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DEPHASING PARAMETERS (TIME, DECREMENT, AND ANGLE)
AND THEIR DEPENDENCE ON PRESSURE; DEPHASING
DECELERATION AND ACCELERATION EFFECTS

Yu. E. D’yakov

A detailed mathematical description is developed for the dephasing time 7pn
as a function of pressure in different particle velocity correlation models. New
polarization damping parameters (the dephasing decrement mg, and angle )
are introduced and their dependence on pressure is considered. The thresholds
of the appearance of characteristic extrema (the Dicke dip, the peak of the
function 7pn, etc.) are calculated for different substances. A “spectron” method
is suggested for measuring the polarization damping spectrum using a single
laser shot,

1. The dependence of the spectral width Aw on a pressure p, which is due to the Doppler and collisional
dephasing mechanisms, for some media can be represented as a monotonically increasing curve. For other
media the value of Aw first decreases with increasing p (the Dicke narrowing), passes through a minimum
(the Dicke dip), and then increases (Fig. | a; see, e. g., [1, p. 18] and [2, p. 89]). In this case the estimate
for Aw is determined from a certain level 1 — £ above the spectrum base (Fig. 1 ») measured by methods of
stationary spectroscopy; usually € = 0.5 is taken.

Fig. 1

In the nonstationary spectroscopy a process developing in time is observed, namely the damping of the
intensity J(t) of molecular oscillations excited by a sufficiently short initial field pulse (Fig. 2). The rate
of the drop of the curve J(t) characterizes the dephasing rate. This can be estimated quantitatively by
introducing the dephasing time 7y, corresponding to the e~ *™-fold (m > 0) J drop [3]. The question of oy,
dependence on p was investigated in [3] (see also [4, 5]}
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Unlike Aw(p), the function 7pn{p) can have different forms even for one and the same substance de-
pending on the chosen value of m (Fig. 3). For m < me (myp is a substance parameter not dependent on
pressure; see below) the magnitude of 7, decreases monoctonically with increasing p. Hence, in this case
the dephasing is accelerated in the passage to higher pressures because less time is required to attain the
level 2™, In the case m > g we first have an interval of m, growth (the dephasing deceleration interval
0 < p < p1), and then the function 7yi(p) passes through a maximum and subsequently decreases (the
dephasing acceleration interval p > p1; see Fig. 3).

Fig. 3

This pattern is observed when two dephasing mechanisms are taken into account, namely the Doppler
mechanism {dominating on deceleration intervals) and the collisional mechanism {dominating on acceleration
intervals).

2. To describe the damping of the intensity J(¢) = J(0)A%(¢) of molecular oscillations the expression

h(t) = e~ L8, L(t) = %— + k2 f(t — 1)By{(r)dr 1
o

was obtained [3-5].

The first term in (1} describes the collisional dephasing, and the other term describes the Doppler
dephasing; T. is the relaxation time relating to the variation of the radiation frequency during collisions;
kg = wq/c is the wave number of molecular oscillations; B,(r) = {v,v, ;) = ¢ZR(r/r,) is the particle
velocity correlation function in the wave propagation direction z, o2 = k¥T'/u (k is Boltzmann’s constant, T
1s temperature, and p is the particle mass), B(r/r,) is the thermal velocity correlation coefficient; and the
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corresponding correlation time 7, is defined by the relation
Ty = fR(‘r/‘ru)d'r or fR(z) de =1, (2)
0 0

Based on (1}, an explanation was for the first time given {3, 4] to the experimentally observed damping
of molecular oscillations in gases according to a nonlinear exponential law, which for large and small ¢ goes
into a linear law:

¢ 1 t
h(t —0) = exp{ —F —uit? }, h{t — o0) = exp{ T +vitiy }

2
L1 = 3)
(uU:kga,,, ,1—,2:17':+u07-,,, ylzf;r:R(:r)dz:).
9
In what follows we assume that
1 1 3 c
= - =hp (‘r—-;—;—const), (4)
where ¢, § > 0. Expression (1) can be rewritten in the form
L(t) = y/v + Vi F(y)y™? = y/v + (v /BpY F(y), (5)
{y = t/n = PBpt),
where
/ 1
Fly) = /(y ~z)R(z)dz, F(y)= Ey"‘ (y—0), y—w (y — o). (6)
0
If we now represent R{z) as an expansion
R(z)=Y Rnz™  (Ro=1, Ry <0), (7
this results in
F —
W =v Z ‘ {n+ 1)(n+2)
L(t) = apt + vit? E (Bpt)". (8)

et 1)(n +2)

