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Calculations of the polarization spectrum by two-photon absorption
in the hydrogen Lyman-« line
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We present calculations, obtained by computer simulation, of the polarization spectrum by two-photon
absorption in the transitiond— 2S of hydrogen in plasmas at low electronic density. Fine structure and ion
dynamic effects have been included. The obtained results allow one to make a map of linewidths as a function
of the electronic density and temperature to be applied for diagnosis in pla<$i863-651X98)08710-§

PACS numbsgs): 52.65-y, 32.60:+i, 32.70.Jz

I. INTRODUCTION dex and absorption coefficient in a nonisotropic way. In
some way, polarization spectroscopy is similar to saturation
The computer simulation methods applied to the calculaspectroscopy, that is based on the measure of the absorption
tion of Stark broadened spectral line shapes have been showifi a probe beam in a medium whose optical response is
to be the most accurafé] in spite of the volume of neces- altered by a pumping beam.
sary calculation. These methods have been used since the The basic idea of the polarization spectroscopy may be
1980s, on one hand to study isolated phenomena as if thejell understood analyzing the experimental scheme repre-
were an ideal laboratorj2—4], and on the other hand t0 sented in Fig. 7.20 of Ref15] (in this book a very good
make tables of practical use in diagnosis of plaspBe]. In  gescription of this spectroscopic technique can be fpund
this work we present a calculation done by computer SimUthg |aser beam is split into two signals, one of them, the
Ia}t!on of the spectrum of th? Stark_broadened Lyrasinan- tpumping beam, of great intensity, and the other, the probe
sition of the hydrogen that is obtained when one uses pola beam, of weak intensity. The pumping beam passes through
ization spectroscopy by two-photon absorption techniques ' s

This technique was used for the first time in absorption mea‘:’”\/4 plate in order to be circularly polarized and it is sent to

surements, that is to say, in processes that only detect tﬁge studied Sa”_‘p'e- On the other har_md,_ the prob_e beam
imaginary part of the two-photon susceptibility, in molecular C/0SS€S @ polarizeP, that puts the radiation on a linear
vapors and particularly in the studied transition in this workPlarization state. An analyzé, crossed wittP, is set after
[7]. In 1976 the polarization spectroscopy by two-photon ab-f[he sample and before the_ detector. When the pumping bgam
sorption was employed for the first time, including the de-iS Not present at the medium, the probe beam meets an iso-
tection of the real part of the susceptibility in th&35S  tropic medium and the detector only detects certain residual
two-photon transition in sodium vapg8]. radiation that should be null if both polarizers were perfect.
Recently, this spectroscopic method has been applied ton the contrary, if the pumping beam is present, this induces
the study of the hydrogenS—2S transition in plasmagee ~ an optical anisotropy in the medium, that gives rise to an
Refs.[9—14] to which we will refer frequently The final elliptical polarization of the probe wave and, consequently, a
aim of this work is to provide data on the form of the spectralCertain signal is obtained in the detecfab].
lines, and especially of their full width at half maximum  In the experiment that we study in this wark2,14, the
(FWHM), for doing diagnosis in plasmas in a wide range ofProbe beam detects the susceptibility induced by a two-
electronic densities and temperatures. We will devote specidihoton transitiori8,9] between the levels=1 andn=2 of
attention to the comparison with the only experimental rethe hydrogen atoniLyman-a). The laser used emits a radia-
sults that we know of polarization by two-photon absorptiontion of 243 nm. The pumping beam produces a transition
spectrum in the studied line. between the stateSland a virtual staté=1, m=1 (statep)
because it is a circularly polarized® beam. This fact gives
rise to a different saturation of the three possible states of
that virtual level: only the state witm=1 is saturated. This
The polarization spectroscopy is based on the measurés equivalent to an anisotropy in the medium because a uni-
ment of the change of the polarization state of a test wavéorm population of the differentn sublevels is not found. In
when it crosses a medium in study. Such a change is inducdtie same process, the probe beam is absorbed, giving rise to
by a polarized pumping wave. This pumping wave alters thehe transition between the virtual level and the 2 level.
optical behavior of the medium modifying its refraction in- The selection rul¢Al|=1 imposes the arrival level to be the
2S because there is no level witk2 in that range of ener-
gies. In that case only the transition witkm=—1 is al-
*Electronic address: gigosos@coyanza.opt.cie.uva.es lowed, that is to say, it must absorb the part of a photon
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of the probe beam. Of course, a process in which the firsin frequency is small enough and we do not have to consider
absorbed photon belongs to the probe beam is possible. bipole transitions beyond those two groups, and much less
this case only when the transitionrSt:[m=—1] is pro- between the elements of the same group, whose distance in
duced is it possible to reach the upper lev8 through a  energies is much smaller than that of the corresponding op-
secondo™ photon of the pumping beam. In either case, thistical transition. In this way, the matrix of the dipole moment
scheme allows us to see that a two-photon transition betwedms the form

