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NON LINEAR HANLE EFFECT : OPTOGALVANIC DETECTION AND APPLICATION TO
POWER ENHANCEMENT IN GAS LASERS

F. Strumia

Dipartimento di Fisica, P.za Torricelli 2, 56100 Pisa, Italy

Résumé - L'effet Hanle nonlinéaire est étudié & 1'aide de la
spectroscopie optogalvanique. L'accroissement prévu de Ta puis-
sance émise des lasers a gaz est comparé aux données expérimen-
tales.

Abstract - The Nonlinear Hanle effect was investigated by means
of the optogalvanic spectroscopy. The predicted output power
enhancement for gaseous Tlasers was compared with the available
experimental results.

I - Non Linear Hanle effect

The Hanle effect was discovered sixty years ago /1/ and consists in a
change in the polarization of the resonance radiation when an external
magnetic field removes the degeneracy between the Zeeman sublevels.
With the advent of the laser the Non Linear Hanle Effect (NLHE)was also
discovered /2/. It manifests as an increase of the saturated absorption
when the M sublevels degeneracy is removed by means of a Zeeman or
Stark effect.

As it is well known, in presence of a saturating laser beam of intensi-
ty I, the absorption coefficient of a Doppler broadened Tine can be

written as
ko | p4* VAT
R(v8)= 1.5 7 \:x\\:)

where Kd/ﬁ is the absorption coefficient in absence of saturation
and S$S=I/1_. is the saturation parameter. Explicit expressions for I_. can
be found in standard texbooks /3/ and depend upon the relaxation pro-
cesses in the system under investigation.

In the simplest case of a J=0«> 1 transition and a laser beam linearly
polarized orthogonal to the static field or propagating along the sta-
tic field (aM=+1 transitions) the absorption increase as a consequence
of the NLHE can be easily catculated to be /4,5,6/

k"(s) Vi+25
R(S )_‘ k(s) [4+35

where RF(S) is the saturated absorption in presence of a static field
large enough to resolve the M sublevels with respect to the homogene-
ous Tinewidth Av and R(S) is the saturated absorption in absence of
an external f1e1g In eq. 2 it has been assumed a Doppler width much

1)

2)
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larger than the homogeneous linewidth and a light beam of costant cross
section intensity. When the laser beam is polarized for inducing only
AM=0 transitions RF(S) = R(S) and no absorption increase occurs as it
has been experimentally demonstrated /7/. The absorption increase as
expected from eq.2 is large and independent 0f the freguency setting
of the Taser beam within the Doppler profile of the transition (fig.la).
On the contrary a signal as shown in fig.1b is expected when the laser
frequency is set near the line center and the absorption signal is ob-
served as a function of the applied external field. It consists of a

Field on off

difference between a Gaussian line due to the Zeeman scanning of the
Doppler 1ine by the AM=x1 transitions and a Lorentzian central dip
which describes the NLHE.The HWHM of the Lorentzian is equal to the
FUHM of the J=1 Tlevel and is given by

HUHM = 29 10B 3)

where g, is the Land& factor and p, the Bohr's magneton. In the more
general case of a J <> J' transition, a density matrix treatment is ne-
cessary for describing the NLHE in both the upper and lower states of
the transition /4/, however for high J transitions such a treatment is
unpractical and cumbersome.

A simple calculation of the absorption increase in the high field 1i-
miting case (M degeneracy remove) is more convenient for understanding
the magnitude of the effect. In the absence of an external field the
natural quantization axis of the system is determined by the polariza-
tion and propagation direction of the laser beam. For a linearly polari-
Zed beam and a dipole interaction the quantization axis is parallel to
EM field and only transitions with AM=0 are induced. As a consequence
the saturation absorption coefficient is given by

T +7T 4
g [l )
R(T,D=) RO =) _Lnl
2
ald —3 l/4_4 0‘//-‘;:[
where the ]}ﬂllare the dipole moments forAM=0 transitions computed by
means of the Clebsh-Gordan coefficients. This selection rule is con-
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served if a static external field is applied parallel to the quantiza-~
tion axis. There is no change in the saturation of the system and as a
consequence no change in the absorption.

On the other hand, AM=+1 transitions: are induced by a laser beam when
the external static field is orthogonal to the EM field or is oriented
along the beam.

In this case the AM=-1 and AM=+1 transitions saturate independently
when the degeneracy is removed and a change in absorption is expected.
If is worth noting that in the case of an inhomogeneous line whose M
sublevels are resolved with respect to the homogeneous width the AM=+]
transitions starting from a given M sublevel involve molecules with dif
ferent velocity components along the beam direction, i.e. different mo-~
lecules. Again the saturated absorption coefficient can be computed as
a function of J and AJ selection rule by using the Clebsh-Gordan coef-
ficients

:'7. ‘;2
k(s)__Z k(S)—H’K(S)——Z ulia M‘l_ 5)

eyl

Analytical expressions for R(S)=RF(S)/R(S) can than be given for any

J and AJ. In the case of a plane wave such equations were reported in
/6/ and /8/. In the case of a Gaussian TEM beam an analytical expres
sion for R(S) can again be given for an op%1cally thin sample as a
function of Sy, the saturat1on corresponding to the maximum intensity
of the light beam (I(r)=I, exp - (r/w)z)

