APPLICATIONS

This file gives some details on the development presented in the “Atomic spectroscopy in
extremely thin cells”. All equations preserve their numbers with the addition of the leading
letter “A”; more detailed records of the equations explaining the calculations are indicated
with the leading letter “D”. After each section we provide the reference for the Mathcad
program that realizes the needed computations, including numerical integration, plots the
results and writes the results in the file.

EQUATIONS

The theoretical analysis of the resonances obtained in the ETC is based on the standard
semiclassical description of the atomic system by the statistical operator g in ITO representation.

The basic system of equations given in the following publications:
e e S

1. M.1. D’yakonov, V.I. Perel // Optics and Spectroscopy. 1966. V. 20. P. 101.

2. B. Decomps, M. Dumont, M. Ducloy // in Laser Spectroscopy of Atoms and Molecules, edited
by H. Walther, Springer-Verlag, Berlin Heidelberg New York, (1976).]
e e S

was modified by writing the tensor components of the optical coherence in the form

$q (v, t) = $q(x, V) exp{ — lwyqs t}, (All)

and neglecting the terms containing the sum frequencies (w ;45 + W), We obtain equations for
the spatial portions of the tensor components pg (x, v), (p = f, @, $) presented in

+++++++ b

3. Todorov G., Polishchuk V.A., Krasteva A., Sargsyan A.D., Cartaleva S., Vartanyan T.A.
Calculation of the nonlinear interaction between a laser beam and alkali-metal atomic vapor in an

ultrathin cell // Journal of Optical Technology - 2016, Vol. 83, No. 11, pp. 659-666
L

»A” Application
,D” Details — explications; - more detailed record of some calculations
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The coefficients B";"; and S(’;{’; o in Eq. (12) are obtained from the corresponding components

KK KK, H H H
qu 0 and qu,Q via the substitution Fy F,.

details and designations see in [3]

Below please find the descriptions of the Mathcad files



App_1-1torder
Name of the program - 1st -order

Following an iterative approach and using procedure and boundary conditions developed
in
+++++++

4. Vartanyan T.A., Lin D.L. // Phys. Rev. A. 1995. V. 51. P. 1959-1964
L L

we find the first order solutions

(eikx_e{—(y§+i4w)x/v})

(1)1 _ ; (dEo) i, FrFyp
Eo(x,v>0) . [‘6@ [ [v¢ +i(dw+kv)] ]

for atoms moving parallel to the laser beam direction and

(A_1-15)

(eikx_eikl.e{_(yé*'mw)(X—l)/V})

(D1 — . (dEy) FgFy _
S0 v <0) ==, 7] V3 +i(Aw+kv)] ]

) ik(x=1) _ (= gHidw)(x=1/v)

= WEi(xv<0) = i—(dg") [[/];’;fF<P]elkz[(e e )

for atoms moving in the opposite direction.

[vE +i(Aw+kv)] ] (A_1-16)

Here

FpFp, _ (D)ot 12 (D98 @ ]
Vo 1= 3 @R+ 1) 2Fp+1  2Fp+1 (A_1-17)
Aw = wg — wygs, | is the cell thickness, @3, @£ -population of the lower and upper levels

before irradiation.
The resulting first-order solutions (A15) and (A16) enable us to first calculate the spatial part of

the polarization of the medium qu(x)
Pl (x) = (=) Fe(2F, + 1)"V2d [T W (v) & (x,v) dPv. (A_1-10)

Defined by solving the spatial part of the Maxwell equation, the radiation field in the first order
can be written in the form. [4 Vartanyan T.A., Lin D.L. // Phys. Rev. A. 1995. V. 51. P. 1959-1964]

WEY(x) = 2mik fol exp[ik(x — x)] WP(x") dx’ (A_1-18)
and for the reflected and transmitted fields we get, respectively:

WEL = 2mik fol exp i Opt (x1) dx WEL = 2mik fol exp=ix' Wp* (x7) dx’
(A_1-18a)

It is convenient to introduce the dimensionless variables 2 = (wy — wyes)/kVr

I =y [kvr, (s = f,§¢) and v/vr = u.

