where 2 (£2,) is the Rabi frequency of transition |0) — |1)
(1) — 12)).

Moreover, our result on the Kerr effect cancellation mainly
applies when the atoms may be considered as three-level
systems, which leads to the condition Eq. (28) for an effec-
tive cancellation, while accounting for the atoms’ hyperfine
structure (when the nuclear spin is nonzero) is only a technical
difficulty that changes Eq. (28) to Eq. (35). It is noteworthy
that, for the chosen example of barium atoms of Sec. IIC,
Egs. (28) and (35) are actually the same.

In order to prove the effectiveness of our proposed scheme,
we performed an experiment in an atomic vapor of barium.
Experimentally, we chose the intensity, /;, and detuning, A,
of laser 1 so as to obtain, when this laser propagates by itself,
a clear single filament at the output of the barium vapor,
illustrated in Fig. 1(b). We then let lasers 1 and 2 copropagate
and adjusted the intensity, /5, and detuning, A;, of laser 2 so
as to make the output profile of laser 1 as close as possible
to its input profile, as may be seen by comparing Fig. 1(c)
with Fig. 1(a). Hence, we indeed showed experimentally that,
using laser 2, we could strongly reduce the alteration of the
transverse profile of laser 1 due to its interaction with the
barium vapor. Moreover, the values found for I, and A, are
very close to those predicted theoretically (the discrepancy
between the experimental and theoretical values is within the
uncertainties due to the lack of precision on the value of the
dipole moment of the transition [1) — |2)), which validates
our theoretical analysis.

By changing the value of A,, we also showed that we could
make laser 1 focus while, when propagating alone, it would
have self-defocused, or, conversely, increase the defocussing.
Using laser 2 we can therefore choose, at will, the output
profile of laser 1.

In conclusion, we proposed in this paper quite a general
method to cancel out the Kerr effect on a near-resonnant laser
propagating inside an atomic vapor by using the crossed-Kerr
effect induced by a second, copropagating, laser light. The
method is quite efficient, as demonstrated on a barium vapor,
and easy to implement. It moreover allows quite a precise
control of the laser beam propagation whose transverse size at
the vapor output may be chosen at will.
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APPENDIX: THREE-LEVEL SYSTEM WITH HYPERFINE
STRUCTURE.

Let us now address the derivation of the polarization, P,
when the atoms have a hyperfine structure. As explained in
Sec. IIB1, a given hyperfine level, denoted by |J;, F;,m;), is
identified by the kinetic momentum, J;, of its fine level |i}), by
the value of its total kinetic momentum, F; = J; + Z, where
7 is the nuclear spin, and by the projection, m;, of F; along
the direction of the laser’s electric fields. Because hyperfine
sublevels are very close to each other, one needs to account
for all allowed transitions, AF = 0, & 1, between two given
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fine levels |i) and |j), which makes the derivation of P more
complicated than when 7 = 0. However, when the lasers are
linearly polarized, as assumed in this paper, the selection rule
Am = 0 makes it possible to consider transitions for a given
value of m independently of those for m’ # m. An example of
all transitions one has to account for when the ground level is
such that Jy = O (as is the case for barium), and for one given
value of m, is illustrated in Fig. 3.

In order to account for the atom hyperfine structure, we
now write the wave function, |\"), of atom #,

Fy
W)= 3" Y ¢ gymol 0. Fo.mo)

F(] m0=7F0
F
n —iwy, t
+ E E pme VG FrLmy)
Fy m=—F,
P
n —i(wy, oy )t
+ YD S pme TV D Fymy), (A
F2 m2=7F2

where ) , Tepresents the sum over all possible values of
the total kinetic momentum, F;, of level |i). As for the atom
polarization, it is

1 N n|a n
P=— ) (WA, (A2)
n=1

where AV is a small volume of laser-atom interaction (which
nevertheless contains a large number, N, of atoms) about a
given space location 7.

Just like when the atom has no hyperfine structure, we write
the polarization as

P = Pe”in' 4 Pyeion! (A3)
and, if we denote
n __n n *
Oij,FiFjm = cj,Fj,m(ciJ’,-,m) ) (A4)

and if let w; r, r+1,m be the dipole moment of the transition
|Ji, Fi,m) — |J;,F; + [,m), which, by convention, is zero if
the transition does not exist [i.e., if F; +/ <0, or F; +1[ >
max(F;) or |m| > max(F; + )], then

1 N Fy 1
_ ) n
Pr = AV Z]Z Z Z M1, Fo, Fot jmoO01, Fy, Fot jmo>
n

=1 Fy mo=—F j=-1

(AS5)

