Chin. Phys. B Vol. 25, No. 10 (2016) 103203

Absorption of laser radiation in ultracold plasma
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In this paper, we analyze the spectral behavior (optical thickness, shape and linewidth) of laser radiation absorption
under the correlation heating of ions in an ultracold plasma. The Voigt formula is used to find the absorption coefficient.
The spectral line width is shown to grow with time while the optical thickness reduces. Our modeling results are in good
agreement with the experimental findings reported in the literature.
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1. Introduction

Ultracold plasma (UCP) was first obtained in Ref. [1]
where the method of near-threshold two-stage laser ionization
proposed in Ref. [2] was used to turn laser-cooled 38Sr atoms
into the state of UCP. In such a plasma, the ion temperature 7;
varies from 1072 K to 1 K, the electron temperature T, ranges
from 1 K to 1000 K and the concentration of charged particles
is 7 < 10'% cm~3.B] The availability of such a medium opens
up unique prospect for studying macroscopic and microscopic
processes in ultracold plasma. In Refs. [4] and [5] a method of
cooling ions was proposed aiming at obtaining non-ideal ion-
ion interaction in electron-ion plasma. Later it was shown that
the nonlinear dependence of laser friction force on the velocity
of ions is an important consideration for laser cooling®! and
the spectrum of cooling laser radiation was described.!”!

Photoionization of atoms induces ion—ion interaction re-
sulting in correlation heating of ions.!®! Absorption spec-
troscopy is one of the instruments to study gases.[®! In this
paper we use this instrument to study spectral characteristics
of absorption (optical thickness and line shape and width) in
UCP under correlation heating and compare our results with

the experimental findings.[31%-11]

2. Absorption model

Formation of UCP starts with two-stage photoioniza-
tion of an ensemble of cooled atoms having spherical ge-
ometry; therefore the initial space distribution of ions is a
replica of atomic distribution and is described by the following
expression: ]
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where ng is the ion concentration in the center of the sphere,
the size of the latter being dependent on ©.
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Radiation absorption I(v,r) obeys the Beer-Bouger—
Lambert law

dl(v,r):—k(v,r)l(v,r)dr, (2)

where k(v,r) is the absorption coefficient at v frequency at
point r.

The shape of absorption profile in such a plasma is de-
termined by Lorentz broadening resulting from spontaneous
decay and Doppler broadening due to thermal motion of ions.
Under the joint influence of these broadenings the absorption
coefficient has the Voigt profile!!'?! and, considering Eq. (1),
will be given by

2
k(v,r):koexp{—zcz}H(a,w), 3)
where the Voigt function H(a, ®) is as follows:
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Here c is the speed of light, vy and A are the wave frequency
and length for the absorption line center, go and g are the
statistical weights of the excited and ground states, 7y is the
spontaneous decay probability, V) = 1/2kgT;/m is the thermal
velocity of ions, kg is the Boltzmann constant, and m is the ion
mass. In expression (6), the laser spectral width y; has been
taken into account for comparison between the theoretical and
experimental results.
Considering that ky and a depend on V), we rewrite ex-
pression (7) as
ko = kja, ®)
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where
og Ly

ky = —Lno . 9)
2 gV (rtm)
Then expression (3) acquires the form
o 2
k(v,r)= @e_,z/(z(;z)/ exp(—y’) 5dy. (10
T —oo (v=vo) _y
14 (471(%%) a)

The Voigt profile turns into the Lorentz profile for large
¢, and the absorption coefficient becomes

k! 2 2 1
ku(v,r)= —% *r/(ZG).—’ 11
L(v,r) ﬁe 1+[4”("*"0)r (11)
(r+n)

while for small a it is determined by the Doppler profile

2
kp(v,r) = koefrz/(z"z) -exp [— ((v—vo)c> ] . (12)

vo W

3. Results

To analyze the situation, we take the origin of the coordi-
nate system to be the center of the sphere. Then for the Voigt
profile, using expression (10), we write an expression for the
optical thickness along the diameter when v = v, with assum-
ing T; to be constant over space, as follows:

Wk /°° () o [—2/(267)] dedy

T ) 1+ (y/a)®
ko = exp(—y?)

= —v2 —==dy. 13
n\/ nc/m1+(y/a)2 ¥y (13)

The optical thickness for Lorentz broadening is found from
expression (11) followed by integration and the resulting ex-
pression is

12
Té’ = fon()& 14
2 g1 (Y + YL)

V2ro, (14)

and the one for Doppler broadening, according to expres-
sion (12), is
0 =kj-a-V2rmo. (15)

Our calculations are based on the experimental data for
strontium ions:>1%1 2y = 421.7 nm (3S, ,—?P; ), transi-
tion), y/2m =21 MHz, ¥, /27 = 5 MHz, ngp = 2-10'® cm 3,
o = 0.6 mm, initial 7} = 10~2 K, 7, = 56 K. Note that for the
given parameters a = 0.39/+/T;.