3 T(T+d)-M(M+4)
R(rse Z\f 2D ~1)
Q 43
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where Q,R and P means a J «»J, J «> J+1, and J «> J-1 transition re-

spectively. In fig. 2 the computed results are shown both for integer
and half integer values of J. We found the same maximum absorption in-
crease (R =y2) for Q15 Rgs Ry and Py transitions. By increasing the J
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values, the Qy and Ry Vines show a rapid convergence to two Timiting
curves: Rg(J,S) increase with J and S up to a maximum value of 1.57,
while Rp(dJd,S) = Rp(J+1,S) decreases to an asymptotic value of 1.27.
In both cases the effect is large and easily detectable. Only for the
J=1/2 <> 1/2 transition is Rq(1/2,5)51 as expected.

As for the shape of the NLHE as a function of the applied static field
in the general case of a J «» J' transition it is worth to note that
the degeneracy may be removed in the upper and lower state at a diffe-
rent rate depending from their indetermination and the size of the
Zeeman or Stark effect. As a consequence if the Zeeman or Stark effects
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are linear in the field and no HFS splitting exists within the Doppler
width the NLHE is expected to consist, at the first order, of two Lo-
rentzians with different width and amplitude. In many cases the two
Lorentzians will have nearly the same width. In this case the NLHE has
a Lorentzian shape.

The 1imiting case of high J transitions was investigated by using COp2
laser excitation of rotovibrational transitions of polar molecules
exibiting a linear Stark effect /5,7/. In fig. 3 is shown the NLHE for
two transitions in CH30H detected by means of the optoacoustic effect.
As expected the NLHE is significantly smaller for the Ryg Tine than
for the Qg for about the same COp laser power and gas pressure.

A general expression for the saturation intensity Ig cannot be given
since it depends on the relaxation processes of any specific system
/3/. In the infrared, where the rotational collisional relaxation rate
js the dominant process, largely independent from J, Ig is proportional
to ‘p2 , wherep is the gas pressure. Also this behaviour was experimen-
tally verified /6/.

A quantitative analysis of the NLHE 1ineshape can be done for atomic
transitions in the visible, which offer low quantum numbers. Measure-
ments have been performed by using the optogalvanic technique in a hol-
low cathode discharge, which provides an easily access to the whole
spectra of both volatile and refractory elements. It was demonstrated
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that a magnetic field collinear with the laser beam and the discharge
does not perturb the signals or affect the S/N ratio.

Clearly resolved Zeeman pattern could be observed /9/.

An example of the NLHE as a function of the laser frequency and for a
fixed magnetic field is shown in fig. 4. The absorption increase all
over the Doppler profile is clearly demonstrated.

1

Fig. 4 - Doppler profile of the 612 nm Ca line.
Curve a: no field, curve b: 13 Gauss.

A quantitative analysis of the shape of the NLHE as a function of the
applied magnetic field will be published elsewere /10/. In fig. 5 is
shown the results for a J=0«»>1 transition in Neon at 607.4 nm.

Since the gg factor of the J=1 Tevel is known a quantitative fit of the
experimental points to the theoretical curve composed of a Lorentzian
minus a Gaussian was possible /10/. The agreement was fairly good gi-
ving the following values for the independent parameters: Avp=2160MMHz;
Avy = 13.7 MHz; R=1.146. The Doppler width obtained directly by scan-
ning the line with a single mode Dye laser was found to be 2190(40)MHz.
The enhancement factor R, as obtained from the heigth of the Lorent-
zian, gives the saturation parameter which is used to evaluate the
contribution of the saturation to the homogeneous width. The indepen-
dent determination of S, and Avy is a unique gdvantage of the NLHE.
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The natural Tlinewidth and the pressure broadening coefficient were then
found in agreement with existing data /10/.

For transitions with J=1+=1 or J=1«+2 a NLHE consisting of the sum of
two Lorentzians could also be observed Teading to an. independent de-
termination of the widths of the upper and lower levels /11/.

IT - Application to the lasers output power

In the first part we have demonstrated that the absorption coefficient
of a transition is significantly increased as a consequence of the
NLHE. It is obvious that the same increase is expected in the satura-
ted gain of the laser medium when the population between the upper and
Taser level is inverted.

As a consequence of the NLHE the output power of the gas laser is ex-
pected to increase when an external field is applied to the active me-
dium. In fact such an effect was early observed in He-Ne Taser on the
0.63,1.15,and 3.3%um Tines /12/. However all this laser lines are J =
= 1+»2 transitions and the relative intensity of the effect as a func-
tion of J as predicted by eqs. 6 and 7 cannot be tested. Moreover the
output power of the laser in this case is perturbed by conpetition
among the different transitions, which is also depending on the pre-
sence of an external field/T2/.

Two different cases will be considered here that would permit a better
test of the predictions of the NLHE.

