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ABSTRACT

Mesospheric sodium guidestar radiance is plotted vs. wavelength, laser power, laser polarization and date. Peak
radiance for circular polarization was about 7000 photons/sec/em® (V, magnitude = 5.1) for 30 watts of pump power in
November of 2005. Pumping with circular polarization at high power produces about 2 fimes the return as linear
polarization. Pumping D.a at high power produces about 12 times the return as pumping Db, A lidar equation is used
to determine column density. Estimated maximum guidestar radiance is about 3 times greater than measured values.
Guidestar radiance may be saturated by atoms being trapped in F’=1 and atomic recoil.

Keywords: Sodium Guidestar, Adaptive Optics, Sum-Frequency Mixing, Lithium Triborate, Nd:YAG

1. INTRODUCTION

Adaptive Optics is capable of significantly improving the resolution of ground-based telescopes’. Mesospheric sodium
guidestars® result in lower focus anisoplanatism due to their greater altitude (~ 92 km). Multiconjugate adaptive optics
uses more than one guidestar and deformable mirror to further reduce anisoplanatism. A sodium guidestar is typically
produced by laser excitation of a tenuous layer of sodium atoms persisting after ablation from incoming meteors. The
required guidestar size ranges from ~1-2 arcseconds (~45-90 cm) and radiance at the telescope primary mirror from
~150 to 4000 photons/cm®sec depending on the application (e.g. astronomy or satellite imaging) and the site.

2. GUIDESTAR PUMP FASOR

At the Starfire Optical Range we are pursuing a sedium guidestar pumped by a narrow-linewidth, continuous-wave
frequency addition source of optical radiation (FASOR) at 58% nm. The source is continuously tunable across the entire
sodium D, line and is capable of pumping either the D,, or Dy, feature with Iinear or circular polarization. We have
built two FASORS, a 20-watt table-top version,>* and a 50-watt automated version™® which has been mounted on the
3.5-meter telescope at the site. The 589 nm is produced by resonant sum-frequency mixing of the 1064-nm and 1319-
nm Nd:YAG laser lines in a bow-tie-shaped cavity. Non-planar ring oscillators provide the wavelength stability and
injection-locked power oscillators the power. The sum-frequency generator is resonant at both Nd:YAG laser lines,
uses antireflection coated lithium triborate (LBO) and has reached 60 % conversion efficiency.

3. SKY TESTING RESULTS AND GUIDESTAR PROPERTIES

Figure 1 shows the results of 8 scans of guidestar radiance vs. pump laser wavelength in August , October, November
and December of 2005. The guidestar radiance is for pumping with circular polarization and is given in
photons/sec/cm® and the wavelength is given in nanometers. We believe the laser at launch is about 80% circularly
polarized but the polarization has not been measured at the output of the launch optics. The radiance in photons/sec/cm®
is at the “top of the ielescope™ or the value afier attenuation by the atmosphere. Also shown in the figure is the laser
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power out the laser box and the V; magnitude of the guidestar at the peak of the radiance curve. V) is the V magnitude
of the guidestar “above the atmosphere” (before atmospheric attenuation) corrected for the transmission of a
normalized astronomical V filter with a fwhm of 78.5 nim mounted in front of the radiometry camera,’’ The laser power
out the laser box will be attenuated by the launch optics and atmosphere before reaching the sodium layer. Our
maximum return to date was about 7000 photons/sec/cm® obtained on November 16, 2005, Note that value was
obtained with 30 watts of laser power whereas the maximum laser power shown for these data was 40 watts. We
believe the variation in maximum return is due mostly to variations in column density. The 50-watt antomated laser

was used for the work described in this paper.
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Figure 1. Guidestar radiance in photons/sec/cm? vs. laser wavelength for 5 nights in the Fall of 2005, Also shown is the
guidestar V; magnitude corresponding to the peak radiance and the laser power for the run. These results are for

pumping with circular polarization using the 50-watt laser.

Figure 2 shows the same results as those shown in figure 1 except the laser polarization is linear. We believe the laser
at launch was about 100 % linearly polarized but it has not been measured.