To the first order, we obtain the following for the field amplitude after passing through the cell.
WEY(x > 1) = WEL exp{ikx}



After averaging over the cell thickness I, we obtain the corresponding solutions for both directions
of atomic motion: (Name of the program - 1st —order)

27.[1/2 deFgo

\/ ny(p

‘Pg foO

(1)E1 = _ E
trem =3~ VYo ((kvt))[(ZFq, +1 2F+ PlEo
% ®.e-u?} el-1?) (-2} (it} TP/ o.ol-%)
{f" <[r1+ei<n+u>] B [rf:(mmlz = [er1+i<rze+u>]2 )+ I du <r1+el<n+u)1
3 3 3
wel-u% u.e{_“2}.e{”‘l’}.e{"'w%“m(b/u}
[FE+ia+rw)? [ +i(a+w)? ) (A_1-19)
¢ =2n /M)l =
Using the notation
_onl/2 dFR, 0040 ()50 2n1/2 AFcr,
K(Fy, Fp kvr) = 3V3 (h va)(2F¢+1 B 2Ff+1) 33 ( hkvr )N, (A_1-19)
and Ji = [Tdu(...), J;r=[° du(..), (A_1-10b)
we can rewrite Eq. (19) in compact form as:
OELsm = K(Fp, Fp, kvr)Eo. [Jf +J1 1. (A_1-20)

. . .. 1/2 2 .
The dimensionless coefficient K (F,, vy) =— 2:—\/5 (ﬁ) (4N, ) depends on the reduced matrix
T

©gf
2Fp+1

element of the dipole transition HdeF H the initial population difference (AN,f) = (

— ) for the transition under consideration Fy, F,, and the temperature T.
f

App_2a - 2" order (without spontaneous transfer)
Name of the program — 2nd-order

Returning to the iterative procedure, we substitute solutions (A15, A16) into Egs. (A12) (and
taking into account that the corrections in the first order to™®f* and Mgk are equal to 0), we
obtain in the second order of the perturbation theory the solution f?(x,v > 0) and
@f 2 (x, v < 0) both for the corrections to the population (x, = 0) and the longitudinal alignment

(x, = 2) of the upper level.
(These expressions are necessary for calculating the third order.)

d2 2
@f2(x,v>0) = (-

(2F; + 1)(2F, + 1) So00fo — Régo‘l’g]coozo X



1 (1 - exp{ — yf*(x/v)}
[v¢ + i(dw + kv) y}‘z
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[vs — i(dw + kv) y}‘z
N (exp{ — [v¢ — i(4w + kv)](x/v)}(— exp{ — v;* (x/v)}
[(v¢ — v/ — i(dw + kv)]

++

] (D_2 — 21a)
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1 (1 —exp{ - [(x - D/vl]}
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(g v+ l(Aw + kv)]

ot 1 (1 —exp{—yf*[(x = D/v]}
[y} — i(dw + kv) yf
.\ (exp{ — [v§ — i(Aw + kv)][(x — D /v]}(— exp{ — y;*[(x — l)/v]})] (D.2 — 21b)
(v} —v/*) — i(dw + kv)]
Here
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[Sogo 0 Rogofl’o] #[(ZFf + 1)(2F‘P T 1)]2[(2}7 + 1) (2Ff + 1)
dsy E2 10 K21
(— 1z NQEF +1)(2F, + D] [Sooo 0 ROOO‘:OO]COgo
_ = Dr*Fe dy Eo 00 cr2l = [yfrfe] cral,
3 )[(ZF +1) (2Ff+1) Cooo = [U ] 000"
[ Ffap] _ 1) f+Fe df(pZEo)[(ZF(Zgil) _ (2F]:(v;)+1)] () (D_2— 21c)
and

1 1 k)1 1 «k
2F 1/2 3 2 2
000 = (-1 ¢(2F +1) {Ff Fr F(p} (0 0 0)

K, =0, Cooo = Boo = (—1)FrtFe



In comparison with Egs.(A12a) and (A12b), we readily see that the first term of the solution for
@gps? can be obtained from Eg. (21) via the substitutions y; — y,, and C;(’;Q — (- 1)"+1qu 0
Therefore, we obtain for (D¢

df ,E§
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(D_2 — 22a)
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(D_2 — 22b)

Recall that
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After averaging over the cell thickness I, we obtain the corresponding solutions for both directions

of atomic motion: py2(u > 0), ps2(u < 0); (p=f, )
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Here AFf’?l = [;** — I} and the expression in front of the integral can be written:
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We can rewrite the sum of solutions (A_2-21a,b) in compact form as:

