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Introduction

The reasons why many projects are being conceived concerning sensitive tests of
Fundamental Physics, especially General Relativity, are due to both theoretical and
experimental aspects. From the theoretical side, the attempt to unify General
Relativity and Quantum Theory appears to imply deviations from standard physics;
at the same time, exciting progress on precise instrumentations make it possible to
plan new measurements able to accomplish new tests and even to open the door to
unexpected results. Therefore there is a worldwide effort to push for new
technologies, both from the space and on the ground, with the hope to better clarify
Quantum Physics and General Relativity or to explore the expectations for “new
physics”. During the last decades we have been developing a particular technology
(worldwide adopted and known with the name of MOF , Magneto-Optical Filter)
that is able to measure spectral line shifts with unsurpassed precision and absolute
reference stability. Therefore, we can focus our interest on a new measurement of
the Solar Gravitational Red Shift that is waiting for more precise determination
since the last figure given by LoPresto Shrader and Pierce in 1991 (ApJ 367:757-
760). Our aim it to improve such determination (now at the level of some percents)
of one order of magnitude, at least. For this, we have contacted Dr LoPresto for
detailed information on his work and obtained his welcome desire to join our effort.
This proposal is therefore composed of 4 sections: the first one deals with a brief
historical overview; the second one is from J.LoPresto himself and describes his
latest results; the third section describes our MOF technology and finally, the fourth
section describes our envisioned strategy for the measurement.

1.Brief Historical Review



Following the General theory of Relativity, the gravitational potential of a celestial
body affect the physical time and slow any periodic phenomenon considered as a
physical clock. In order to verify this statement, is therefore needed to compare the
behavior of different types of clocks located in different gravitational potentials. A
clean experiment conducted by Vessot et al (1980, Physical Rev. Letters , vol 45,
N.26, pg 2081) comparing the frequency standard of two Hydrogen Masers, one on
the ground and the other at 10000 Km on a spacraft, was able to verify the
theoretical prediction at the level of about 10 exp (-4) . A different kind o clock is
given by the atomic spectral lines. The solar gravitational potential, for example,
shifts their wavelengths relative to the laboratory lines on the Earth, by the amount
AA=2.1x10 exp(-6) A towards the red. In terms of velocity, this is equivalent to a
Doppler shift of 636 m/s. The solar spectrum is also attractive in this context
because the Sun is a massive body bringing the Relativity verification to values far
larger than what is possible on Earth (dynamic range). An attempt to measure such
a GRS (Gravitational Red Shift) is however complicated by additional effects that
can change A , depending on the line forming layer on the atmosphere of the sun:
for ex., lower layers are affected by convective upward gas motions to a large
extent (about 12 mA equivalent Doppler blue shift), while higher layers, at the
chromospheric levels, appear less affected. A review article is by Dravings (1982
ARAA, 61) Also most of the solar lines are asymmetric, displaying complex
bisectors. Therefore, care must be taken to disentangle among various sources of
wavelength shifts. Chromospheric lines like the Sodium Doublet, show good
symmetry and could be good candidates for the measurement. However they are
blended by telluric water vapour lines , particularly D2. The Potassium line @ 770
nm appears to be fairly symmetrical and free from water vapor blends; however it
is affected by a convective blue shift. Potassium and Sodium lines have been used
to measure the GRS on selected points on the solar disk by Roddier (165, Ann. Ap.
28,463) and Snider (1972, Phys. Rev. Letters, 28, 853) reaching the precision of
about 5%. However, the time dependent velocity fied present on the surface of the
sun makes the above measurements very uncertain; for this reason LoPresto,
Shrader and Keith Pirce ( August 1991, ApJ 367,757)decided to use chromospheric
Oxigen lines in emission, that are formed well above the main convective velocity
field, reaching the precision of about 2%.

This proposal deals with the solar GRS with the aim to improve its precision to a
level comparable with the measurement of Vessot et al

Latest Results
(from LoPresto)

Alessandro Cacciani, his colleagues and I are attempting to improve upon the
measurements of the Gravitational Red Shift made by myself and A. Keith Pierce
using the main spectrograph of the McMath-Pierce Solar Telescope in 1991 (Ap 367,
757). We will use the Magneto-Optical Filler (MOF) in conjunction with one of the
auxiliary beams of the McMath-Pierce Solar telescope at Kitt Peak Arizona.



In 1991, Keith Pierce and I used the potassium near infrared triplet at a wavelength
of about 779 nanometers. We observed these lines in the solar photosphere and in
the flash spectrum at the edge of the chromo sphere along with comparison lines of
the same transition using a hollow cathode tube. The chromospheric flash spectra
provided highly symmetrical lines for relatively easy wavelength measurements.

We constructed bisectors for the absorption lines on the disc, which we observed
from disc center to limb and extrapolate the Doppler shift to the limb of the disc.
Our measurements resulted in a value of 0.99 of the predicted value with about a 1-
2% internal error.

We feel confident that we can improve upon this value using the MOF system.

3. The MOF Technology

In the figures below we show selected pictures of the Sun taken with our Magneto-
Optical Filter (MOF). This is an easy way to illustrate the instrument performances
and will become clearly understood after the following description of the MOF
working principle.