the statex=1 andn=2 is impossible if both photons belong

to the pumping beam, because, in that case, it would have to D= 0 d 6
be |[Am|=2 (see Ref[10] for a detailed analysis of this “\at ol ©®)
experiment

Modifying the frequency of the laser radiation, the spec-So, the trace that appears in Ef) is expressed as
trum of the 1S—2S transition is covered. In our case, this ; ;
spectrum is determined by the Stark broadening due to the C(t)=tr(U/dU,-d")+tr(U/d"U,-d). (7
collisions suffered by the emitter with the charged particles . . .
that surround it. The matriced) , andU, are, respectively, the solutions of

the equations
Ill. SPECTRAL LINE SHAPES d d
A. Emission spectrum ihaUU:HUUU’ ihaU|=H|U|, ®

As is well known, the profile of a spectral line of dipole .
emission can be obtained from the Fourier transform of th&Vith
averag€(} of the autocorrelation functio€(t) of the atomic _ .
dipole momeniD(t) performed over an ensemdl&6]: Hu=&+ HouB(U-Ry, ©

H|:€|+H0|+E(t)'R|,

()= 1 Ref dt{C(t)}e'", (1)
m 0 where&,+Hg, and & +Hg, are the projections of the com-
plete Hamiltonian of the unperturbed emitter on the sub-
C(t)=t[D(t)-D(0)], (2)  spaces of the upper and lower states, respectively, and simi-
larly with the projections of th&R operator on those same
D(t)=UT(t)DU(), (3)  subspaces. The matric€s and &, that are proportional to

. ] ) the unit matrix, give the separation in energies between the
whereU(t) is the evolution operator of the emitter atom that 4 groups of states. We can omit these constant quantities
satisfies the Schedinger equation putting in Eq.(7) U, exp(—i&,t/h) andU, exp(—i&t/h) in-

d stead ofU, andU,, respectively, so that we can write the
iﬁau(t):|_|(t)u(t):[|.|04r gE(t)-R]JU(t)  (4)  autocorrelation function in the form

o o , C(t)=e€'“" tr(uldu,-d")+e "o tr(U[dU,-d),
in which the HamiltoniarH (t) includes both the structure of (10)
the undisturbed state$],, and the effects of the charged
perturbers on the emitter through the dipole interactionwith wo=(&,—&)/h. If we set
gE-R. E(t) is the temporary sequence of the electric mi-
crofield. tr(U{d"U,-d)=Cr(t) +iCy(1), (1D

In most cases, the energy gap between the group of upper
levels and the group of lower levels of the transition studiedvhereCg(t) andC,(t) are real functions of the time, then,
is in the optical or in the ultraviolet range. The collision .
processes between the emitter and the perturbers give rise to C(t)=2Cg(t)cog wot) +2C(t)sin(wot), (12
energy exchanges deep under that separation, so that we can . _

) " and, the emission profile is

assume that they cannot induce transitions between these two
groups of stategno-quenchingapproximation. As a conse- 1 (=
guence, the evolution operator that we will consider has the | (w)= - f dt coq wt)[2Cr(t)coq wot)
form 0

U, (t) 0 ) +2C,(t)sin(wgt)]
U(t)= :

0 U ©)

1 o
=~ | dteog o+ w01+ cog (0 wotliCatt
whereU ,(t) andU,(t) are two matrices that give the tem-
porary evolution of the states of the upper and lower groups +{sin (v + wg)t]—sin (o — wy)t]}C,(1)). (13
independently.