The variations of optical thickness with a derived from
expressions (13)—(15) for various types of broadenings, are
shown in Fig. 1. The results obtained indicate that the optical
thickness for Voigt broadening is the same as that for Doppler
broadening if a < 0.06 and as that for Lorentz broadening if
a > 3. The optical thickness for 0.06 < a < 3 is affected by
both Lorentz and Doppler broadening.

According to the numerical data (Fig. 1), the optical
thickness 1y varies from 0.65 fora = 3.9, T, = 1072 K to 0.26
for a =0.39, T; = 1 K. Due to correlation heating the ion tem-
perature grows linearly with time increasing from 7; = 1072 K
until it reaches its maximum 7; ~ 1 K at # ~ 0.3 us.®! Hence
T,~03K,a~0.7att~0.1 us. Then for a ~ 0.7 from Fig. 1
we have 7y = 0.36. The experimental optical thickness un-
der these conditions is 7y = 0.28.1!%1 However, considering
the +40% accuracy of the measured ion concentration ng, !
the error for the optical thickness will be Aty ~ 0.1, which
means that the experimental and calculated data are in good
agreement.
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Fig. 1. Plots of optical thickness versus a for various types of broaden-
ings: 1: Doppler broadening (15), 2: Lorentz broadening (14), 3: Voigt
broadening (13).

To find an integral optical thickness 7!, we will use a
sphere of radius R >> v/2c. Consider the propagation of ra-
diation along the chord parallel to the vector of the direction
of propagation e. The chord location is determined by the an-
gle ¢ from the sphere center between the direction e and the
endpoint of the chord on the surface of the sphere (for ¢ =0,
radiation propagates along the sphere diameter). So

r? = R*sin® o + 22, (16)

where z is the distance along the chord, which varies from
—Rcos ¢ to +Rcos ¢@. Then

. /2 R2 Sil’l2 (0] Rcos @ ZZ
Tlv:Zk’/ —7/ —5—|dz
) =2 [ exp |- FSE 8] [ exp |-

X/ exp[—y“]dy

2R2 singpcos@-de, (17)

and 7'(vo) = 7, for the line center will be equal to
7~ 2n6 1. (18)

Figure 2 shows the integrated optical thickness T(i) as a
function of a. The experimental value T(i) for t =75 nsec equals
0.8 mmZ2.['! For this timescale, T} ~ 0.25 K, a ~ 0.8; and
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hence from expression (18) and Fig. 2 we have T(i) ~ 0.9 mm?,
which agrees with the experimental value.
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Fig. 2. Optical thickness integrated over sphere for the Voigt profile.

The absorption line profiles for various types of broad-
enings are given by expressions (10)—(12) and can be seen
in Figs. 3-5. Here Av = v —vy. Plotted on the Y-
coordinate are absorption coefficients for Av = 0 divided by

ko(v+v.)/(rv2mo).
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Fig. 3. Absorption line profiles (@ = 0.01), solid line Voigt broadening,
{: Doppler broadening.
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Fig. 4. Absorption profiles (a = 3.9), {): Lorentz, solid line: Voigt.

The Voigt and Doppler profiles coincide with each other
for small a (Fig. 3) while the Lorentz and Voigt absorption
curves coincide with each other for large a (Fig. 4). The ab-
sorption line profile for any a in between these values is given
by the Voigt formula (Fig. 5).
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Fig. 5. Absorption profiles (a = 1), {: Lorentz, o: Doppler, solid line:
Voigt.

The temperature 7; and a being independent of the co-
ordinates, the absorption line profile for radiation propagating
along the sphere diameter will coincide with the one integrated
over sphere. It should be noted that the frequency dependence
of the absorption coefficient is an important factor to be con-
sidered when dealing with laser cooling of ions. "]

The spectral width of the absorption line Av equals dou-
ble the value Av = v; — v, where v is the frequency at which
the absorption is half the absorption in the center of the line at
v = v,.[12] So the absorption line spectral width is

Avy = M (19)
2n
for the Lorentz profile (see Eq. (11)) and
AVD _ V ln2(7+ YL) (20)
21a

for the Doppler profile (see Eq. (12)).

Fig. 6. Absorption line widths versus a for different broadenings,
1: Doppler broadening, 2: Lorentz broadening, 3: Voigt broadening.
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The variations of line width with a for various types of
broadening are shown in Fig. 6. It is clearly seen that the
Lorentz and Voigt line widths coincide with each other for
a > 3 and the Doppler and Voigt line widths coincide with
each other when a < 0.06. For t = 75 ns, the experimental
value is Av a2 62 MHz!>!!] and the calculated one is 52 MHz.

4. Conclusions

In this paper, we deal with the absorption of laser radi-
ation in UCP under correlation heating of ions. The spectral
characteristics (optical thickness and the line shape and width)
are calculated for the absorption coefficient given by the Voigt
formula. The spectral data for Doppler and Voigt broadenings
are shown to coincide with each other if a < 0.06, and the
spectral data for Lorentz and Voigt broadenings also coincide
with each other when a > 3. The increase in the ion temper-
ature due to correlation heating results in a reduced optical
thickness and increased absorption line width. The numerical
estimates obtained are in good agreement with the experimen-
tal results reported in Refs. [3], [10], and [11].
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