Figure 3 uses the results from figures 1 and 2. The upper plot gives the peak guidestar radiance when pumping Dsa
divided by the peak guidestar radiance when pumping D,b vs. laser power for both linear and circular laser polarization.
The ratios are fit to the function a Ln {1+ (Py/b)) + 5/3. The 5/3 is chosen from theory; this should be the ratio of the
guidestar radiance while pumping with low power where the atomic energy levels remain in thermal equilibrium. The
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Figure 2, The conditions are the same as figure 1 except the laser polarization is linear.

plot shows pumping Daa is much more (about 12 times) effective than pumping Dab for circular polarization. However
for linear polarization pumping Da is only about 3 times more effective than pumping D;b.

The lower plot of figure 3 shows the guidestar radiance when pumping with circular polarization divided by the
guidestar radiance when pumping with linear polarization for both Doa and Dob. The ratio is fit to the function a Ln (1+
{P/b)} + 1. The 1 is chosen because at low power, pumping with circular polarization should give the same result as
pumping with linear polarization. The plot shows pumping Dpa with circular polarization is about 2 times more
effective at high power than pumping with linear polarization. However pumping Db with circular polarization is less
effective than pumping with linear polarization at high power.

Figure 4 shows the guidestar radiance vs. pump laser power for circular and linear polarization on December 22, 2005.
For these results the laser is tuned to the peak of Do,a. The reduced maximum return relative to December 21 is
probably due to a column density variation. The upper plot fits the data to R= aln (1+ (Py/Psy)) where Ln represents
the natural logarithm function. The lower plot fits the data to R=atanh (Py/Ps) + bPy where tanh represents the
hyperbolic tangent function. We also tried fitting the data to a linear function (R=aPr). The logarithm function was
motivated by the result that a homogeneously broadened line pumped by a Gaussian spatial distribution results in a
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Figure 3. Upper plot is the ratio of peak guidestar radiance while pumping D2a divided by the peak guidestar radiance while
pumping D2b vs. laser power for circular and linear laser polarization. Lower plot is the peak guidestar radiance
while pumping with circular polarization divided by the peak guidestar radiance while pumping with linear
polarization vs. laser power for pumping D2a and D2b,
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Figure 4. Guidestar radiance vs. laser power on December 22, 2005 for circular and linear laser polarization. For these
results the laser is tuned to the peak of D2a.
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natural logarithm response. However the atomic sodium line in the mesosphere is inhomogeneously broadened with
about a t GHz Doppler width and the laser spectral distribution is small compared to the sodium natural linewidth of 10
MHz. The tanh plus linear function was motivated by the expectation that at relatively low power the circular
polarization result should be concave up due to optical pumping later rolling over to concave down due to saturation,
The data fit fairly well to these functions but not much data was taken at low power due to signal to noise problems.
Our goal is to use the fits 1o determine the slope of the guidestar radiance vs. laser power at zero power. This is related
to the column density of the sodium in the mesosphere (see section 4). Another way to simulate low power in the
mesosphere is to increase the spot size since low intensity is actually what is needed to reach the small signal regime.
We hope to try this in the future.

Note that the response for linear polarization saturates more quickly than the response for circular polarization. We
believe this is due to atoms decaying into F*=1 which shifts their absorption peak off the laser line by 1.772 GHz. This
causes them to become trapped in F=1. Circular polarization tends to trap atoms in the optically pumped pair of states
which forbids decay into F*=1 by atomic selection rules. This pair of states gives rise to greater guidestar radiance (see
section 4).
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Figure 5. Guidestar radiance vs. laser intensity in the mesosphere where the intensity is produced from a spot fwhm
determined from multiframe blind deconvolution of images.

We also attempted to determine guidestar size in the mesosphere from multi-frame blind deconvolution of images taken
with the laser tuned to the peak of Dsa. We saw no obvious correlation of image size with laser power., The average
fwhm for December 22, 2003 was 75.6 cm +/- 2.3 em. Using this value the laser power was converted to intensity by
dividing by = fwhm?/4 Ln 2. This produces the peak intensity of a Gaussian beam (I = (2 P/mw’) exp( -2r%/w?)) with a
spot radius w = 0.85 x fwhm, or a “top-hat” (uniform intensity profile) beam with a diameter equal to (sqrt 2) x w. This
operation converts figure 4 into figure 5.