1 yFrr 1
@fke — @fF2(y > 0) + DfF2(y < 0) = [W] f <p] [(2)]+ + (z)]f]ngO

(A_2-22)
Again, if the contribution of spontaneous transfer is not taken into account, the solutions for the

corresponding components@¢g?(u > 0,u < 0) are obtained by replacing I} — I, and C(’;('; 0
_1\K+1pKK .
by (1) B0 and thus:

1 FfF,
@pg? = g2 u > 0) + Doy (u < 0) = [msgeres] (U7 [ + @] (- 1)+ 1By,
(A_2-23)

We can calculate the unpolarized fluorescence intensity Ir, (i) in direction 7i:



N @0 1 1 2 N
(Z)If(p(n) = Ko ||d127<pr|| lm + 5(_1)Ff+F<p {Ff Ff F(p} [Z(—l)q (Z)quT_Zq( n)]

(A_2-26)

It is easy to show that, if the influence of the spontaneous transfer is neglected, for the
transitions in question, the largest contribution to the unpolarized fluorescence comes from the
population P £L, which can be written in abbreviated form as follows using the above notation

+ -_—
(Z)fo = _df(pZEg] <Yf)(fr )(ANM) [(2)]/’ +(2)]f] (4Ngf) [9Rapi| vp)? [(Z)Jf +@y ](A_2-2221)

(hyp)? @  3vm [(rp?] (kvr)? @

Thus, the fluorescence intensity from a given transition is proportional to the correction to the

population @ £0, i.e. the sum of the integrals [(2)]f+ +@J: ]

[unpol o ||d’2‘"fF<P|| (ANgr) d%qu’Eg ¥ p)? [(2)]f++(2)]f_] (A_2-263)
fo 03/2F;+1 3vm | (p)? | (kvr)? @ B

App_2b - 2" order spontaneous transfer
Name of the program- 2nd-order_spontan

Next, we need to write down the correction (pq2 to the solutions for the lower state (2)(pK2 taking
into account spontaneous transfer of the excitation, proceeding from the additional term
Ip e, fa 2 (x,v) in (A12D),

—(pqz(x v) + = v’ <pq2(x V) = FfF (x V) (A_2-12b-sp)

and as mentioned above (A_4)

1 2 Ff Ff K
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0F =72
1

({C

([(V}‘Z —v$) —i(dw + kv)][y} + i(dw + kv)]

1

(y]'cCZ —yH) +ildw + kv)][y; — i(dw + kv)])
(exp{ — [y + i(dw + k)] (y/v)} — exp{ — v,* ¥/ v)}
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i
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+ }) (D_2 — 24b)

Ultimately, after averaging over the thickness of the cell I, taking into account the spontaneous

transfer gives an addition @ '52 (u > 0,u < 0) to the solution for the lower level
(Name of the Mc- program- 2nd-order_spontan)
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1
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{
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(D_2-24c)

and
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(1 — el ®/uty _

]+

+[
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w(1 — e*i®, CHIEHIDP/u}y
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In a more concise form, you can write

. FeFpl _ dftp B3\ VYo (D0 48 I¥r, Kol

€. [D ] hzyfy )((va)Z) 3klVm (2Fq,+1 2Ff+1) ((kv ))6000'

=~ FrFp| _ 1 FfF(p — _2m, )
[ ] - (kUT)S(kl\/—)] [ ] (rFfF(p)COOOI Ky =K = OIZJ k = 21’ (D_Z 24e)

As above, we write in compact form

N 5 - 1 F¢F — 1
P2 = @gkz(u>0)+ D@2 (u<0) = [m] [Uf (; w] [ D150 + @] FF’;ZF(I,C(’)%O
(A_2-24)

Of course, the complete solution describing the behavior of the population and the (longitudinal)
alignment of the lower state will be determined by the sum

502(u>0<0)—<p02(u>0<O)+<p§2(u>0<0)

1 F{F,
— 52 U ffo X
o0 = ey Y
rp?
{( D 1B [0 + @] + 52 Coto [ Pldper + @liper] } (A_2-25)

App_3a
3" order Third Order Solutions
(excluding spontaneous transfer)

Name of the program- 3rd-order

We write down the expressions necessary for further calculations, (4th order in the laser field)
first neglecting spontaneous transport.