For a comprehensive theoretical and experimental study of the MOF , please refer
to the Appendix. Here we give brief outlines.

In Fig.1 our instrument is shown as composed by three parts (a telescope, the MOF
filter and an image sensor). Fig.2 shows its practical realization on the roof of our
Institute in Rome. Indeed, the MOF is the core of the system that makes this
experiment unique. Its working principle is fully described in Appendix. Here let be
enough to say that it is a very stable and narrow double band filter. The two bands
could be as narrow as 50 milliAngstrom (see Fig 3), achieving unsurpassed
performances as far as its central wavelength reference stability and symmetrical
tuning in the wings of the solar lines (Red and Blu sides). Each band can be selected
separately at will so that a computer comparison (difference) between the
transmitted images produces the wanted Doppler image of Fig 4.A single band gives
an intensity image like in Fig.5

Telescope MOF I I ';::g:r



Fig. 1 Mechanical assembly of the instrumentation

Figure }
MOF installed in Rome

Fig.2

The MOF weights about 1 Kg and its dimensions (10x10x30 cm’) are also attractive
for space applications. This could be desirable to avoid spurious effects from the
Earth atmosphere; However, due to the high costs and other difficulties of space
projects (as ,for example, the spacecraft motions) , it is preferable to perform our
measurements from the ground, taking advantage of the absolute wavelength
reference of the MOF and relay on the well known Sun-Earth relative Doppler
Shifts at any time.

As a filter, the MOF will be located between the telescope and the image sensor.

In this manner we are able to reject all the other wavelengths of the solar spectrum,
but the wanted line, so that we can definitely say that the MOF produces an
artificial night, which is the necessary condition to detect faint signals. Fig 4.shows
an image taken with a MOF tuned in the core of the Sodium D lines where an
intensity reversal (faint emission) can be observed in a very narrow wavelength
interval wherever magnetic field is present in the solar surface. The magnetic field
excites the emitting atoms, modifies the line profiles and appear well pronounced in



our MOF image. This effect should be taken in due consideration for precise
determination of the line shift.

The signal originated by the GRS amounts to 632m/sec (Doppler equivalent). Fig 5
shows a Doppler image of the Sun where the predominant rotation signal (from the
East limb to the West limb) amounts to about 4 Km/sec. We have been able to
measure Doppler signals as low as 1 cm/sec by integration over the whole solar disk.
Fig. 6 shows a plot of the oscillatory signal due to solar p-modes in the 5 minute
band (pick-to-pick amplitudes ~ 1 m/sec , integration time= 30 seconds, telescope
aperture = 2 cm ; JPL facility, Pasadena, California). Therefore our instrument has
the capability to improve considerably the accuracy beyond the few percent so far
achieved. Our first goal is to reach the precision of one part per mil.

MOF (Transmission Profiles)
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Fig3..cceeuiennnen.

KANZELHOEHE SOLAR OBSERVATORY (Austria)
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Figl _ MOF, Na Intensity image. Locations of facular regions are well visible and identified.
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Fig 4and S....ccccevivviiiiinnnnnnnen.

4. The Envisioned Strategy for the Solar GRS Measurement

As stated in the previous section, the MOF is able to measure very small Doppler
oscillatory signals. However, the present project deals with a far more difficult
problem, that is, the evaluation of a constant additive shift among a number of other
known and, perhaps, unknown effects. This is the main challenge of the aimed
measurement. We list in the following such effects and how the MOF can help
disentangling them.

1-

The sun is gaseous sphere displaying darkening toward the limbs. The GRS is

measured looking at the wavelength position of a solar spectral line respect to a

laboratory line. This requires a careful study of their intensity profiles (which is a

function of position and time) and the availability of high resolution

spectrographs. Moreover, also the central wavelength position is a function of time

and depends on the point selected on the surface of the Sun. Indeed, the sun is a

non homogeneous rotating sphere and its surface displays convective and

oscillatory signals amounting to as much as 1 Km/sec ( see the mottling in Fig.5).

Therefore, a measurement technique that neglects the above local effects,

averaging them in a single shot, is definitely not a suitable procedure. A better way

of doing would be to measure the wavelength position in all the points at once, in a

time interval shorter than the competing signal evolution (possibly few seconds),

and proceed to a careful data analysis with the help of the solar Ephemeris and the
published data about convection, rotation and center/limb variation of the solar
line profile. This cannot be achieved with a spectrograph but only with a Filter,

particularly, the Magneto-Optical Filter. See Fig 7

[Few years ago in our laboratory three students have been asked to analize a few

images taken with the MOF in Antartica and found that the zero velocity points in

a Doppler image can be fitted with a parabola that follows the solar differential

rotation in a position that differs from the rotation axis by the right amount of 635

+/- 25 m/sec]

2- The MOF is, by definition, a stable instrument with intrinsic wavelength
reference. Therefore, the game is to verify to what extent its stability is
maintained during long runs and what is the level of asymmetry between the
Red and Blu transmission bands. The Appendix deals with these two problems
and we need to check instant by instant their behavior.