N Fy 1

1
T AV ZZ Z Z /’L2,F1,F1+qu10112,F1,F1+j,m1‘

n=1 F| m=—F j=—

F
|

(A6)

Using the rotating-wave approximation, neglecting the energy
difference between hyperfine sublevels compared to the
detunings A; and A, of Fig. 2, assuming that the lifetimes
of these levels are infinite, and denoting

_ Wi R Fvjm Ei
QiR Pt jm = —————,

W (AT)
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the Rabi frequency of the transition |J;, F;,m;) — |Ji+1, F; +
Jj,m;), one easily finds the Bloch equations

JFo, Fot+jm . n
dt = —1A1001 gy, Fot jomo
1
. n
+i § 21, Fot j+1, Fotjmo 000, Fy, ot j-+1,mo
I=—1
1
—1 Q o .
L, Fo, Fo+l,mo O 11, Fy+1, Fo+j,mo
I=—1
1
. * n
+1 Z S5 ot j, Fot j+1,m0 002, Fo, Fot j-+,mo
I=—1
(AB)
dol .
12,F1, Fi+j,m . n
4 =i(A; — AZ)U]Z,Fl,F1+j,ml
t
1
. n
+1 E iquFl+j+qul+j,mlGll,F[,F]+j+l,m|
I=—1
1
. § : * n
—1 QI,F1+Z,F1,ml002,F1+Z,F1+j,'n1
I=—1
1
. n
_’§ QZ,FI,Fl-H,rmUzz,F1+z,Fl+j,m1’
I=—1
(A9)
n
dO—OZ-FosFo-H,mo — iAol
=—iA, .
dt 02, Fy, Fo+j,mo
1
. n
+1 § :QZ,Fo+j+LFo+j,mo‘701,FU,FU+j+l,mo
I=—1
1
. n
-1 E :Ql,Fo,F0+1~,m0012,F0+l,F0+j,m0’
I=—1
(A10)
n — 1 X N 1
where we recall that o] 1. ¢, = (¢} F, )"} p, - Just like

when the atom has no hyperfine structure, the Bloch equations
are solved by perturbation. At 0 order in the field amplitudes,
and when the thermal energy is much larger than the energy
difference between hyperfine levels, we find,

000, Fy, Fomy = 1/80, (A11)
where go =) 7, (2Fy + 1) is the number of hyperfine sub-
levels within the ground level. Then,

- on
1
o' ¥0.Fg.m

N
where ¢ f, , is a phase that depends on the considered atom,
n, and that varies randomly from one atom to the other.

By making use of the adiabatic approximation, one finds from
Eq. (A8) that, at lowest order in the fields amplitudes,

1 Q ; o O
n -~ L Fo+j+1, Fot+j.moC00, Fy, Fo+ j+1,mq
o .
01, Fo, Fo+j,mo Z .

Ay

(A12)

n —_—
€o,Fom =

I=—1
(A13)
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Plugging Eq. (A12) into Eq. (A13) yields
1
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1 .
001, Fo. Fot jumo > PN Z QU Fytj+1. Fotjmo €XP [i (¢3,Fo+j+z,m0 - ¢3,p0,m0)]- (Al14)
I=—1
Similarly, solving Eq. (A10) by making use of the adiabatic approximation yields, at lowest order in the fields amplitudes,
0 1
O, Fo. Fot jomo ™~ Z 2, Fot j+1, Fo/;mo 001, Fy. Fort-jumo
2=
| 11
A PINYN Z Z {2, ot 41, Fot jumo 20, Fot jr 1+ ot -+1.mo ©XP [ (90 o s ji4tyme — 0. Foms) |} (A15)
I=—15=—1

From Egs. (A12), (A14), and (A15) we then find

1 1

n g
€1, Fy.my ~ \/g—A z : Ql Fo+l,Fy,mg€ O Fottmo (A16)
081
1 1 1
n ~ i
€2, Fy,mg ™ Z QZ,F0+I,F0,mOQI,FU+l+l|,F0+[,m0€ 0-Fotttlimo (A17)

V80A1Ay

1h=-1

so that

ZZZ

111 =—1hL=—1
1 1 1

n
OV, Fy Pt jmy ™

1

ol N —
12,F), Fi+jm ~
SFy L Fij,my g0 AZAZI

—1lh=—1lh=—1

*
1,F1+11,F,,m191 Fi+j+l+h, Fi+j+l,m, exp[ ((,00 Fij+H+,m,

¢S~Fl+ll’ml)]} . (AI8)

(w —9% ;
E E E {92 Fitjt L Frtjumy 2L Fy oty Fy oy S F b job oy, it oy € Ottt =40 Ry, W, (A19)

while 03, r £ 1 i1.m,» Whose expression will not be given here, is clearly of order 4 in the field amplitudes.