On the other hand, when considering the emission sped/e setw=wy+Aw, and we calculate the spectrum around
trum, we are only interested in a limited range of frequencieshe frequencyw,. Furthermore, we will not take into ac-
from the center of the spectral line, so that our displacementount the contribution to the spectrum of quantities as
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J5dt cog(w+wo)t]Cx(t) that would only make sense if the Where we have introduced the N variable - change
functionCg(t) or C(t) had variations in time in that scale of =(y—X)t/2 in the last integral. Sinc¢” " sin(g)/z=m/2,
frequencies. Then we have we finally obtain

1 * . 1 - jot _ 1 * i ot
l(Aw)=> fo dtf cog Awt)Cr(t) — sin(Awt)C, (1) ]. D(w)=—Re fo iC(t)dte“'=~—Im fo C(t)ydtet,

(14 (20)

and proceeding in the same way as in Edj),
B. Absorption spectrum

We are interested in calculating the absorption profile in a D(Aw)=— E fx[COSAwt)Q(t)+Sin(Aa)t)CR(t)].
very narrow gap around the central frequengy. So, the 7 Jo

shapes of the emission and absorption profiles are the same (21
[17-19. From now on, we will talk indistinctly about the

emission or the absorption profile. D. Line profiles of polarization signals

As we have mentioned before, the profile recorded with
polarization spectroscopy results in the sum of the squares of
The form of the polarization profile is the sum of the the absorption and the dispersion profiles:
squares of the absorption and the dispersion profges
page 456 of15]) that are related to each other through the P(Aw)=A(Aw)*+D(Aw)?. (22
Kramers—Kronig equations. Thus, Af(x) is the absorption
profile, the dispersion profile {20]

C. Dispersion spectrum

P(Aw) is, therefore, the square of the module of the Fourier
transform ofC(t). SinceC(t) is real,P(Aw) can be put as

1 + A(Y) the cosine transform of the autocorrelation functiorCgf):
D(x)=— Pf ——dy, (15
T Jow Y—X 2 [w .

P(Aw)=—f dt COS(Awt)f drC(7)C(7+1). (23
where P denotes principal value. T Jo 0
The absorption profile is given by Eql). In order to

obtain the principal value of the expressitib) we set . In a calculation by computer simula}tion, the normali;a—
tion of the spectral absorption profiles is obtained establish-
Aly)  AX)  Aly)—A(x) ing C(t=0)=1. In the case of a polarization spectrum, the
= + : (16)  condition

y—X y—X y—X
We will suppose tha#\(x) is derivable, so that the principal j+wP(Aw)dAw= 1 (24)
value of the second term of the member on the right of Eq. —
(16) coincides with the ordinary integr@in the limit y—x ]
the integrand tends ®A(x)/dx]. On the other hand, the first requires that
term of the member on the right of E(L6) is a function of .
y antisymmetric with respect to the point, so that 2] dtC(t)2=1. (25)
P[ZA(x)dy/(y—x)=0. Therefore21] 0

1 (+= A(y)—A(x
D)=~ f (y) —Ax) dy. 17 IV. MATHEMATICAL TREATMENT
7). y—x OF THE SIMULATION

The physical plasma model adopted in this work as well
as the simulation method are identical to that used in Ref.
AlY)—-AX) 1 % @yt gixt [5]. In this section we will summarize briefly the fundamen-
_— e f ——C(t)dt tal ideas of the simulation process and give an account of the

o YyTX specific parameters in this work. The main difference be-
tween the mathematical treatment in the simulation in this
work and in the previously mentioned one is about the emit-
el y—2tc (1) dt. ter atom, but not in what refers to the ensemble of perturbers.