3- Different solar lines suffer from different convective disturbances,
chromospheric lines, like the Sodium D2, being less affected than photospheric
ones, although never free from random-like velocities. An additional
chromospheric line, very useful in this context, would be the Calcium resonance
@422.7 nm. This is a wide line with a narrow central portion almost entirely
chromospheric. In order to take advantage of it, we need to develop a new



MOF for Calcium, as we have proposed since long time ago, but never been
able to set up a suitable fabrication laboratory for lack of funds. At the solar
limbs, the convective velocities are orthogonal to the line of sight and should
become undetectable; on the other end the line profiles undergo modifications,
becoming wider and shallower and tangential movements cannot be excluded.
For this reason we plan to observe multiple lines simultaneously, the Sodium
doublet, the Potassium resonance line @770 nm and, hopefully, the Calcium
422.7. A comparison among their behaviors, all over the solar disk, will help
disentangling the convective disturbances or identifying the amount of
uncertainty produced by this effect. The scientific literature is full of fine
observational works regarding this problem. We can mention here that the
Potassium line and the Sodium line are formed at two different levels 300 Km
apart (in height) , therefore probing different gravitational potentials: we
expect to be able to see such a different effect amounting to about 0.5% of the
total effect.

4- The Earth’s atmosphere can interfere with the measure adding blends to the
pure solar profile. Fig.8 shows the Sodium solar doublet and, separately, the
atmospheric lines (mainly H20O) at the bottom of the figure. Their occurrence
and equivalent width is a function of time (hourly and daily) and location
(dryness or humidity) of the observing station. In order to monitor this effect
we definitely need continuous data acquisition from more than one station, at
least three, at different longitudes. We plan to contact and propose agreements
with several Observatories around the world that are available to host our
instrumentation

In conclusion, our strategy is to avoid working with a single observing station and
few shots at discrete times. The aim is to accomplish prolonged observing runs for
more than one year in order to demonstrate their long-term consistency by fitting
the earth’s orbital motion. This will provide a precise calibration signal, beyond the
diurnal and oscillatory shifts. Also, we plan to use more than one solar line, from the
photosphere to the chromosphere, that will tell us how convection decays with
height towards the chromosphere. Finally, it is important to stress that the MOF
Doppler imaging capability and its stable and absolute wavelength reference, will
allow us to study such effects as the magnetic contamination, the center-to-limb
variations and the local oscillatory or convective velocities.

A few years ago we have asked some students to analyze our Potassium Doppler
images following a differential procedure. The result was 635 m/sec, very close to
the real GRS, but with an estimated error of +/- 26 m/sec. The analysis was
performed looking at the constant velocity contours that follow, in average, the
differential rotation curves. In particular, the zero velocity points follow a winding
path around the local convective velocities (fig.7). After parabolic fitting, the solar
rotation axis was also determined and its equatorial distance taken as a measure of
the GRS. This procedure is affected by several sources of errors, as the above
distance and its ratio to the solar diameter (also affected by an error). The technique
based on the isovelocity levels makes it possible to write down a redundant system



of equations linking the rotation, the blue shift , the limb effect on the line shape, the
instrumental biases and , of course the GRS.

Fig 8
Spectrum of the Na doublet from the sun.Also many H2O line are sown belongfing
to the Earths atmosphere.
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Fig 7 Potassium Doppler image. Four isovelocity levels are shown along with the
solar rotation axis. The curvature of the isovelocity curves is originated by the
differential rotation that become orthogonal, therefore undetectable, at the polar
axis. Nevertheless, the zero velocity level appear as a blue curve whose distance
from the solat axis is a first estimate of the Gravitational shift.

The activity will be detailed as follows:

1M year...cceeveiinniennnnns Instrument fabrication of the clones and visits to the host
observatories (signing agreements)

2" and 3” years........... Installation , tests and observations

4" and 5* years........... Data reduction and additional measurements.

APPENDIX
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ABSTRACT

A theorsdeal and experimental stedy is reported of the specmal behavior of the Magnew-
Optical Fiiter (MOF). A computer model, capabie of reproducing the spectal mansmission
funcdons of the MOF, given the values of a fow casily measured parameters, has been
developed and its results have been successfully compared with high resoludon spectral
scans obtained at JPL using a tuneable Iascx . The radiadon mansfer through the MOF takes
inty account the temperature and vapour density dismibudon inside the cell and magnetic
field inhomegeneites. The latter involve the computaton of the hyperfine structure of the
Zesman patiemn at various magnetic field streagths, The model can be used 10 opdmize
spectral characteristics of the MOF for diverse applicadons in solar physics. Use of the
MOF as a Doppler analyzer, to detact Dbpplcr velocity shifis of the sodium absorpdon
tines, has been simulaec. The sensivity, linearity and swbility of the velocity signal have
baen invésﬁgamd. One important result is that the spectral ransmission of the MOF is very
stable against thermal flucruadons at the level required for helioseismology

(approximately 10cm/sec/FC over a range of 3°C).



1. THE INSTRUMENT AND ITS CAPABILITY

The working principle of the MOF has been described, at least partially, in several
pﬁbﬁcaﬁons [1.2.3,4,5,6,7]. In what follows, details of its specral bchaw'.or will become
clearer, It is essendaily a very-narrowband {down o 20 mA) and absolurely swable filter
(single or multiple pass-band), operating in the cenﬁ:r and/or wings of a selected spectral
line. Itis able 1o produce monochromatic images of a source emitting in the same lines. Its
double pass-band version is being used successfully to obtin doppler and magnetc maps
of the sun by computer subtraction of images taken in the red and blﬁe wings of a solar
absorpdon line [8.9].