1 n
When summing 075 g, g4 jm,

over all atoms, as in Eq. (A6) to find P, then, because the phases ¢ f, ,,, vary randomly from

one to atom to the other, only terms such that j +/ 4+ [, = [; give a nonzero contribution. Hence, if we denote by N the atom

density and

Q) = E/h, (A20)
Q = iy /h, (A21)

where fi; and fi, are, respectively, the mean dipole moments of transitions |0) — |1) and |1) — |2), then

Qz|91|
P=N oA > XYY T (A22)
80 F omy=—F, j=—11=—11=—1
where

T py oy sty = M2, Fi Fitjmi B2, Fi+j+L Fitjm RLF L FLm L F L L4 +HLmy . (A23)

Let us now calculate P;, and, therefore, 06‘1, Fo Fotjumg» At
third order in the field amplitudes. Solving Eq. (A8) by making
use of the adiabatic approximation yields

1

— i X n
= E :Ql,Fo+J+l,Fo+J,moUOO,F0,Fo+j+l,m0
I=—1

n
A1001 By, Foyt-jmo

1

n
- E QI,FU,FOH,moGl1,F0+1.F0+j,m0
I=—1

+ § S0 Fotjo Fot j+1.mo P02, Fy. Fotj+mo
=1

(A24)

A3t

(

n n 1
Where OV Fotl, Fot jomo A4 00> f Fokjtlm T respectlvely,
given by Eqgs. (A18) and (A15). Since we are only interested
in Py, we will only calculate 591, 7, 7, + j,m,» Which results from
. " .
the averaging of 00} r, Fytj.m, OVer all the atoms contained in
the considered volume AV,

001, Fy. Fotjmo = N Z Géll,Fo,FoJrj,mo' (A25)
From Eq. (A12), it is clear that
1 N
6'00,F0,F0+j,7i10 = ./T/ Z GSO,FO,Fo-ﬁ-j,mo (A26)
n=1
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is zero if j # 0 so that Eq. (A24) yields
1 1

_ _ _ . _
A1, Fy, Fotjmo = $21,Fo, Fort j.mg @00, Fo, Fo.mg — E Q1 Fy. FotL.mgO 11, Fo+l. Fot jumo + E 0 Fotj, ot j+1,mo 002 Fo, Fot j+1.mo s (A2T)
I=—1 I=—1

and, from Eq. (A18),

o img = — ) O
11, Fo+l, Fo+j,mg = N 11, Fo+l, Fo+j,mo
n=

1
1

A2 E : 1 Fot jt, FotLmg S, Fot j+la, Fo+j.mo s (A28)
80 1 ,=—1

while, from Eq. (A15), one finds,

- . —_ n
002, Fy, Fo+j+l,my = N GOZ,FU,Fo+j+l,m0

1 1

m Z §2 Fot jHi+1y, Fot j+1,mo 21, Fy, Fot j-H-+1 ,mo - (A29)
In order to conclude the derivation of P;, there only remains to evaluate oo, r,. ,.m, at second order in the field amplitudes.
This estimate of 6o r,, r,.m, can be obtained by considering only the transitions from level |0) to level |1) due to laser 1 and by
neglecting the transitions from level 1) to level |0) due to the same laser, because the corresponding contributions to 6o, 7, y,m,
will be of higher order. Then,

1 e 2

_ 1,Fy, Fo+J,

500, Fy. Fomg N — | 1= Y O (A30)
80 =1 A

Plugging Eqs. (A28)—(A30) into Eq. (A27) and using the value thus found for 61, 7, Fy+ j,m, into Eq. (AS) for Py, one finds

E 14 E|? E;|?
_NvE [aﬁ%— ﬁlﬂzll 31| ,32M21M§| 2 :| (A31)
h h* Ay h*ATA,
where
1
u
=X 3 Y M a
Fo mo——Fg ]* 1 OAIM
and where
2
1 Fo 1 1 1 1
ﬁl = _4 Z Z Z /’l/] Fo, Fo+j,mo + Z Z Z [Ml,Fg,Fo+j,mo/’Ll,F(),F(]+l,mo/'L1,Fo+j+l],Fo+l,mo/“L1,Fo+j+11,F()Jrj,mo] )
(UL R— I - j=—li=—14=—1
(A33)
Fo 1 1 1
pr = 112IL2 DD D N eime Y D [ Rt Rt imo b2, Ryt Bt mo o Fot 4tk m ] (- (A34)
12 Ry my=—Fy j=—1 I=—11=—1
The condition for a Kerr-free propagation of laser 1 can thus now be written
bL_ BiiiiAs (A35)
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