3. In the discussion of the results of [3} it was suggested that the case of small ¢ for the function
Awe(p) was a complete analog of the case of large m for mp{p) so that reducing ¢ (i.e., measuring the
width of only the apex of the spectrum) it is possible to produce the appearance of the Dicke dip for any
medium. We shall show that this is not the case {8]. Denote by Aw, the width of the apex of the spectrum

o0

Glw) = /h(t) coswidt (¢ < 1; see Fig. 1 b). [t is clear that with decreasing £ the magnitude of Aw, also
0
decreases, and it can be estimated using the expansion

oG

2 w:‘)‘

Glw) = G(0) — %wﬂ
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Setting w = (1/2)Aw, and G{w)/G(0) = 1 — ¢ here, we obtain
Aw, = \/8e/(r?), (r¥) = /h(t)t2 dt//h(t) dt. (9)
o 0

In (9) only the parameter {72} unrelated to £ may depend on p. Hence, p and ¢ affect Aw, independently,
i.e., the variation of ¢ produces no effect on the appearance or disappearance of the Dicke dip. As is shown
below, the threshold of the appearance of the Dicke dip for Aw, turns out to be even higher than for the
quantity Aw determined from the level € 22 0.5 (see Section 8).

4. According to (1), the dephasing time 7}, is determined by the relation

L{tpn) = m. (10)

Using Eq. (5) we can represent Eq. (10) as

o

v+t Py  =m  (y = mon/m = Bpron), (11)

that is
7

ﬁ)-}?(y) =m. (12)

_ Yy jm=yly _w | Fy)
Tph(y)—VO\/_F(y) ; p(y)—ﬁ —— (13)

As is implied by {13), for 0 < p < oo the magnitude of y varies within the limits

y/‘r+(

It follows that

0 <y < Ymax, Ymax = MY. (14)

By virtue of {(8), we rewrite (11) in the form

[oe]
a0 Rﬁ
aPToh + V5 Ton —eee———(BpTon ) = m. (15)
e nz=:o (n+1)}n+2)

According to (15), up to within the terms of the first order with respect to p {i.e., in the interval of
low pressures) we have

Toh(P) = To + TP, (16)
where
Vvam , m|R;| m 3
To = , ThEe—={M-=-1), M= ——y=—— myj=—mn. 17
1] v [} VDQ( ) 3 Y mo 0 ‘TfR]_l ( )

To the curves of types 2 and 3 in Fig. 3 there corresponds 7 > 0, or, according to (17),

3
_ M > 1). 1
Y>> mlRll (Ol‘ m > g, > ) ( 8)

In the opposite limiting case of high pressures we have, according to (8) and (12),
m
Y ~ Yoo = BpTon = m, Toh & a; = mT,. (19

5. We consider some special correlation models for thermal particle velocities.

1) An analytical expression for roh(p) applicable for all p can be obtained in the case # = 0 when only
the collisional dephasing acts while the Doppler dephasing is negligibly small. In this case r, = 0o, v =0,
mp=00, M =0,y=0,

Rz} =1, F(x) = (1/2)z3, (20)
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and Eq. (7) assumes the form
apton + (1/2)v8 1, = m,

whenee

]

rph(p)=%z£( 1+2m(:—°p)2-1). {21)

Formula (21) agrees with the earlier asymptotic estimates (16) and (19). Curve I in Fig. 3 corresponds
to (21).
2) The explicit form of the function rpn{p)} can also be found if we assume that {6]

1 z*
R(z) = W’ F(z)= 713 R, = -3/2. (22)

In this case M = my/2, my = 2/7, Ymax = 2M, and Eq. (12) takes the form

Ayt vg
¥+ =m (A = - )
v 2+y i afp?
and is transformed into the quadratic equation
1+ Ny* + (2 — my)y ~ 2my = 0, {23}

from which we find

_my/2-1 \/ m-;/Q—l 2 2my
v=T =V (T ) ripa >0
that is
-2 1+ v§ /app®
P = BT 13 /ahr) 1*\/1+2’"T(m—f/2_1)2 > 0. (24)

According to {24}, for a purely Doppler dephasing (o = 0 and T, = co) the function 7,,(p) is mono-
tonically increasing:

mp 812
Toh{Pla=o = = V_p [1 +afl+ ;npz_oﬁz} (25)

(Fig. 3, curve 3), and for a purely collisional dephasing {8 = 0 and 7, = o0) it is monotonically decreasing:

Teh(P)g=0 = % (\/1 + Sm( %)2 - 1) (26)

as in model (20), but according to a different law (Fig. 3, curve 1; cf. (21} and (26)). We find the “width”
po of the peak of 7o (see Fig. 3) by setting ron = 70 = V2m [y in (24). This results in

P0=;'3"‘3“_5'(AM—1)= (\/W-i-—\fl—n-/{-)-\;:?