' Before giving the relevant mathematical equations, we discuss the general principies of
cpera:ion using fig.1. No light is rransmined through rwé crossed polarizers, Py and P,
unless a depoiarizing element, V, is located berween them. To achieve a narrow-band
rangmission, AL, V should effect ransmission only within A\, In our existing MOFs, V
is a Sodium or Potassium vapoer in a relatively swong magnetic field (several KG). Qwing
o the induced opdcal acdviry a.ssoc:an:d with the Zeeman effect and related phenomena, the
polarizadion of the incoming beam from Py is changed only in and around the Sodium ar
Pomssium absorption lines. Therefore, only these wavelengths can be ransminted through
Pa.

In principle, eny non-reacting mixtare of gases and evaporable elements could be used
to make a filter working at several diffmn: absorpen lines. Nen-resonance lines could be
considered as well, provided a suitable populanon of atoms can b prodmced in the wanwd
atomic level. Lastly, the Stark effect msmad of the Zecman effect could be used m change
the P; polarizadon. So far, for practcal reasons and in the interest of simplicity, only the

Zseman efsct and resonancs lines of easily evaporable alkaline metals have been used.



2. PRACTICAL CONSIDERATIONS

There are several pracdeal difficuldes o be confronted whea fabricating and operating
ar MOF. In fig. 1, we suppose that perfect polasizers are availabla, Acrually, they are
charecterized by their extinction rato, €, that is, the fraction of light mansmirzed through
two crossed polarizers. £ should be small cnougﬁ that the mansmired intansity in the

wanted Ak is grbawr than the chraﬂ transmission in the unwanted waveisng:hs. That is,
] / F(AJdA < f FLAT(A)4A
B2 Durevren Alwor (2'1)

where F(A) is the input spectrurn and T(A) is the wansmission profile. Thus, e shouid be
smaller than T average.

Fer the sun and other stars, F is a blackbody continuum spectrum with superposed
absorption lines. Considering equivalent widths of F and T of about 30004 and 30 mA.
respectively, € should be less than 10-%, It may also be necessé:y w0 limir the input speciral
band using an interference prefilter. A good compromise for Na D lines is 2 flat-top
prefilter of about 30 A so that both D lines are accepted with lirde effect in:o&uccd by
thermal passband drifts.

Care must be taken in order o avoid polarizing stresses in the optical windows of the
glass ceil con:ain_ing the metzllic vapour, V. Such stresses could effect the overal]
extingtion ratio € and allow a large amnount of condnuum light to pass trough the crossed
polarizers. The best way 10 avoid this effect is to keep the windows a1 room emperature
and ¢veporate the metal by hearing small reservoirs located in the center of the cell {fig.2).
Although this solution introduces certain difficulties related to the vapour confinement
ingide the glass cell, it has been preferred since the beginning of work with the MOF as
producing the best resulis. . .

o



The problem of vapour confinement, which is difficult in the cold cell configuraden, .
will be discussed further in :hc’ncx'. section. However; 10 andcipate, the cell is filled with a
buffer gas 5o that an atomn dwells a very long time in the center of the ceil before migrating
to the coid walls where it condenses. In other words, the 'coid cell’ soludon takes
advantage of the diffusion properdics of alkaline metals in an inert gas rather than warking
in the collisionless regime of 2 highly evacuated 'hot cell’ for which it is almost iﬁ:rpoasiblc
to keep the windows at uniform emperamre.

3. THE COLD CELL MODEL
3.1 TEMPERATURE DISTRIBUTION

The first sicp in the analysis is 10 evaluate the emperatare distibutbon inside the buffer gas.
Neglecting the possibie effect of convection, the general equation for thermal conduction at
equilibrium is {10]:

V. VD=0 - 3.1
whers k_ the thermal conductivity, is in general a funcdon of tcmpcmm'e and pressure. To
simplify the problem, we assume k = const 30 that the equation for thermal conduciion
reduces to the Laplace equation, ¥2T=0, which can be solved given the boundary
condidons.

. The boundary conditions {temperatures) are easily measured at a few key points ouside
the cell: the end windows and the c=il-body near them (Tf, see Fig. 2}, the neck of the
metal containers (F,) and the heater temperanures (Txy) which we take t0 be equal to the
liquid meta! temperature, Other temperarures in the glass walls are fired assuming an
exponential decay. Heat sinks can aiso be used 10 change the boundary conditions for
optimizarion of perfbrmance_. Owr compumdca gives the temperature in a three dimensional

mesh with | mm distnce berween poin inside the volume of the cell

5



Fig. 3 shows an isotemperature plot in the centzal plane, 7 =4, and 4 temmperamre profils
along the cell's axis. Note the rapid drop in temperarure with distance from the heated
reservoirs. In order to improve homogeneity, four reservoirs can be allocated around the

cell.
2 YAPOUR DENS_I'I'Y DISTRIBUTION

There ars significant differsnces berweer designs based on the hoe cell and the cold ceil
mentioned above. In the hot cell, the emperature is considered almost uniform and the
vapour density is simply given by the saturation vapour pressure curve as a function of
temperature for the given metwl. Confinement is assured by the glx;.ss walls and
sondensation is avoided by keeping the windows slightly warmer than other parts of the
container. A disadvantage of this method is that it is almost impossible o keep the
windgws 2t uniform temperamre so that thermal stresses occur aod inoduce unwanied
" birifringence berwesn the two crossed polarizers.