Taking into account the form of the absorption profile,

y—X T

2 A. Plasma model

(19 We consider a weakly coupled, homogeneous and isotro-
pic plasma where the particles are independent and move
Thereby, along rectilinear paths with constant velocity. Those veloci-
) ties satisfy a Maxwell-Boltzmann distribution according to
2 F i Te . sinz the u-ion model[3]. In the simulation a finite spherical vol-
D(x)=— Re | ie™C(t)dt| dz—e?, (19 M - NN P _
™ 0 —w z ume is assumed witNp ions andNp electrons. The emitter
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is placed at the center of the sphere. The method of substiions have been solved considering the microfield sequence
tuting the particles that reach the edge of the sphere, which &s a stepped function in which the electric field is constant in
the most delicate aspect of the simulation technique, is dghe interval between two temporary steps. The step size used
tailed in Ref.[5]. This method guarantees that the statistical(in our caseA7=0.01R,/vqe With vy, the mean square
distributions used(homogeneity and isotropy of the par- speed of the electropsllows us to guarantee the quality of
ticles’ positions, isotropy of the paths, and Maxwellian dis-the numerical integratiof22]. In this way, in each tempo-
tribution for the velocity are steady with the timf22] and ~ rary stepr; of the process of simulation the evolution opera-
that there is no correlation between the outgoing particle$or IS
and the incoming ones.
Table | summarizes the number of considered particles in
the different simulation processes. Those numbers of par- i
ticles are enough to guarantee the quality of the results since U(r+AT, 7-)=exr{ ——H(7nAT
the nearest particles are the ones that completely determine h
the mean behavior of the autocorrelation function of the di- i
pole moment of the emittd5]. => exr{ — —Hy(nA7T
The electric field of the ensemble of simulated ions and K h
electrons is evaluated at the center of the sphere according \tz%ereH(r) =Ho+qE(7)-R is the Hamiltonian of the emit-

the expression of the Debye shielded field in order t0 takge, ot the jnstant andP,(7) is the projector on the subspace
into account, at least in an approximate way, the correlatioR ¢igenstates ofi (1) with eigenvalueH (1)
effects between charged particles of different sign. K

U(r)=U(1j_1+A7,7_9)U(7_1), U0)=1

(2.6

Py(7),

As is mentioned in Refl5], we have used the same nu- B. Emitter atom model
merical sequence of the electric microfield to study several _ )
cases of density and temperature mutually bound through the 1. Caleulation of the evolution operator

parametep=R,/Rp, that characterizes the dimensions of a  The Lymane line is produced in a transition between the
numerical simulation process. In that expressi®y  statesn=2 andn=1 in the hydrogen atom. The lower level
=[3/(4wN,)]"?is the mean interparticle distancé¥zis the  has two degenerated states thaniguenchingpproxima-
electronic density—anRy= \/eokT/qezNe is the Debye ra- tion, are not altered by the presence of an external electric
dius of the system at the temperatdreThe high number of field. In the absence of a perturber electric field, the states of
temporary sequences employed in the simulations allows ufe upper level have an energy that depends on the quantum
to work without any mechanism of sample selection; in parnumberj [23]. In the casen= 2, the values of are: and3,
ticular, the control over the initial conditions of each simu- so that the eigenvalues ¢f, are +s=+3.6227x 10 %]
lation, as is already done in Régb]. ==+2.2613< 10 ° eV, where we have taken the “center of

Once the temporary microfield sequence is established, dravity” of the group of states as the origin of energies. In
is used by the differential equatiofi®) that set up the evo- the presence of an external electric fi@ldthe Hamiltonian
lution of the dipole moment of the emitter atom. These equaef the upper level takes the forf23]

1 2 2 1
I I e L LI T
FENE NN
5 F- 5 Fo 5 F- 3 Fo +
0 0 0

\F
3
2 \/I
- < = 0 —-s 0 0 0 0
H \[3 F_ 3 Fo .27
0
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TABLE I. Working conditions of the simulationd\l,, number

p:

of electrons; logy N, range of the electronics densities simulated

in m~3, with increments of of decade.