Yo = Bpomo = 2(M = 1) = Yrax — 2. (27)

To find the point on the curve r(p) where Ton = Ton max and p = p; we can test function (24) for
maximum. In the case under consideration one can apply a different technique because it is easy to find the

inverse function
M1 M-1\2 Vi3 =)
= + - 28
P(7eh) S3Toh \/( BTph ) O"Bszh (28)
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from {23). The two pressure values determined by formula (28} must obviously coincide at p = p;. Therefore,
equating the root in (28) to zero we obtain

(=)= M1 _M-1 v _M-1wn/y
hmed= )= PTMTI /e M¥1 B

(29}

For the relative maximum formula (29) yields

nszh,max/Tﬁzé(m‘f‘ = (x+ V”Z“I)z' (30)

7i7)
VM /'
3} The model

Riz)=e®  Flz)mu—1+e®  Ri=-1 (31)

is frequently used in spectroscopic calculations (4, 7). In [4] the conclusion was drawn that the experimental
data obtained by the method of nonstationary (picosecond) active spectroscopy corresponded to model {31)
best of all.

4) The case

REe)=(1+27)7}, Fle)=Vita? -1, Ri=0, Ry=-3 (32)

fundamentally differs from (22), (20), and (31) in that R depends not on z but on z% and Ry =0 in expan-
sion (13), i.e., the above criterion (18) for the appearance of maximum on the curve 7pn{p) is inapplicable
here. Below this question is considered in more detail {Section 9). We note that model (32) agrees well with
the experimental values of r,}, for hydrogen (see {5, Figs. 5 and 4]).

The substitution of (32) into (12) results in the equation

y/r+ A1+ =) =m, A= (n/Bp), y=8pmo,
which is reduced to the quadratic equation
(M2 - D+ 20+ mu=m(2A +m) =0 (v = y/y = apmy),

whence

o]
o

Il
8-
+ e
taf e
-zu_i_
i3
—_
S’
(B3
|2
™)
=2
it
-3

|

I~J

3
5

(
T 2y 14 my (,\7 ﬂm)’
1 [ 2+m A4+m \2 m(2A+m)
:a_p_l-)@:’“\/().?y?-l) 1= 2247 } (

6. We consider some versions of the comsiruction of the curve rpn(p) using the formulas in Section 4
which determine the function ron(p) only in implicit form.

1) Let the function R{z) and the parameters o, 3, vo, and m be given. We first find the function
F(y) determined by integral (6}. Then for an arbitrary value of y; belonging to interval {14} we determine
Toh,i = Tph{) aud p; = yi/BTon,; by formula (13). The curve 7, (p} is constructed from the resulting points
Toh,: and p;.

2) Let the initial conditions be the same. Again, setting the values of y; we find p; from formula (13)
and then determine 7; = v, /8p:.

3) The parameters a, 3, and vq are unkrown, and the curve rpp(p) correspounding to the given value of
m 1s constructed {rom experimental points and has a maximuIn Tph, max at p1.
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Thus, from y and m we find the first estimate vy = V2mjry. After that, on choosing a certain
model for the correlation coeflicient R{z)} and determining the corresponding function F(y), we construct

the curves (13)
nle) = 2y [P (3)

for different values of v so that Toh, max coincides with the known experimental value. Here we essentially use
the fact that the function rp),(p) possesses maximum, the value of this peak not depending on whether o
is regarded as a function of p or y. Let the coincidence be attained for some vy and y. This makes it possible
to find estimates for the parameters « and 3: 8 = y/{pToh, max) and & = 3/v. Furthermore, we use these
estimates to construct the curve 7,1 (p) by points according to the above versions 1 or 2. If the resulting
curve Ty, differs from the experimental curve, the calculation can be repeated for another model of R(z).
We note that when constructing curves (33) one can use the estimate for v following from model (22)
as a tentative result. Namely, on estimating the “contrast” » = Tpn max/7o from the experimental curve we

find
M=t IR, =

m

(see (17) and (30)).