For atoms moving in the direction of light beam propagation

dE
()¢ '53(x,v>0):['( 0) ~1/2] [U?(/;Fw]
(elkx _e{ (yf2+lAw)x/v})
K3 K K
( Z Saco " Codo {1 [y<? +i(dw + kv)]
Ve
(et (2 =ikv)x/v} _ e{—(y§3+mw)x/v})] ) 1 ( "
[0 = v/ + i(dw + kv)] v g + i(dw + k)]
1
+ —
[ve —i(dw + kv)])
(T —iknx/v) _ (-0 Hidw)x/v)y 1
X
[ =¥ + i(dw + kv)] ([y +i(dw + k)][(r} — ¥f2) + i(dw + kv)]
1
[y — ildw + k][ —vf) — i(dw + kv)]
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(- (ré—idw)x/v} _ (=0 +idw)x/v)y

[ VDO + i + k0)][(rE — ¥ + i(Aw + kv)]
(e{—[yg—i(amzm)]x/v} _ e{—(y§3+mw)x/v})

(yg —v§) + 2i(dw + k0)]ly; — i(Aw + k0)][(v; —¥;?) — i(dw + kv)]

[

13

+ Z( 1)K3+K2 RK3 Kz( 1)K2+1BOOO {y;cz PN y(pZ}) (D_3_32a)
and
dE
@ f(y = x—Lv<0) = [i( 0) @F + )72 [U ;1)
ik {—(y”2+mw)y/v}
lkl) Z SK3 K2C’€2 (el Y = ! )
000™~000 .
[vy Ye® +i(dw + kv)]
(07 FA-ikv)y/v} _ e{—(y§3+ww)y/v}) 1 1
- X
[ = v/ + i(dw + k)] | 175 ([yg1 +i(dw + kv)]
1
_|_ —
[vi —i(dw + kv)])
(07 - HknY/v} _ (=g ridw)y /vy 1
X
[ =) + i(Aw + kv)] ([yS} +i(dw + kN[ — 7)) + i(dw + kv)]
1

= i@ T 0l 7 - iGe t ko]

(e -1/} _ (-0 +idw)y /vy

[ —vH ¢ + idw + kn)][(v} — y}‘Z) +i(dw + kv)]
(et” [vZ-i(Aw+2kv)]y/v} _ {—(]/:;3+iAw)y/v})

[

- Vf) +2i(Aw + kv)][yf i(Adw + kv)][()/g - )/;2) —i(dw + kv)]]}

+ Z( 1)K3+K2 RK3 K2( 1)K2+1Bé€201(-) K2 o yq)Z})
and y=(x-1) (D_3 —32b)

For atoms moving against the direction of propagation of a light beam

Solutions (D_3-32 a,b) can be used to calculate 4-th order corrections (£ and (Ve

12



After averaging over the cell thickness I, we obtain corrections for the transmitted field (again,
excluding the contribution of the spontaneous transfer)

oq1/2 (Af g E§ d2 3/2
®ES (u>0)=— zf ? ( il )(yf Yo) — X
3\ PPveve J\RJ¥sYy) (Kvp)
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Siske gl f du X (P +
Kz< (So00”Caoo) 0 {[[1;"3 +i(2 +w)] ( [I;° +i(2 +w)] )
2
N 1 (u_ (e{—rf”24>/u} 1) w (et U Hime/u} 1))] )
(I = ) + i(2 + w)] I [ +i(Q +w)]
1 ( 1 N 1 ¥
rf"z [ +i@+w] [ = i@ +uw)]
—-rkz K .
1 u. (e{ el 1) 1 (@) ST/ _
L T raa—— ( r’ - [I° +i(2 +w)] )
(7 = 1) + i@ + ] ; :
1
( )

+
[IF + i@ +WIIE - +i@+w] [ = i@+ w0 - ) = i@ +w)]
u(eti®}, P T+ U} _ 1) uet), LU +DD Uy _ 1

[ +i(2 +w)] [[7° +i(2 +w)]
1
(2 —=THIF +i( @+ W][TH - L) +i(2 +w)]
£ g)llg ¢
u(eti®), (- _ gy gy (i), QT +iD/u} 1
[} —i(2+w)] - I + 1@+ ]
1
[(17° = I + 2i@ + W[ — i@ +WI[TF — ) = i(2 + w)]
+(=1)*s*IR3E2 BI?L fgo du {the same, but f & ¢ Jel™¥}) (D_3-33a)
and

2 2 2 3
BES, (1< 0) = — Aipry O\ ((AEcho \Qpve)? (08 3
trsm 3\ B2¥s¥e J\BS¥rYe) (kv)® \2F, +1  2F +1

[(2F; + 1)(2F, + 1)]"Y/%.E,,.