The upper data was fit to the function R = a Ln (1 + /). The slope at zero laser intensity was equal to 815 +/- 270
photons/sec/mW (490 +/- 65 photons/sec/mW) for circular (linear) pump laser polarization. Thus the slopes at zero
intensity are not equal. We atfribute this to insufficient data at low power. The saturation intensity was 4.2 +/- 1.7
mW/em?® ( 2.1 +-0.7 mW/em?) for circular (linear) pump laser polarization. The theoretical saturation intensity for the



optically pumped pair of states is 6.4 mW/cm®, Optical pumping only occurs for circular polarization. For a thermal
distribution of atomic states the saturation intensity is about 10-20 mW/em?, Thus the low saturation intensities with the
value for linear polarization being even lower than the value for circular polarization indicates some other process than
saturation of optical absorption is involved. Again we feel this may be frapping in F’=1.

Figure 6 gives an indication of the column density variation throughout the year with data was taken in November of
2002, March and July of 2003, and August through December of 2005. The slopes at zero power are plotted for
circular and linear polarization and again they should be equal. The plot indicaies we can expect about a factor of 2
increase in column density in November compared to July.
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Figure 6 Slope of guidestar radiance vs. laser power at. zero power, vs. month of the year and pump laser polarization. This
is an indication of the sodium column density variation throughout the year.

4. COMPARING ESTIMATES OF MAXIMUM GUIDESTAR RADIANCE WITH MEASURED VALUES

In this section we compare the maximum achievable guidestar radiance per watt of pump laser power from a theoretical
estimate with the measured value. Our ultimate goal is to determine how we might modify the laser to approach this
maximum. Milonni et. al.” have estimated analytically the radiance from a column of unsaturated optically-pumped
atoms. This means that all the atoms reside in two (F=3, M=3; and F’=2, M'=2) of the 24 states (16 upper and 8 ground
states) normally contributing to the sodium D, line and almost all the atoms reside in the lower state of the pair. This
pair of states has a fluorescence pattern enhanced in the direction towards the pump laser and the largest absorption



cross section. This situation should correspond to the preatest radiance per watt of pump laser power back towards the
telescope. For a column density of 3.7 x 10° atoms/cm® and an atmospheric transmission of 1 they obtain 330
photons/cm?/sec/watt. Operationally to achieve the theoretical maximum it will be necessary to optically pump all the
atoms to this pair of states without saturating the optical transition, or trapping atoms in other states or velocity classes
which are not pumped. Before reaching the optically pumped condition atoms can fluoresce into F*=1 which is out of
resonance with the pump laser frequency by 1.772 GHz. Atoms move out of the velocity class which is pumped
through atomic recoil, Collisions are constantly thermalizing F>=2 and F’=I1, working against optical pumping and
trapping. Velocity changing collisions are constantly thermalizing the atomic velocity distribution working against
atomic recoil,

In order to calculate the return from this pair of states we will need the mesospheric atomic column density { p in
atoms/cm? ) which corresponds to the measured guidestar radiance (R in photons/sec/em?® ) at the corresponding laser
power ( P, in watts ). The column density is calculated by integrating the local atomic density [atoms/cm®] through the
mesosphere.

. To determine p we will use the slope of guidestar radiance vs. laser power (AR/AP) at low laser power. By using the

slope of measured guidestar radiance vs. pump laser power at low power we hope to obtain radiance based on the small-
signal thermal-equilibrium atomic cross section which has been calculated™ (1 x 10"em®). At low power the atoms
remain in thermal equilibrium whereas at higher powers they become optically pumped and this changes the absorption
cross section. We will also use lidar equation 28 of Gardner.'® We integrate both sides of the equation the through the
mesosphere and obtain the total guidestar radiance due to column density p. We normalize with respect to integration
time, detection efficiency and telescope primary mirror area. Equation 1 gives the column density in terms of the limit
at low power of the slope of R vs. Pr.

Limit AR he 4mz?

p= X—X
P =0 APp A TA20

4y

In equation (1) & is the atomic cross section, z is the range to the mesospheric sodium, A is the wavelengih of the pump
laser (~589 nm), and T, is the atmospheric transmission. We assume z is constant for the integral through the
mesospheric sodium layer (z is approximately 92 km whereas the layer thickness is about 6 km).