) Np Samples logh Ne

0.10 250 6128 19.66-21.33
0.15 250 9106 19.66—-22.00
0.20 250 14645 19.66-22.33
0.25 200 12564 19.66-23.00
0.30 175 12177 20.00-23.00
0.40 100 11234 20.66-23.00
0.50 100 10708 21.00-23.00
0.60 100 12593 21.00-23.00
0.70 100 12817 22.00-23.00

whereF,=3qagE, andF.==3qay(E,*iE,)/v2. The se-
lected base of states ig,l,m;) with j={1/2(1=0),1/2(
=1),3/20=1)}, m={—j,..
electric field partially breaks the degeneracyni. The ei-
genvalue equation of the matrkx is

(H=s))| H3+sH?—(s?+F?)H -

1
§+§s#)qza
(28)
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S [ 4 cos 6y
K== -1], k=0,1,2
3\ cose
(35
H3:S.

The calculation of the eigenstatestdfis straightforward:
the projectord?, on each one of the spaces of the states with
eigenvalueH, can be obtained analytically through the ex-
pression

[T(H=H,1)

. (36)
Pi=er——————.
“ TI(H,—Hy

j#k

In the numerical calculation, these formulations, when in-
serted into the relationshif?26), allow us to obtain the se-
quence of the evolution operator of the upper level. The
group of lower states is not affected by the collisions of the
perturbers, so that in expressi@hl) we can setJ,;=1.

2. Calculation of the autocorrelation function

The transition studied in this work connects the lower
state IS with the upper state 2 This jump is obtained by
the absorption of two photons without an intermediate

One of the eigenvalues is independent of the electric fieldgtomic level. The absorption of the first photon puts the atom
In order to obtain the other three eigenvalues, we define thg, 5 state in which it is maintained about 1[f0]. In that

matrix

1
H+ s

M 3

1
T (29

(f is a quantity that will be determined lajeso that the
eigenvalues that depend on the fi€lére obtained from the
polynomial

4 16
3pm3_ | 2 2 — 3=
f°M (33 +F<|fM 2751 0. (30
We make
f__4 1. V3F\?  4s a1
—3° 2s |  3cose’ (3Y)
t _V3F 32
an P= g (32
then Eq.(30) can be rewritten as
4M3—3M =coSp. (33

The latter is the Chebyshev polynom{@4] T5(M) cor-
responding to the expansion cog)34 cos(6)—3 cosf), so
that the solutions of Eq33) can be written as

M\ =cog 6,),
(34

1 2k
=3 arccocosS o]+ ——,

3 k=0,1,2.

The eigenvalues dfl are then(see Fig. 1

interval the absorption of the second photon must be pro-
duced. In the scale of characteristic times of loss of correla-
tion, both photons are absorbed simultaneously so that in the
transition process no change is produced in the phase of the
evolution operator. This allows us to establish as a jump
operator that plays the role of the dipole operatim Eq. (7)

the matrix that connects the stateS df the lower level with

the 2S of the upper level. It must be taken into account that
in that transitionAl=0 must be satisfied. In the base of
states that we are using, such a normalized transition matrix
takes the form

T11000000
= (37

v2\01 0 0 0 0 O

In this way, the autocorrelation function describes the evolu-
tion of the level 5.