—( ) X

—( )

}e{_uz}

N| =

w(l— e{i¢}e{(F§3+iﬂ)®/u})

0
SK'3K2 CK21 j du x ¢ +
2
+ 1 u.(1- e{r;fzd,/u}) u. (1 - e{i(b}e{(l"§3+i!2)¢/u}))]
(7% = ) +i(2 + w)] I 7% T i@ + )
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1 1 1

+ +
’fJU?+Kﬂ+UH U?—Kﬂ+uﬂ)
! u (1= )y (1 = oilUE D
* - X
(> = ) + i@ +w)] s (% +i(2 +u)] )
1 1

(

[I3 + 12+ WIUE — ) +i(2 + w)] * [ — i@+ Wl - ) — i+ U)])

u(1 — eli®), e{(rg+m)¢/u}) u(l — eli}, e{(l"éc3+i.(2)d>/u})
F+ie+w] (7 +i(2 +w)]
1
(32 = IO + i@ + WU = [ + (2 + w)]
u(1 — el-i9) TF-iDe/y g _ plio}, e{(r§3+m)¢/u})
I =i +w] B [} +i(2 +w)]
1
(17 = 1) + 202 + W] — i@+ W][TF - 7)) — i@ +w)]

) X

) X

}e{_uz}

+(=1) RS B o [°, du (the same, but  f & ¢ Jel™*) (D_3-33b)

By designating

d3, E} d?
[Q FfF(p] 1) 27'[1/2( Frr, O)( FrE, )(nyzp)3/2( ®0 _ fo V(2F; + 1)(2F, + 1)]-1/2
fo 3 Ry, hfvrve (kv)3 2F,+1 2F+1 4

you can write

(3)Et’§"3sm = (3)Et’§"3sm
F¢F, 1 - 1 —
[Q ffi (p] EOZ< (5(’)‘332065620 0 [(3)]; + (3)]1‘] + (_1)K3+1R33’(§203520 0 (3)];5 + (S)Jqo] )
k2
(; — kappa, i — rank)

u>0)+®E2 (u<0)=

trsm

14



Apps_3b

3 order- Nonlinear optical coherences solutions,
including influence of the spontaneous emission transfer
Name of the Mc-program- 3rd-order-spont_trans

To take into account the SPONTANEOUS TRANSFER IN THIRD ORDER, it is necessary in
the equation for ®)¢ {2 (x, v) to include the solution @2 (x, v > 0)
and P @2(x,v < 0). The total 3 order- solution is sum ¢ ¢ + G

Solutions for ®&73 (x, v)
For v>0

g (dEO) — F¢F,
D& (v >0) = [i—=—F + 1) YA
- ~ (v +idw)x/
<I"’€2 Z(_l)lc3+lc2 RK3 KZCK2 ) [ 1 ((elkx _ e{ Yf iAw)x V})
& 000T000 byt Iy +i(dw + k)]
B (el =ikv)x/v} _ e{—(y§3+mw)x/v})) )
[ = ¥p) +i(dw + kv)]
1 (T 07—/} _ O Fidw)/v)y
( ,
Vet =v,) 0 -y — idw + k)]
(-0 —tlev)x/v} _ =0 idwx/v)y 1
)I(

[(° = ¥p") + i(dw + kv)]
+ +
[v; —i(dw + kv)])
1 (T 07 —Ih0x/v) _ -0 Hidwx/oly (=g -ikv)x/v) _ =g Hidw)x/v)y
( ; + ;
Ut =%) [0 —¥e") —i(do + kv)] [(° = ¥p") + i(Aw + kv)]
1

*(

[v: +i(dw + kv)]