A=

/]
T t

RN

NN

~

L)

Fig. 4

7. We introduce the dephasing decrement my;, defined as the polarization damping coefficient for a
fixed time 7. According to (1), we have

P = L(7) = if_ + k2 /(r — B, () dr. (34)
0

The dependence of mpy, on p is found from the points of intersection of the curves L(7) with the vertical line
CD; recall that the dependence of 7, on p was determined from the points of intersection of the same curves
with the horizontal line AB (Fig. 4). The two functions 7pp and mgp depend on the same parameters (e,
8, 1), that is, in the spectroscopic aspect they are equally informative. However, the function myy, is more
convenient for estimating these parameters because its form is known. Indeed, according to (34) and {7), we
have

2 > Rnu”
Mpndp) = /¥ + 2mpn o F(uw)e ™ = ufy + 2mpn o Y —————=, (35
F ph, 0 P n%%(n-{-l)(n-{-?) )
1
(#=8pr  momo=mu(p=0)= 5137*). , (36)
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Sometimes it is more convenient to write expression (35) in the form

nph(p) = u+ 2ngF(u)u~? = u + 2ng z +R1>"E£n o)’ (37)

{ro = ympn, o), (38)

using the normalized dephasing decrement nyp(p) = ympn(p). In particular, for high and low pressures we
have

mon(p) = mpn,o — (N7 — Du/y(p— 0);  ufy = 7/Te(p — o), (39)
where
T 1 1 6
N = — = ruy/ 7Ry, Toh = —1/ 5o 40
_— (] GE by th v\ TRy ( )
f’ph TETy,
r4
//
Mot g2
\\-’ -
m ”":l
#hmin RolT)
a5 o 3
Fig. 5

The graph of the function mpy(p) resembles that of Aw(p), namely the magnitude of myy, either
increases with increasing p or first decreases, passes through a minimum (analogous to the Dicke dip) and
then increases (Fig. 5). However, it is important that, in contrast to Aw, the function my,(p) with a dip
can be obtained for any substance by taking a sufficiently long delay

. 6
r>m7y, thatis v > —]Rll(l'nf)g' (41)

Example. In the case of model (22} we have

2

npn(p) = u+ v (U =fpr, N= %rv()\/'?). (42)

24 u
The minimum of function (42) is at u; = 2(N — 1}, i.e., it corresponds to the pressure p;:

_2AN -1
Pl - ,87' £l
The “dip” width at the level ngy g is po = 2AN? - 1}/8r = (N + 1)p;. We note that, according to (42)

and (43), for sufficiently large 7, i.e., for N > 1 or (1/2)rip/¥ > lor v > (2/7vo)?, the pressure py
corresponding to fAph, min 10 longer depends on 7:

Tiph, min = 2(2N = 1). (43)

271 Yo
= = = Y - l) —_
n=g (3T -1) = 75
It is easy to show that for m >» my the maximum of the dephasing time 7, also corresponds to the
same pressure vy//aB.
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Fig. 6

We can also introduce the dephasing angle ¢ determining the slope of the line —t/T% + v3r2y; with
respect to the axis 15t (Fig. 6 a):

1 1 1 o %4} 5, 9
t - e = [ — b =201 202,
ang = - VU(TC+VM) gLt Pm)

With increasing p the angle ¢ first decreases and then increases (Fig. 6 b) and assumes the minimum

value
v

21 o va
b =t min = =2 m =~
an ¢(pm) an Gom = ‘/ﬂ (p = \/EB)

at pressure pm, 7= p; (see Figs. I a, 3, and 5).

On the contrary, the time T> = {ap + ¥3/8p)"* = a~Hp + p%/p)~" attains maximum at p = p,:
T2(pm) = To,max = /7 /21 (Fig. 6 b). For p — 0 and p — oo the time T tends to zero. However, the
smaller p, the longer the time interval on which the polarization damping obeys the nonlinear exponential
law, i.e., for small p the time T3 no longer has the meaning of the effective relaxation time.