C. Simple model of static ions

If we do not take into account the dynamical effects of the
collisions of ions and electrons with the emitter atom, that is
to say, if we consider that the electric fiellin Eq. (8) is
constant in time, then the solution of the differential equa-
tions leads to

3
=3 e (imHep, |
k=0

w0=w%—%m (39)

where the eigenvaludd, and the projector®, depend on
the static electric fieldE of the configuration. Substituting
this expression into Eq10) we obtain
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(static ions)
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FIG. 2. Two-photon absorption spectrumS% 2S) according
to a quasistatic broadening model for the ionic collisions and an
impact model for the electronic collisions. In this figure we show
the dipole one-photon emission profile of the transition2—n
=1. Both profiles are area normalized. The labels 0, 1, and 2 of this
figure correspond to those of the components that depart from the
levels 0, 1, and 2, in accordance with the notation employed in Eq.
(35).

FIG. 1. Middle figure: Relative intensity, =tr(dd"P,), of the
corresponding transitions of the two-photon absorption process be-
tween the levels=1 andn=2 in the hydrogen atom as a function Then the total spectral profile is obtained averaging this
of the applied static electric field. Lower figure: Eigenvaltiggin ~ function on all the possible configurations of static field
units of the separatios of fine structurg of the leveln=2 as a
function of the applied electric field. The subscripts 0, 1, and 2 of
these figures correspond to those of the components that depart
from the levels 0, 1, and 2, in accordance with the notation em-

ployed in Eq.(35). The upper scale represents the perturber densityyhere \W(E) is the statistical distribution of the static field

A(Aw)=f d°EW(E)A(Aw,E), (42)

that would have as typical field the fiell of the X axis.

[25].

The result of an analytical calculation, according to the
previous expressions, of the two-photon absorption spectrum
in the transition studied is shown in Fig. 2, in comparison

> 1
C(t)=2Re D, exp[ —i| wo+ ng)t}tr(dd*Pk).
k=0 with a simulation accomplished with static ions. In the ana-
lytical calculation®y=®,=0.013 pm andd,=0.020 pm.
Figure 2 also shows the dipole emission Lymaspectrum
obtained in the simulation with static ions, under the same
conditions of electronic density and temperature, to show the
relative situation of both types of profiles.

In Fig. 3 we show a sequence of polarization profiles by

(39

Carrying out operations in Ed36), it is found that, for
the absorption spectrum of two photofsee Fig. ],

r(dd'P,) = 2 [cod 6) —cod ¢)][2 cos b)) + cod ¢)]

3 4 cos(6)—1 ' two-photon absorption obtained by computer simulation with
(40 practically static iongux=1000 in units of the mass of the
k=0,1,2, proton. It can be seen how the shape of the profiles is modi-

fied with the density due to two reasons: First, due to the
change in the width of the components, and, second, by the
dependency of the transition probabilities with the intensity
of the typical static field that gives rise to the Stark effect

tr(dd"P3)=0.

The broadening effect of the quick collisions due to the .
electrons can be taken into account following an impact(See Fig. 1
model[16] replacing the real eigenvaluét, with the quan-
tities H,—i®, so that the spectrum corresponding to the
configuration of static electric fielt is

V. RESULTS

Table | summarizes the specific casep@nd density of
the plasma considered in this work. In each one of those
conditions, the calculation is carried out with values of the
parametern=0.5, 1.0, and 2.0, that covers the cases of ex-
perimental interest, and in somp=£0.3-0.7), furthermore,

tr(dd™P,).
(41

A(A E—lR > !
(AoB)=TRe & T 7 Aw) T D,
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10 100 ¢ 3
(arb. units) FWHM ]
(pm) ]
10 ¢ 3
Simulation -e— ]
1F T T T T T ] ~ N, i
N, = 4.64 x 102 m~3 L 2/3 ... i
T = 3910 E E
p=0.40 ]
T = 29000 K i
H — H* plasma -

0.1 ) PN | " al 1 P | 1 Ll )

0 101° 1020 102t 1022 1023
-2.0 -1.0 0.0 L0 2.0 N, (m~3)

FIG. 4. Full width at half maximum of the polarization profiles
at constant temperature obtained in the simulation as a function of
the electronic density. In this case=0.5.

N, =215 x 10" m~3
T = 4175
p =050

quasistatic part of the broadening mechanisms.