) X

[vi +i(dw + kv)][(y}c2 —v$) — i(dw + kv)]
1

+ , , )+
[V —i(dw + kv)][(v;* —v$) + i(dw + kv)]
(e{—(ygmw)x/v} _ e{—(y§3+mw)x/v}) (e{—(y$2—ikv)x/v} _ e{—(y§3+mw)x/v})
(v —vH] [(® = V") + i(Aw + kv)]
1
*
[v¢ +i(dw + kn)][(v;* —v§) — idw + kD[ — v, + i(Aw + kv)
(mOEiw k) SO HADR), (g iky) 0w v),
(g ~¥H+2i(@w+k))] B (g ~vp ) +idw+kv)] |
1
[ri-i(dw+kv)][(y;? —y§)+i(Aw+kv)][(yg—yzz)—i(Amkv)]} ) (D_3-342)

( )

]+

(
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For v<0

O =(x-D,v<0)=[i ()

h

2F + 172U

1 (eiky _ e{—()/?3+m(1))3’/17})

k2 z —1)K3tK2 QK3 K2 ~K2 1
(FfF(p kz( ) 000™~¥000O0 [y;fzy(zfz( [y;3+l(A(l)+kv)]

(e =ikr)y/v} _ e{—(y§3+idw)y/v})

T OF )+ iGer k]
1 (et~ ~ikn)y/v} _ e{—(y§3+iﬂw)y/v})
POE 7 0F =) = e + ko))
Ky . K3 s
. (e{—(y(pz_lkv)y/v} _ e +1Aw)y/v}))]( 1

[(® = ¥") + i(Aw + kv)] [v¢ +i(dw + kv)]

+
[yg —i(dw + kv)])
1 (e{—(y}cz—ikv)y/v} _ e{—(V§3+iAw)y/v}) (e{—(yzz—ikﬂy/v} _ e{—(Y§3+iAw)y/v})

V2 =1y L =) - ildw + kv)] ’ [(° = ¥?) + i(Aw + kv)]
1

+

) X

) ([yg +i(dw + kv)][(]/f'c2 —v$) — i(dw + kv)]
1

+ +
[vi —ildw + kv)][(yjf2 —yg) +ildw + kv)])
<(e{—(y§+iAw)y/v}_e{—(Y§3+iAw)y/V}) (e{—(y(';z—ikv)y/v}_e{—(1/§3+iAw)y/v})> y

[t =v)l [(r;* ~vp)+i(Aw+kv)]
1
+
[ri+i(w+kv)] [~y ~idw+)] [ ~y,?) +i(Aw+kv)]

(o{-f-i@o2kv)y/v} _ =g +iA0y/v})  (,{-(rp?=ikv)y/v} _ =0 +idw)y/v})
(s —v$) + 2i(4w + kv)] [ = vp") + i(Aw + kv)]

1
b — i + kIl 7)) + ida + ll0E — 1) — i + )] |
(D_3-34b)

After averaging over the cell thickness I, (and given the Dyakonov coefficient due to the
polarization of the medium qu(x)) we obtain the corresponding solutions for the transmitted
field for both directions of atomic motion.

]

Designating the coefficient in front of the amount in the resulting solution

(dEy) (~1)FrFo 2 Fire. kg
[i—; “koyr Gt D) ! Z(E) =10, "]
I.e.

(2F; + 1)7V2)[U L") (2mik)
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d2 2
FfF}p 2m1/? Fqu)EO FfF<{J (nyw)3/2 o _ fo qu)
1077, %1 = (~1 2o (G ey W (B S (2 + 1) 2Ry + )] H 2D
(D_3-35a)

O E e (u>0) Zhi ; OES . (u<0)« z .
i

For the transmitted field addition to the amplitude after passing through the cell
5

~F ¢ F, 1 7 SP
OEg, > 0) = [07,] ) (-1 RS 5 E Tl
K =1
(3) FK3 Ff Fo :
Esptr

(< 0)=[Q,, *1Zi(~1)*2Re% 2 Co% o N ] (D_3-35b)