" Int the cold cell mathod, the teraperature is almost at room temperature and uniform
everywhere except <lose to where the metal is being evaporated. The ges dynamics is
governed by diffusion and an atom l_eavi.ng the liquid phase undergoes many ¢ollisions
insids the buffer gas before reaching the glass walls where it condenses. Atoms in 2 small
volume in proximity of the reservoirs survive z long fme and only 2 smail amount of metal
nesds to be evaporated in order to maintain a suitable density in the vapour swate. As the
vapour atoms migrate, following paths of density gradient {towards the closest wall of the
call), more metal avaporates keeping the density diswibution coastant. Eventually, the end
windows will be coared, but the Tats is so slow that ceils can be operazed continuously for
many months. Furtherraore, when coating occurs, it s sufficient to warm the windows up

‘or a few minuies o clean them completely.



To compute the vapour density of atoms diffusing in the buffer gas, there are wo
linsiting cases to take into consideration. First, the contnuity squadon for the flux, J,
(J = pv, where p is mass density of sodium and v is the local average particle speed) is

assumed to be valid, that is,

v.1=0, - 3.2

which means that there are no sources or sinks inside the vapour. In the sscond case, tha
continuity equation is assumed aot to be valid becanse atoms and molecules quickly
recombine as in the case of sanrated vapour. Saturation certainly holds at the boundary
layers where both condensation and evaporation occur. The saturation regime is simple ©
moxdz! using the samraden pressure curves once the temperature distribution is given,
Comparison of our eomputations with experimental measurements déﬁniwly exclude the
possibiiirg} that the saturation regime holds inside the vapowr cloud. For such a cass, -
computation shows that the optical depth would be a factor of 103 less than with the pure
diffusion regime and no light would be transmirted by the MOF ar the usual working
temperatures. In general, the siruatdon ls intermediare berween pure diffusion and
sanmraron.

Adopting the hypothesis of no sinks or sowces (except at the boundary layens), the

diffusion equanon for the mass flux can be wrinen:
J=-DVp+D (HTVT, (3.3)

where D is the diffusion coefficient. The wrm, -0 ¥V o, is the conribution to diffusioa
driven by the density gradientand D(k/T)¥T is that driven by the emperatur: gradient
(thermal diffusion). In what follows, we have actually neglecter the thermal diffusion 2
appro;i__iatz o very low densities [10]. The con:i.-:éify equation for ] ﬂlén becomes

YD -Vp+DVip=0. 3.4



The density, pix,y.2) can be computed once the emperature distribution and the boundary
condidons for p are given. Arthe boundary layers, where condensations and evaporation
oceur, saturaton is assumed, that is, the density is given by the saturation vapour pressure
at the local termperange. '

Fig. 4 shows computed density profiles (aiong the axis of the ¢ell and the two principal
directons of the central secdon). For comparison, maps of columnar densities are shown
i.ﬁ fig. 5. Bener homogeneity of the columnar densities inside the useful aperturs can be
achieved by heating all four of the reservoirs which are located ar 90° from each other.
However, two reservoirs at 1809 are more than adequane for most applications.

Fig. 2 shows the MOF input parameters used 0 dsfine the remperature boundary
conditions. The model is most sensitive to tamperatures Ty and T, These temperanmes
depend on geomemical factors and thermal conracts and are diﬂécult to estimate. This is,
inevitably, a source of uncemainty in the predictons of the model, the heater temperamre

being the only sasily measured parametsr,

4. TRANSFER OF POLARIZED RADIATION ALONG THE CELL

Once temperature and dens-l:y disgibution have been evaluaed inside the vapour cloud,
one has to stdy the wansfer of the polarized radiaton through the Filer, The vapour cloud
is embedded in a magnetic field generated from an external system (permanent of
eicctromagnets), Fig. 6 shows the measursd longitadinal magnetic field on the central axis
and off-axis for the MOF in operation at JPL.

We need to integrate the Zeeman effect along the optical path taking into account the
spatal profile of the vépou: density and of the magnede field. Here, we present briefly :hc_
physics of the transmission mccha.:*.(i;m using the analogy of the MCF with a2 double bearn

interfzrometer.



Referring to figs. 1 and 7, consider the linear polarization from Py as the coher=at
interference of two beams with opposite circular polarizations. The longirucdinal Zeaman
eifect spﬁts both the absorption coefficient and the refraction index. This produces,
respestvely, absorption of one of the two beams (Righi effect) and phase retardations
berween thern {Macaluso-Corbine or Faraday effect) in a narrow band with a sharp
wavelength dependence. For both reasons, the polarization of the recombined beam is
changed and the associated radiation is wansmined through the second polarizer, Py, Thus, -
the MOF can be considered a two beam interference device for polarized radiation.