We note that ¢ and @nin can be determined only for sufficiently large ¢t > 7, (p) (when L{Z) =~ t/T5 —
v372y:). Thus, the characteristic values

;o_lﬁ’ m = Ty(Pm o taD Prmin = 2/

restrict the “dead zone” (which is hatched in Fig. 6 a) whithin which no extrema appear in the dependence
of Aw, Tph, Mpn, and ¢ on p. It follows, for instance, that since the formation of the spectrum requires
a damping m ~ 1, for the appearance of the Dicke dip the condition m’ < 1 or ¥ > 2 must be fulfilled.
Similarly, for the maximum of 7y it is necessary that m > m’ or ¥ > 2/m, and for the minimum of mgy,
it is required that = > 7' or ¥ > (r14)”% These estimates agree well with the exact expressions for the
thresholds of the appearance of extrema of the dephasing parameters (see below).

t'=1n{pm) =
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8. We now define the thresholds of the appearance of dips or peaks of the following parameters:

Aw! for the integrated width of the noise spectrum of the spontaneous polarization;

Aw!, for the integrated width of the spectrum of active polarization excited by a monochromatic field
or a wide-band noise field;

Aw, for the width of the spectrum apex at the level 1 — ¢, ¢ & 1 (see (9)};

Tph for the dephasing time;

myy, for the dephasing decrement.

The spectrum widths are determined by the expressions (see [5, p. 167], and (9))

Awl =w/m1, Al = /7R, Aw, = /2e(r?) 1, . (44)
where
(=] =] o
n= /h(t)dt, = /fﬁ(t) dt, (%) = Ti/h(t)tz dt. (45)
1
7 0 0

For A{t) we can write (see (1) and (8))

R,
A(t) = exp{ —apt — Vot Z (n(fﬁt)}(n +2) -

Consider the interval of low pressures. Up to within the terms of the first order with respect to p we
have

h(t) = exp{ —%—Vgtz} . (1 — apt — —éf/gﬂthsp—# ) (46)

Substituting {(46) into {45) and (44) we obtain for the interval of low pressures the expressions

st = s 251+ o) (15 )
Aw;=2\/a?[uo+apﬂ§;"—l)(1+§fel~,§(£—-:—;—))]

(v> ifgllgg:i T 049)
Au€=\/2_[vo+\/2_(l+éR1T)} : (7>|~£1—|-2),
men-2(1egma) (v>mm) @
mon =m0+ (14 31 R37 Japr (v> G ) @

where ap = T, and ¥ = #/a = T, /7, (in the parentheses on the right the conditions for the appearance of
the characteristic extrema are indicated).

These results show that for Aw, the threshold of the appearance of the Dicke dip turns out to be
even higher than for the integrated bands Aw} and Aw} corresponding to approximately ¢ = 0.5. From
formulas (47) and (48) it is also seen that in the nonstationary spectroscopy the threshold value of y can
be arbitrarily decreased by choosing sufficiently large m and 7. Thus, in principle, the peak of the function
Tpr(p) and the dip of the function mpp(p) can be observed in any substance.

9. As was already noted in Section § (see formula (32) and its discussion) the case R(z) = R(z?)
requires a special consideration. It turns out that in this situation the curves Aw(p), mpn(p), and mpn(p)
have additional weak extrema in the interval of low pressures (see the dashed curves in Figs. 1, 4, and 5) [5].

We note that the dependence of the correlation coefficient on 7° and not on 7 is quite possible from
the standpoint of the theory of random processes [§]. Moreover, we can assert that for every real random
process the function R{r) must have a rounded apgx, that 1s, there must be £; = 0.
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For R(z) = R(2?) we have (see (13) and (14))

T

F(o)= [(z-RG)dy =2 Ran

Q

1‘.2n

(2n+1}{2n+2)’

As an example, we consider the appearance of an additional extremum (maximum) of the dephasing
decrement. Expression (35} is now written as

) o R23u2’
npp{u) = u + 2ng F(u)u™ = u + 2ng E s (49)
=0

+D2+2)

We assume (in what follows this will be confirmed) that the desired maximum lies in the interval of
small p. Keeping the terms of the order not higher than the second with respect to u = Sp7 in formula (49)
we obtain

1
nph(u) =ng+u — gnﬂiRﬂU?, (50)

1 3
Nph,max = N{u2) = g + 5’!12, Uz = m, (51)

whence follows

or, on passing to mg, and p,

Box

1, 2)
m =7m e ———— | e ———r m . — :
ph, max ph,o + |R2]('}’Vﬂ‘r)2 P2 §R23(7VUT)2 ( ph, 0 2!107'

It is natural to compare the pressure p, with the pressure p; for which the functions mpn(p)} and npp{u)
have a minimum analogous to the Dicke dip. However, in the general case neither the conditions for the
appearance of the dip nor the value of p; are known. Therefore we resort to the dephasing model (32). In
this case (49) takes the closed form

V1 21
npn (1) = u + 2n0~—+——5§m—. (52)

If curve (32) has a minimum at » = u; and a positive derivative at u = 0 {see (50}), then it must
intersect the initial level ng at at least three points:

u=0, u=up<u, u=uy>u (u=pB7).