where

© 1 1 1
~ Sp
x | du + X
Jaa jo {I}KZI"(;Z [[1}1 +Hi@+w] [P -i@+ u)]]
1 " (e{_iq>}e{—(F$3+iQ)¢/u} _ 1)
rr— P+ T +
[I7 +i(2 +u)] [I7 +i(2 +u)]
1 w (e — 1) (el ||
- e
[(1}"3 — 1) +i(2 +w)] I, [1";3 +i(2 + )]
0 1 1 1
~ Sp
4 & du
S ]_w {r"zrq;‘z [[rf Tl [IF =i +u)]]
1 U (1 — ol+id} (T +im@/u)
rra— ? + ( TR ) +
[I7 +i(2 +u)] [I7 +i(2 +u)]
1 u. (1- e{”‘};z‘p/u}) u.(1- e{”‘p}e{(rgg"Lm)qj/u}) (~u?}
- e
(I° =T, +i(2 +u) ry? I +i(2 +uw)]
£ ¢ ¢ 3
(D_3-35-1)
w 1 1 1
~ Sp
< | d
J+2 jo u{]}"Z(]}"Z — "2) [[F1 +i(2+ u)] [ —i(2+ u)]]
1 u. (e{ Ff P/ul _ 1 u (e{‘i‘b}.e{_(rf3+m)®/u} -1 N
r>—r/*)—i(@+u r’ I +i(2 +uw)]
f £ f £
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1 w (eUTe M _ 1) . (e-i9), U HDP ] _

{-u?}
[ e
[(T7° = I, + i(2 +w)] I 7 + 0 + 0]
0
~ 1 1 1
]—2sp x f du [ : n y
1 u. (1 — e{”}cz‘p/u}) w. (1 — el*i®), e{+(rg‘3+in)¢/u})
- - +
(7 = I — i@+ w)] s I+ i@+ w]
1 u.(l—e{+r$2¢/u}) u.(l—e{“‘i‘p},e“(r?+m)¢/u}) .,
[(F;S_rgz)“(m“)]( I B [ +i(a+w)] et} (D_3-35-2)
]~35p o (_1) J-oo du 1 [u.(e{_[';2¢/u}—1) B u.(e{_iq>}e{—(l"§3+i.(2)¢/u}_1)
’ (T ? =TIy =T =i +w)] re? i) 1+
1 U (e{—l"q'.de)/u} -1) w (e{—i¢}e{—(F;3+i!2)tD/u} ~1
3 [ —
(I = LI = Ip*) + i@ + )] I, [I° +i(2 + w)] :
1 1 ,
X -
T [rg—imwnur;‘z-rg>+im+un]} e (D_3-35-3)
j 3Sp (¢ (_1) fo du{[ 1 [u (1 — e{+r;(2¢/u})
o (2 = LI - 1) — i + w)] e
w (1 — el*i®}, e{+(1"§3+m)¢/u})
B 1% + i@ +w] I+
1 u. (1-— e{+rj;2¢/u}) w.(1- e{+i¢}e{+(rg‘3+m)¢>/u})
(G2 = T2 = I, + i@ +w)] ry N 7+ i@ + 0)] ]

1 1

X[rkzl-a- 1. + K2 _plyyi
[( - )i+l +i(2+w)]  [Ig —l(.(2+u)][(1"f —Tg)+i(2+w)]

]} el-v} (D 3-35.9)

1.7 « foodu{ K(_1) u(el=13, oI Hime /) _ D u(e{—iq:'}.e{—(l";3+i.(2)¢/u} _ 1)] .
o (-1 17+ i@ +w)] [ + i@ +w]
1 w (€T P 1) (oo}, (CUET DO/ _ gy
(I = [,") + (2 + w)] [ I - [ +i(2 +w)] I
- (-u?)
[r§+i(n+u)][(r;‘2—rg)—i(mu)][(rg—rgz)ﬂ(mu)]} € (D_3-35-9)
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(1) u(l = e*io) HHEE+De/uy () _ pl+ia) GUHUE HiDP/u))

0
-~ s
_ d _ N
e f—w u{ (" -1 [IF + i +w)] I +i(2 +w)] |
1 w (1 - e{+r;f2¢>/u}) u(l — e}, e{+(r§3+in)¢/u})
- X
(7% =T, +i(2 +w)] re [+ i@ +w) ]
1 2
{~u?) .
[r§+im+u>1[<r;‘2—r§>—i(n+u)][(rg—r;2>+im+u)]} € (D_3-35-6)
1 foodu (-1 u(eio), TP /u} _ 1
UL MEF e i@t wl i@t )]

u(el=i, U HDP/ W) _ 1)

- [ +i(2 +w] |

+ 1 [u. (e{_,—gzq>/u} —1) u(e7¥}, e i/} _ 1)]

[(1}"3 —I,?) +i(2 +w)] I, [1";3 +i(2 + )]