Note that there is no physical beam splitting. Therefore all the cridcal problems
connested with mechanical and thermal stability of a donble beam device are avoided The
two oppositely polarized heams, while belonging o the same optical ray, are absorbed and
retarded differenty ar specific wavelengths by the Zeeman effect only. Also, there is no
free spectral range and ¢ritical angular dependence as in other interferomerers.

The mathematcal mode! can be derived simply using the Jones mamix calculus [11].
Fig. 7 gives a description of the MOF physical behavior in terms of a double beam
interfersnce device. The input of the MOF is a linear polarization represemed by a two
compenent vcctor.I say vertical (0,1), which can be split into two vectors circularly
polarized, in left {-i, 1), and right (i,])g handed senses.

The two circular vestors interact with the vapour in a magnedc field throughthe
Zesman effect and finally are recombined through the end polarizer P2, The
effect of the vapowr is also describable by the Jones formalism through matrix
operators applicd sequentially w0 the polaization vectors. The mawmix operator
just left of the ourput vector in fig. 7 represeats the phase retardation 8 and includes the -

absorption factor e =%, The succeeding matrix OPETRtOr TEpTESENLS the cffect of the exit
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pelarizer at 90°. The final transmitted intensitv. that is the squarad medulus of the

sum cf the two resulting vertars, is

1, ca 1l rraemy. 36
TA) = =(e"" —e T Paze ™ +7 )ein?d
(A} 3 (e € - 2: sin 3
€ and r are funcicns of wavelength and are given by the Zesman pattera for the left
and respeciively right cirular components (e*, #). They result from integration

alerg the optical path z whars vapour density and magnetic field are funciions of

position: .
e [(5)s
b=poy= [ (E;f;:)u':—‘/:(d:f)h
with
)T BT e
(&) -=.(8) (=) &2
whers

Aﬂ:i are the wavelength positions of o= Zeeman compenents; f is the oscitlator seength of
the D lines. To is the optical depth at the cental wavelength Ao of the line. In addidon,
Alym 1a% and y= ¥ (natural) + ¥ (collisional) = 1.18 x 104 & (from Heitler {17)). The relasve
intensites (firf) of the Zeeman components fulfill Ii (fif) = 1, where the summation is over all

hyperfine components. H(a,y) and R{za.y} are the well known Hjertng and Rachkowsky line



vy
®(AE) =3 aH,, i=L...N (5.2)

where H, = {¢E°)m|¢5°)} are the hamiltonian matrix elements in the basis of the
known degenerate wavefuncticns and the i or j index represents a quantum numbers
pair {m;,ms) related to which the degeneracy holds,

The eigenvalues AE, yisld the energy levels L,, from which the splittiﬁ.gs of
the D; and Dy lines can be obtained. The eigenvectors alé') = (a(,‘j'),...,afj'.})-,

corresponding to the eigenvalue of the level Li, yield the coefficients aliowing the

s

generic wave function ¢z to be expressed as a linsar superposition of the basis wave

functions, that s .
N
i
¥1:= 3 aj Dyl (5.3
k=1
Then, relative line intensities are calculated from the squares of the transition electric-

dipsls moment matrix elements between a pair of states written above (5.3):

¥ _ '
Dgizy = {dptlvr,) = z “&j')anﬁnﬁ.ir - (54)
Adiml
where the (5.3) has been used and the reduced electric-dipole moment elerments be-

tweerl unperturbed levels have been defined as
diye = (W)

_ For the energy levels leading to the Na-Dj line (35,3 20d 7P 3} an analitical solution
given by Breit and Rabi also exists[15]. On the other end, for the D1 transition,
invelving 25,5 and *Pyjz ]eve.Ls, a numerical diagonalization had to be done. _' .

The many hyperfine components have a somplicate behaviour for low magnetic
field and start becoming symmetric only for field strength farger than 1500 gauss.
At about 3300 gauss [ and ] feach a compiete decoupling {Back-Goudsmith effect,

or Paschen-Back effect for hyperfine stzucturs). This behaviour combined with the

el



range of magnede fisld and vapour density inside the cell, produces an asymmermic
transmission profile for low magnetic fields as shown in the next section. The magnetic
field normally used in solar measurements range from 1.5 to 3.5 kgauss inside the region
where most of the vapour occurs (compare figs. 4 and §). In this case the strong magnetic
feld approximation gives faifly good results. A scheme summarizing the theoretical model
of the MOF is given in fig. 9.

6. EXPERIMENTAL STUDY OF A TWO SODIUM CELL MOF

Previous modals of the MOF have not been thoroughly tested because a study of the
spc_czél behaviar of the MOF at high spectral resolution was not available. In this TEpOrt,
we present for the first tme the spectral transmission of 2 sodium MOF measured at JPL
using a runable dye laser having a spectral bandwidth less that 5 MHz (0.057mA), which is
10 say, a spectral resoluton much greater :ha'.n the spectral variations of the MOF itself.