The influence of the temperature and the mass of the per-
o ! ! ! ! ! ! turbers is summarized in Fig. 5. At low densities we are in
60 <40 2000 20 40 60 the impact broadening domain—even for the ions—that is
. . = rendered in a behavior of the width of the line with the tem-
perature in the formT Y2 That is to say, the quicker the
emitter-perturber collisions are, the smaller their effects on

1F T T T

N, =4.64 x 102t m~2
T = 3744
p=0.60

110 | =
0 1 1 1 1 1 _
-10.0 -5.0 0.0 5.0 10.0 100 - ;?;3 Z =
1F T T T T T - =20 e
Ne =215 % 102 m™3 0
T = 4589
25 T T T T

»=0.70

20

0 | 1 | 1 1
-30.0 -15.0 0.0 15.0 30.0
AX (pm) 15

FIG. 3. Sequence of polarization profiles obtained in the simu- 5
lation for different values of the density and of the parametef
the plasma. In all caseg,= 1000, that is to say, nearly static ions. sl
for ©=5.0, 10.0, 50.0, 100.0, and 1000.0, in order to study
the extrapolation to static ions. Also we have calculated the 1
special cases of density and temperature of the experiment:
data shown below in the comparison of theory and experi- ¢
ence.

T
p=05 +
In Fig. 4 we show the behavior of the FWHM of the uf;g °
polarization spectra with the electronic density. As density ** [ p=ste A
decreases, the width presents an almost linear response wi Ne =107 m=3
the density, as is characteristic of the impact broadening. Iro.2 ' ' ' '
this range, the loss of coherence in the emission process du 59 100 150 200 0 ., 300
o . . VT (KY/?)
to the individual collisions is very small, so that even the
ionic collisions are in the impact dominan(see Ref[5] for FIG. 5. Full width at half maximum of the polarization profiles

discussion of this aspgctAt high densities, the width tends obtained in the simulation as a function of the temperature for sev-
to follow a behavior asNZ?, that reflects the influence of the eral conditions of electronic density and mass of the perturbers.
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p=1— 1+ N.=33x10"m=3 Simulation = -
— 1020 -3 . ¢
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FIG. 8. Comparison between experimental ddta,14 (H-H™*
plasma and the results of the simulation.

-1 -0.5 0 0.5 1 1.5
A2 (pm) massu of the emitter-perturber pair. The most important

FIG. 6. Polarization profiles obtained in the simulation for dif- €ffect due to the change of the perturber mass is the drastlc

ferent conditions of the mass of the perturbers. The spectra afghange of the shape of the spectral profile. The effects of ion

normalized in height. dynamics in this spectral line are fundamental. Though this

result seems impossible to confirm experimentée real-

the coherence loss are. Then, in that regime, the bigger tHglic values ofu in the plasmas in equilibrium are between
perturber mass is, the slower their movement is, and as &5 @nd 2in plasmas out of equilibrium, where the emitter
consequence their collisions with the emitter are more effecnd the ionic perturbers are at a much lower temperature than
tive, that implies a larger width. In the other extreme, at highth® €lectrons, the configuration can be equivalent to that of
densities, we are in the domain of the quasistatic effects ofNS and the static emitter surrounded by a cloud of electrons
the ionic collisions, so that the trend with the temperature®f great mobility. In those cases, the calculations by com-
and the mass of the perturbers is reversed. In this case, titer simulation can be useful in order to make plasma di-
effects of ion dynamics tend to increase the width of the®gnosis tables. _ _
lines, which gives rise to an increase of the width as the The calculations that are presented include the fine struc-
reduced mass of the emitter-perturber pair decreases. In tidré of the levein=2, of course. This is indispensable for
intermediate zone is produced the transition between thos@W densities, since the level structure completely marks the
two domains that we have considered, on one hand, of dyshape of the profiles. But even at high densities, the effect of
namical broadening of the iorfthat increases with the tem- the fine structure on the shape of the profittough no
peraturg and, on the other hand, of ionic impact broadening!onger in the widthis still appreciated: the spectra are asym-
(that decreases with the temperajure metrical as a consequence of the relationship of the intensi-
In Fig. 6 we show the result of an academic calculation ofti€S Of the componentgl4], especially of the two lateral
the polarization profile with growing values of the reducedomponentgthose that in Fig. 2 are labeled with 0 angl 1