1 2
{-u”} -35-
[rg—i(mu)][(rj’fz—rg)+i(n+u)][(rg—rgz)—i(mu)]} € (D_3-35-7)
- 0 -1
]—SSp 0(] du K 1( ) ,
o ([T - 1) +2i@ +w)]
u(1 — et=i#3, e{+(rg_m)®/u}) u(1 — et+i®}, e{+(rf}c3+m)¢/u})]
[IF —i(2 +w)] [1}"3 +i(2 +w)]
1 w (1 — U™ @y (1 — ol+io), e{(rg‘3+m)¢/u})

+ - X

[(1}"3 — I +i(Q +uw)] I, [r;3 +i(2 +w)] ]

- : el-v’) (D_3-35-8)
[F%—i(.(2+u)][(l"fz—1"%)+i(.(2+u)][(Fg—rgz)—i(!Hu)] -
Apps_4_NL Absorption
Basic formulas for numerical calculations of nonlinear absorption
WELom = K(Fy, Fy, kvr) Eo. [VIF + V7] (A_4-20)

1 0 .
@ES = (~DFr~Fe(2F, + 1) "22mikd fol exp[ — ikx)] [77W () ©&si (x,v) dv dx’;
(A_4-27)

~ F

OEL gm + @Eggir = Bo- K (Ey, Y, kvr) Eo- Tieo (S380C850) s, P
1k rpkl (3)51 K1 r;‘fp(p (3)71
+R000 [BOOO ]q)" - COOO W ]sp.tr ] ) (A_4'28)
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(3)]} = [(3)];; + (3)]]:] : (3)](}) = [(3)];5 + (3)](;]; (3)jslp.tr

271.1/2 d2
K (F,, vr) :—ﬁ(m)(m\ﬂpf)
CK(Ff, Ey) = [(2Ff + 1) (2F; + 1)]7/2
((S)Eirlrsm+ (S)EKS

1
) Iirem X |E0|2 [1 + 2 Re ((l)if”m + sptr )>]

0 Eo

e o< 1ol [+ 2 e (5 4 2

- T+ T

—i sptr
(A_4-19a)
(A_4-30)

(A_4-31)
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Set of parameters for numerical calculation programs
Set of parameters for programs

General

® = (2n/A) | = k 1, where | — cell thickness,
N=5000, i=0...N, number of points,
Wi=-2.5+5.0(i/N) - scan range

2 = Aw/kvr = (wo — Wigs)/kvr; v/vr = U
v/vr =u(2n/A) =k — wave number,

1-st-order

g ksil EF%

2-nd-order

g ksil EF%

g_ef0 = Ffo = on/kvr;

g_ef0=0.005 g_ksi1l I;°=0.005r%

Ag=g ksil-g_ef0  AL?'=r"—I} ALY =17

3-rd-order

L=y kvr, (s = £, 9)
g_ksﬂ F1
g_f0=0.005 g_ksil
g_ksi3=1.1g_ksil
g_f2=0.005 g_ksi3
g_k21=g f0-g_ksil
g_k31=g ksi3-g_ksil

3-rd-order/ spontaneous transfer

g_ksil =T¢

g_ef0=1.99_ksil, g_ef0=1" =y} /kvy,
g_efi0=0.007 g_ksi1 g_efi0 = I}) = y)/kvr
g_ksi3=1.1 g_ksil

Ag2=g ef0 —g_efi0

Ag3=g ef0 - g_ksil

Agd=g ksil —g_efi0

Aksi3-g_ksi3 — g_efi0

g_ksi1,3 = r; 3
g_ef0,2 =
g_efi02 = r‘”

1
— It
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LIST OF PARAMETERS FOR NUMERICAL CALCULATIONS
TABLE OF CALCULATION PARAMETERS
A. To calculate the integrals k = 2n/A, @ =kl

i =v,(1)/kvy,

F}{Z = Yf(‘(z)/ kvr,

Ig? =7v,(<)/kvr,

T = v,(x3)/kvy,

ATE?L = (1,(0) = v, (D) /kvy = (TF? =T > 0
ATEL = (1, (<) =7, (D) /kvy = (Tg2 =) < 0;
ATEL = (v,(k3) = v, (1) /kvy = (T = T1) 2 0;

Q = (09 — Opas) /kvr, u=v/vy
K1:1, KZZO, 2, K3:1,3

l=n)/4, n=123,...,12. kl=®=n/2—6n
0.01 < I'f? < 0.03

I§2/2 <Ti <Tg?

I§2/10 < T <TI§?
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