A block diagram of MOF spectral ransmission measuwrements is shown in fig. 10. The
reader is referred to tef. {16] for further derails,

Spectral cansmission of the Filter Section and Wing Selector (see next seetion) have
besn measur=d for combinatdons of longitudinal magnedc fields berween 1.0 and 3.0 KG
and sodium reservoir temperatures berween 2409 and 2709 C. The family of spectral
ransmission curves as a function of these rwo parameters allows one to verify the gverall
model described above. Thus, a basis is provided for estimating the MOF's spectral
parameters given_ the value of easily meésun:d parameters, which is what one requires for
solar physics and other applications. . . | '

As mentionsd above, the two input parameters, To and Ty, are difficult to cvaluate.
Thus, we have elected to use Ty as a fres pararneter in order o match the teoredcal curves

with tie experimental cnes. This degres of freedem is also useful in compensating for

13



ccrain approximations . inroduced into she theory (thermal diffusion and molesular
recombinadon have been neglecied and an idealized geomedy has been adopied).

A satsfactory agreement berweer theoretical and experimental curves has been reached
by adjustng Tg in small steps from Tng. However, ancertainties still remain due 10 the
lack of an exact knowledge of the magnesic field throughout the cell. In fact, magnedc fied
configurations have been confined to the longirud.inal case only and tansverse field
leakages were not investigaed Specmal variatons could occur for different cells at 2
measured fixed wmperarure because of changes in the amourt of sodium in the cells’
reservoirs and in thermal ¢ontacts when measuring the temperamre, In such a case a
temperature shift of the input parameter Tp would be required to recover the observed
spectral behavior. ’ |
. Fig. 11 a,b show a family of measured and calculared curves at a constant magnetic field
of 1.5 KG and variable remperature for Dy and Do lines. Fig. 12 shows curves at a
constznt temperanire of 240°C and a varisble magnetic field for the Dy line. The theoretical
curves have been calculated for & single light path along the central axis of the cell in order
to minimize the compuring time, This accounts for their irregular behavior around the
Zesrpan plateaus and for systematic differences in the amplitude of the ransmission peaks.
By averaging along different off-axis light paths, in order to fit the 0.8 cm diamesr laser
bezmn used in the experiment, one obtains a bener agreement [n fact, the contribution of
the off-axis light paths, characterized by different magnedc field profiles and, mast
importantly, optical depths, smooths out the irregularifies and lowers the wansmission
peaks. An example is shown in fig. 13. In this case, calculadons show tha: differences
betrween measuared .and calculated spectral transmission curves never excesd 10 percent fox
1emperatures from.240 up to 270°C and magnetic flelds from 1.0 up to 3.0 KG.

Figurc 12 can be used to study the cifect of changing field strength on the separation of
the lateral peaks, alﬂ'icugh optcal depth is a more important parzmet#r. Such an analysis

shows the separation is proportonat to BO-8. 1In conmast, Appourchaux (1987)

14



cemonsmatss a theorstical dcpcndencc of BCS based, however, on an asymp:ctic
cxpmssmn for the Zeeman sphmng in the high field regime. .

Apart from these minor differences, the dynamical specmal behavior of the MOF as 2
functdon of T and H is well reproduced by the mode! as shown in Table 1 which compares
the calculated and measured spectral sencitivides of the filter peaks with respect 1o ma.gnc:ic
field and wmperarere, This agreement enables ns 1o find the best tning of the speciral
pararnesers of an MOF of the type used w study solar oscﬁ.lauons and solar magnerc fields.

7. OPTIMIZATION OF $PECTRAL CHARACTERISTICS FOR APPLICATIONS IN
SOLAR PHYSICS

The MOF used in solar physics is comprised of two seciions. The first secton, called
the Filwer, described above.(ﬁg.l}, generates two mansmission bands. The second section,
called the Wing Selectar, cﬁnsisdng of a A/4 plate and a second cell immersed in a2
longitudinal magnedc field, absorbs one band while mansmirxing the other [8,5). Using an
elecirn-optical light modulator, the red and the blue wing of the solar sodium absorption
line can be altemately sampled. Spadally resolved images or integrated disk measurements
of the Sun are obtzined in both positions, thereby , the Doppler shift or Zeeman spliting of
the solar line telzrive 1o the central wavelangth can be dednced by the difference of intensity
in the two wings afe=r proper normalizatdon | :

The peak a.bsorpticlm wavelength of the Wing Se¢lector depends on the Wing Selector's
magnesic field, the temperamure affecting only iy bandwidth. In order that one wing of the
Eilter section be blocked, one has 1o use & magnedc field at least 1.5 KGauss swonger than
the field in the Filter section, the goodness of qurching depending on the emperantre of the
Filter.

The magnetic ﬁcld and r.emperal}r;: of the two MOF sections (Hr, Hys, Tr, Tws) have

to be suitably muned in order to opu:mzc the spectral characterisdcs, i.e., 1 obtain narrow
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optical bandwidth, linle out-of-band leakage and high transmissior. In fig,14a, optimized
MOF mensmission profiles are shown, as obtained from experimental dara, together with
the sodium solar absorpron lines. The vertical ransmission scale includes wansmission
losses due 10 the calcite palarizers and the windows of the sodium cells, Fig. 14b shows
the comresponding calculated curves, By convolving MOF theeretical profiles with the
solar absorption lines, the velocity signal can be evaluated, Thereby, the sensitivity and
lingarity of the response with respect w the Dopplcr.velncity can be studied