L Ne=10%m3 Simulation —— 1F Ne=32x10"m™3 Simulation = -
I T = 8000 K Exp. [15,17] o ) T = 8000 K Exp. [15,17] o
(arb. units) D — D* plasma (arb. units) D — Dt plasma

0.5 0.5

FIG. 7. Comparison between experimental data,14 (D-D* FIG. 9. Comparison between experimental ddta,14 (D-D*
plasma and the results of the simulation. The conditions of this plasma and the results of the simulation. The conditions of this
plasma were obtained from Balmer profiles registered in the samplasma were obtained from Balmer profiles registered in the same
experimen{12]. experimen{12].
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350 T T r T
u= 05 —
u= 10 ---
300 |- p=20..- -
250 - . .
B FIG. 10. Full width at half maximum curves
J‘. of the two-photon absorption polarization spec-
2001~ i ] trum in the transition $—2S of the hydrogen.
1
3 The curves represent a constant value of the
150 : - width (in pm) as a function of the electronic den-
i sity and temperature. The curves corresponding
: to three different values of the mags of the
1001= ¥ N ionic perturbers have been represented.
50 -
0 ) : . )
10% 102 102 102
that tend to have the same intensity for very high electric B. Conclusions

fields (see Fig. 1 The calculation method used in this work for obtaining

polarization spectra is sufficiently effective and it can be em-
A. Comparison with experimental data ployed to make spectrum tables that can be used in plasma
The only experiments that we know of on polarization diagnosis. In the specific case studied here, the transition
spectroscopy by two-photon absorption in the Lyman-alphdyman-« by two-photon absorption, the relationship be-
transition are documented in Ref8~11, 13, 14and, espe- tween the width of the spectral line and the electronic density
cially, in Ref.[12]. In this last experiment a continuous arch can serve as a diagnostic method of sufficient quality. The
stabilized at low pressure with pure hydroggtasma with influence of the temperature on the shape of the profiles is
wn=0.5 and pure deuteriumy=1.0) was employed. The smaller than the influence of charged perturber density, so
diagnosis of the plasma was carried out through the record ahat the determination of the electronic density through the
the Stark broadened spectra of the BalmBemnd Balmery ~ measurement of the FWHM of the spectra can be carried out
lines. with great precision. Figures 10 and 11 show maps of con-
We have reproduced those Balmer profiles by computestant FWHM in the spectra that are obtained through polar-
simulation[5] in order to determine the electronic density. ization spectroscopy by two-photon absorption techniques in
The same plasma conditions were fixed for the Bal@end  a wide range of electronic densities and temperatures. In Fig.
Balmer-y lines and for the polarization profiles. The results 10 the influence of the mass of the perturbers on the spectral
are shown in Figs. 7-9. In all cases we have employed thevidth can be clearly seen. Figure 11, where our results for
Balmer lines to determine the electronic density that shouldhe case of a pure hydrogen plasma are summarized, is of
be used in the simulation calculations. An excellent agreepractical use for diagnosis. The measure of the FWHM of the
ment between calculation and experiment can be seen in atudied spectrum allows us to set bounds to the values of the
the cases compared. electronic density and temperature of the plasma.

400 T v T v T T
350

300

s FIG. 11. Full width at half maximum curves

250 = sgg T of the two-photon absorption polarization spec-

trum in the transition $—2S of the hydrogen.
200 — §55 - The curves represent a constant value of the

fﬁ l width (in pm) as a function of the electronic den-

150 - sity and temperature. In this cage=0.5m, (m,

is the mass of the protpnthat corresponds to the
100 ( | case of a pure hydrogen plasma.
50 .3 ]

Ne(m")
Y @ o n 5
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