Table 1 gives the slope of guidestar radiance vs. laser power at low power from fit functions. For the October data a
natural logarithm function plus a constant was used for both circular and linear polarization. For November a linear
function was used for circular polarization, and natural logarithm function plus a constant for the linear polarization.
For the December data we used a tanh plus a linear function for circular polarization and a natural logarithm plus a
linear funection for linear polarization and forced the two slopes at low power to be the same. As the table shows the
slopes at low power are not equal except for December. We attribute this to insufficient data at low intensity, the small
signal regime. Atomic sodium has such a large cross section it does not take much laser intensity to push the
distribution to non-thermal. To calculate the column density we will use the average of the two values.

Sky Test Date Slope of guidestar radiance vs. laser power at low power [photons/cm®/sec/watt)
Circular Polarization Linear Polarization Average
12 October 2005 170 130 150
14 October 2005 150 130 148
16 November 2005 220 150 185
22 December 2005 143 143 143

Table 1. Slope of guidestar radiance vs. laser power at low power for circular and linear polarization and a representative
sample of sky tests in October, November, and December. The slopes are determined from functions fit to the
meagurements as described in the text.




Using equation 1, the average values in Table 1 for the slope of guidestar radiance vs. laser power at low power, and
the constants given ahove we obtain Table 2 for column density corresponding to the guidestar radiance curves on
the respective dates,

Av‘?rage slope of guidestar Calculated column density,
radiance vs. laser power at X
Date Ta low power p, from equation (1)

2:

[photons/cm®/sec/watt] [atoms/on’]
12 October 2005 0.85 150 7.5 % 10°
14 October 2005 0.85 140 7.0 x 10°
16 November 2005 0.89 185 8.4x10°
22 December 2005 0.84 143 73x10°

Table 2. Caleulated column density from equation 1 and the low-power slope of guidestar radiance vs. laser power.

Milonni et. al.” have also estimated from theory the guidestar radiance per watt of laser power in the small-signal
thermal-equilibrivm regime, Assuming unity atmospheric transmission and a colunm density of 3.7 x 10° atoms/cm®
they obtain 110 photons/em?/sec/watt. We scale this result using our calculated column density and the appropriate
atmospheric transmission to obtain Table 2 which compares the estimated guidestar radiance per watt of laser power in
the small-signal regime with the measured value.

Theoretical estimate of the slope of Calcl.xlated slope of the guidestar
. - radiance vs. laser power from
Date guidestar radiance vs. laser power
[photons/cm?®/sec/watt] [easureiil ents
[photons/cm/sec/watt)
12 October 2005 161 150
14 Qctober 2005 150 140
16 November 2005 198 185
22 December 2005 153 143

Table 3. Comparison of the theoretical estimate of the small-signal thermal-equilibrium slope of guidestar radiance vs. laser
power with the value calculated from functions fit to the measurements.

The reasonable agreement between the theoretical estimate and the value from functions fit to the data suggests our
column density estimates are acceptable. We use these estimates to scale the theoretical estimate of Milonni et. al.” for
the maximum slope of guidestar radiance vs. laser power and compare this with our calculated values from functions fit
to the data. In this case however we compare to the slope of the fit functions for circular polarization rather than the
average of the results for circular and linear polarization. We do this because the circular polarization results had
greater slope probably due to some degree of optical pumping. The maximum possible slope was given in the first
paragraph of this section. Table 4 makes this comparison.

We feel the two most probable reasons our measured guidestar radiance is about 3 times less than the maximum
possible radiance are: (1) atoms are becoming trapped in F* = 1 (the energy level associated with the Dzb absorption)
where the pumping rate is very slow with the laser tuned to pump F*=2 (D.a absorption), and (2) atoms are recoiling off
the pump laser line into velocity classes which are weakly pumped. Other possibilities are laser beam power and
polarization changes due to the launch optics.




Calculated slope of Theoretical estimates of the
guidestar radiance vs. laser maximum slobe of Ratio of the maximum
power from measurements . ;1 S0P slope to one based on
Date N N guidestar radiance vs. laser e
with circular polarization power measurements for circular
fphomlil;?n};;gic/watt] [photons/cm/sectwatt] polarzatin

12 October 2005 170 483 2.8
14 October 2005 150 451 3.0
16 November 2005 220 593 2.7
22 December 2005 143 459 3.2

10.

11.

Table 4. Comparison of the calculated slope of guidestar radiance vs. laser power at low power from functions fit to
measurements with theoretical estimates of the maximum slope of guidestar radiance vs. laser power.
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