The measured response of the MOF over an extended range of velocities is presented in
Figure [Sa. The signal, as shown, is derived from intensity measurements (Ig, Ip) in the
red 2nd biue wings of the sodium absorpdon line. The data were obtained by using the
MOF 10 make global solar measurements. A heliostat, retrieved from another JPL pmjc::t. .
was added o the JPL magnetics laboratory, Bldg. 253 (where the tuneable filter was also
housed). The solar image was relayed to a work bench inside the building on which the
MCQF, a lock-in amplifier, & swip chart ru:ofdcr, and other peripheral equipment were co-
located Measurements could b madz over an entire day so that a large range of radial
velocites could be covered The differential velocities wers associated with the rotaton of
the Earth and its slighty elliptical orbit about the sun. The dam wers obtzined as a funcion
of local time. The latter was then converted using the following equation:

(2} = vo(t) + v + vp 8in [R(1-1y)/12], (7.0
where the radial component of Earth's orbital velocity is vo(t), the gravitational red shift,
vg = 636 mys, the romronal velocity of the Earth is vy = QErg cos(l) .cos(a), with g =
Earth radins, Qg = Earth roution rawe referred to the sun (solar day), L = geolatitude of
observing statien, A = declinaton of the sun and ty is local dme referred to noon, i.e.,
lg =i2 hr.

Although Figure 15a was used primarily to determine the scnsiti%n’ry of the MOF, the

data reveal an offset or bias such that the signal is not zero at zere velocity. This bias could
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be caused by asymmetric transmission of the ﬁ;her, stray polarization and/or other unknown
causes related 10 the Observing procedures and analysis.

The sensitivity of the MOF as z funetion of filter temperaturs as derived from
calculadons based on the model is shown in Figare 15b. The sensitviry,8s/3v, was
obtained by calculating the signal as a functdon of velocicy over the range of = 2kmy/sec (the
exmemes of the radial component of the sun's mtan‘oné.l velocity at the limby) for different
valuse of Tg. The other parametsrs correspond to those in Figure ab. A straight line
was then fitted to the signal whose slope was §s/3v.

Cre of the main requirements of a Dopplar analyzer is spectral stability. Since the MOF
has an absolure wavelength refersnce, it. is inminsically smble. Ne\;cnhelcss, the
ransmission function of the Filter section is sensitive to thermal fluctuations through
changes in amplitude and in the wavelength posidon of the Macaluso-Corbino wansmission
peaks. On the other hand, the Wing Selector is only slightly sensitive to temperature
changes, the peak absorpton wavelengths being determined by the Zeeman effect
However, these fluctuations in the frequency position and au_:rpliﬁade of the Filter
ransmission peaks are mainly symmetrical for high magnetic field with respect to the
central wavelength, so that only second order fluctuations in the velocity signal will be
induced Taking constant Tis and varying TF one expects that 2 maximum of the signal
will be reached at a temperature such that the Filter's bandpasses matches the Wing
Selecior's wavelengths,

The thermal behavior of the MOF has been experimentally invesdgated using the
integrated sdla: disk oscillation facility at JPL. By evaluating the instument response to
temperanre perturbations, it rurns our, both experimentally and theoretically, that the MOF
can be tuned so that thermal fluctuatons of the velociry signal do not exceed 10 em/s/°C in
a 3°C range around a suitatle working emperarure. This implies that the noise velociry
signal due w0 thermal flucrzadons is ~ lemys at the level of the experimental thermal stbility
(20.1°C).



8.0 CONCLUSION

The theorstical model described above (sez fig. 9} is able to predict the spectral
ransmission function of the MOF including the fine details evident in the high resalution
spectzal study carried out at JPL. Inevitable simplifications when evaluating the fluid -
&yna.tm'ca.] behaviour of sodium vapours and départures from 2 simple longitudical
magnete field scheme could account for the remaining slight differences. The model
suggests how 1o choose the magnetc field and temperature of the two MOF secdens in
arder that optcal pandwidth, spectral purity and transmission may be optimized. Suchk
spectral characteristics datermine the sensitivity, linearity and smbility of the MOF operating
as a Doppler analyzer. A simulation of an experiment to measure low degree solar
oscilladons, whick is now being carried out at JPL. also suggests suitable parameter
settings in order to maet the instrumental requirements of helioseismology. An MOF can
be configured having high sensidvity and stability and a linear response over an adsquare
dymamic range. Specifically, the stability of the MOF against thermial fluctrations which is
the major source of noise in the velociry signal, has been shown o be suitable for the

detectdon of velocity signals with amplitudes as small as 1 covs.
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Theoredcal Experi !
g_; (mAKG) values pfﬁﬁ.fn
Dl 43 + 55 4d » &)
(T w240 — 270 Q)
D: 54«71 52«81
2".. (A .
aT
D, . 12+-19 12+21
(H= 1.0 = 3.0 XO) '
D, _ 1L6+27 18434

Tab.l Peak separation wavelength sensitivity 10 magnedc field and temperature variation.
The mezstrement eror is estimated 10 be £ 1 mA and £0.1 mA, respectively.
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Fig. 2 Ske:ch of a scdium cell. The jempeniture parameicss T Na, To, Tf ar= used 25 input
boundary confidons for the model. By diffusien the vapour cloud follows paths as
indicated inside the cell
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