- Optically pumped far-infrared lasers

The far-infrared (FIR) Taser emission occurs between rotational tran-
sitions of polar molecules optically pumped in an excited roto-vibra-
tional state by means of resonant absorption of the powerful CO, laser
radiation. The pumping scheme is shown in fig.6. The pumping %ransi-
tion is Doppler broadened and strongly saturated while the FIR lasing
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transition is homogeneous (pressure broadening). The absence of a
discharge allows an' easy application of an Electric field orthogonal to
the Taser axis and the linear Stark effect removes: the degeneracy
between the M sublevels. Hybrid waveguides must be used that force the
FIR field to be orthogonal to.the static Stark field. Hence only
AM=+1 selection rules are allowed for the FIR transition, while either
AM=0 or AM=+1 selection rules allowed for the pumping transition de-
pending from the relative polarization of the CO2 laser beam /13/.

excited vibrational state
m, Vo e—_—

My FIR
P —

ground vibrational state

Fig. 6

For the AM=+1 pump selection rules an increase in the pumping rate is
expected as a consequence of the NLHE. On the contrary the Stark ef-
fect on the FIR transition splits the line in many Stark components of
which only one can be put in resonance with a FIR cavity mode. As a
consequence only a gain decrease is expected on the FIR transition.
In fig. 7 are reported the experimental results /7/ obtained for FIR
Taser lines of about the same efficiency and wavelength.
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The pump transition is respectively a Qg line for the 70 um laser and a
Ry for the 96 um laser. As a consequence the NLHE and the output power
increase was found to be Targer for the 70 um line as predicted. It is
also shown that in the case of AM=0 pump selection rule the output po-
wer showed only a power decrease, again as predicted. This result pro-
ves that the NLHE enhancement is in the pump transition since the pola-
rization of the 70 um line is always orthogonal to the Stark field.

Argon and Kripton ions laser

This lasers are the most powerful sources of CW radiation in the visi-
ble and are produced in large number. A1l the commercial models are sup-
plied with a solenoid that produces an axial magnetic field of about 0.1
T on the discharge tube. The output power is as a consequence increa-
sed by a factor up to four.

The reason of this behaviour is not properly understood up to now.

In standard textbooks /13/ and in extensive reviews of the subject /14-
-16/ it is tentatively assumed that the output power enhancement may be
due to an increase in the electron density in the plasma at given value
of the current. However experimental investigations gave contradictory
results on this points /14/. Moreover an electron density increase would
produce about the same enhancement effets on all the visible laser 1i-
nes. On the contrary the NLHE predics a different enhancement as a func
tion of J and AJ independent of the current saturation effect. In par
ticular no effect is predicted for the J=1/2«-1/2 laser lines. Unfortu-
nately the available experimental data were obtained in multimode ope-
ration and only a qualitative comparison with the theory is possible.
Moreover the homogeneous Tinewidth of the ion Tasers is quite large
(500800 MHz) as a consequence of the short lifetime of the Tower le-
vels and the ratio Avp/AvH is about 6~7.

In fig. 8 is shown the predicted relative gain increase R(J,S) for all
the CW laser lines of Ar and Kr ion lasers as a function of the satura-
tion parameter Sy. The validity of eq. 1 has been assumed. In fact an
exponent larger than 1/2 may be possible as a consequence of the low
Avp/Avy ratio that would tead to larger R(S) values.

In fig. 9 are shown experimental result obtained from the Hughes report
/17/. The NLHE predicts no enhancement for the 458 nm laser Tines and the
small experimental effect may be due to the expected electron density
increase. A similar effect has been observed in Kr* red lines. The 647
nm line is a J=3/2«+5/2 transition, while the 676 nm is J=1/2<=+1/2. The
first shows a Targe power increase as a function of the field, while

the second one is practically insensible to the field. The relative en-
hancements of the 476 nm and 488 nm laser Tines is also in agreement
with the prediction. The theory predicts also an equal enhancement for
both the 488 nm and the 514 nm laser lines. The experimental results
apparently are in disagreement, the enhancement of the 514 nm line being
larger. However the saturation intensity I. of this line is of about

50 W/cm2 ten time larger than that of the 488 and 476 nm lines. The out-
put power is nearly the same for the 488 and 514 1ines and as a conse-
quence the actual value of S, is about one order of magnitude smaller
and of the order of unity for the second one. The NLHE cause a positive
feedback loops: the field increases the saturated gain which increase

the laser beam intensity which increases the gain and so on. As a con-
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sequence the relative power increase is expected to be larger for low So

value where the slope of R(S) is Tlarger.

As for the optimum value of the magnetic field (8001000 Gauss),it is
also in agreement with the prediction of eq.3 if we consider the large

value of the homogeneous line.
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In conclusion the NLHE predictions are in qualitative agreement with
the experimental results. Quantitative comparisons can be performed only
with the experimental determinations of the saturated gain increase in
single mode operation. At present the NLHE s however the most straight
forward interpretation of the power increase in noble gases ion laser
as a function of the axial magnetic field.
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