Let us estimate the position of these points. Setting npn = ng in (52) we obtain, after some transformations,
the cubic equation v(1 - v?) = ¢, v = ufng, ¢ = 4/n3. It is equivalent to the equation w® + pw +q =0
(w=v—2/3, p=—1/3, and ¢ = 2/27 — ¢) with the discriminant D = (p/3)* + (¢/2)* = 4¢(c = 1/(4 x 27)).
As is known, to the real roots of a cubic equation there corresponds D < 0. Consequently, in the case

under consideration there must be
e < 1/(4 x 27), (54)

that is no > 12V/3.
Since, according to (54). the parameter ¢ can be assumed to be small (¢ < 1), the above equation for
vylelds vl sw e, vp & 1 — /% 3 vf, and

uy == 4/ng, um g~ 23 up. (55)

We have shown that the maximum of the function nph(u) corresponds to small values of u (the “width”
of the maximum is uy = 4/ng € 1). This justifies the earlier estimates (51}, which in the case of (52) assume
the form

Npn, max = Mg + 1/ng, us = 2/ng.
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However, this is a weak maximum:
_ 2 = -3
”ph,m‘ax/n(}— I= 1/710 =26-1077°,

and it seems to be difficult to register it experimentally.

10. The main results of the presented theory — the description of the signal observed in the non-
stationary active spectroscopy and the dependence of the dephasing time on pressure — were confirmed
experimentally in [4]. In this case in the installation {Fig. 7} use was made of short (picosecond) optical
pulses at frequencies w; and wy = wy +wp (Where wy is the frequency of molecular oscillations) with a delay T
at the test frequency w,1. The output signal proportional to A(t) was observed at the anti-Stokes frequency
Wq1 = Wpy +wp. We shall call it channel 1 of the system.

oy
1 : /
ﬂD |
| } |
|| i
o [
il ] |
0wy & Uy [
Fig. 7
o -
- :
mpT_E -]
Wy ) O
. pa > - :E
T
=
)

Fig. 8

It appears interesting to supplement the installation with channel 2, without any violation of the
operation of channel 1, by transmitting one more test wave through the substance, namely continuous
radiation at a second test frequency wys (Fig. 8). In this case a long output pulse with envelope proportional
to h(t) will be formed at, for instance, the second anti-Stokes or Stokes frequency w = wp2 £ we, whose form
will repeat that of the pulse of damped molecular oscillations. If this pulse is then transmitted through a
lightguide filled with a dispersive medium (e.g., through an optical fiber), then, on passing a sufficiently
long distance, the pulse undergoes Fourier’s transformation and turns into a “spectron” — a pulse whose
envelope repeats the frequency spectrum of the primary pulse {3, 5]

As a result, it becomes possible to observe in a single installation the function A(t) in both the strobed
form (in channel 1: A(t), 7 = 1, 72, ...) and the “natural” form (the beginning of channel 2) together
with the time-base of its spectrum {the end of channel 2). Consequently, in such a system it is possible to
- measure simultaneously the dephasing time Tpp, the decrement mgp and the spectrum width Aw, and to
observe the spectrum itself at different pressures — all this on the basis of nonstationary spectroscopy [(6].
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The latter possibility is related to one more specific property of the suggested channel 2, namely to measure
the spectrum we need only use a single laser shot.

In conclusion we note that channel 2 can also operate when channel 1 is partly switched off, namely
when the pulse generation at the first test frequency wp1 and the delay line = are switched off.

The dispersion lengths I, = " /k, (kq = 8"k/8u"™ ~ 2 x 10® (fs)" /cm in the wave band A ~ 1 um)
correspond to a pulse with duration 7, and the condition of the formation of an undistorted spectron
on the length I can be written as Iy € [ « /a. Estimating 7 a8 T3 max = T2(pm) = /¥/2v0 or as
” _M+1 M7 2m|R|
ph, max = vo /7 = vo/T g 3
10° s71) the values 7 = L ns, and 5 2 5 x 10% cm, I3 =~ 5 x 10'% cm. Hence, the effective length of the optical
fiber must be of the order of I > 5 x 10 km.

we obtain in the case of gaseous hydrogen (y = 64, o = 3 x
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