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Abstract 

This note discusses models that can be used to predict the return from sodium laser guide stars.   These models were taken from the available literature.  Models of the laser sodium layer interaction were taken from Milonni1.  These models are thought to be applicable to lasers with long pulse trains such as the Keck laser.  Models from d’Orgeville2 describe CW mode locked lasers such as the Gemini North laser.  The predictions of these models were then compared to simultaneous observation of Keck and Gemini laser guide stars on June 28, 2005. Details of the observations are given in Keck adaptive optics notes 337 and 338 (KAONS 337 & 338).  No single value of the sodium column density could achieve perfect agreement between all the models and all observations.  We concluded that the models of the sodium return can only be calibrated to about 0.2 magnitudes accuracy (20% in flux) which is consistent with the photometric accuracy of the Gemini and Keck photometric systems.
1. Introduction

This note discusses simple models that can be used to predict the return from sodium laser guide stars.  The models were recast to account for implementation specific items such as the optical transmission of the laser transport optics and the density of the sodium layer.  The predictions of these models were then compared to simultaneous observation of Keck and Gemini laser guide stars on June 28, 2005.  Each laser was launched to the sky at the same time and each telescope used one of its sensors to measure both its own LGS and the LGS of its neighbor seen at an oblique angle.  It was hoped that measurement of the laser under similar conditions would result in an equal comparison of the two lasers pulse formats.  Since the column density of the sodium layer wasn’t measured independently of laser return, it is used as a free parameter to fit the models to the measured returns from Keck and Gemini.
2. Models for Na laser return

The interaction of laser radiation with atomic sodium is complicated and it is probably optimistic to hope that the simple models used here can predict the return flux to better than 10%-20%.  The model of d’Orgeville2 accounts for saturation and the mode shape of CW lasers but it neglected several aspects of atomic physics that are treated more completely in Milonni et al..3   These include optical pumping, atomic recoil, geomagnetic field, and spin relaxation.  The Milonni3 model for CW lasers neglects saturation effects but that is probably acceptable at the power of the Gemini laser (~6W).   Although it included more of the relevant physics than d’Orgeville’s model, the model of Milonni does not lend itself to simple rescaling with laser power and was not used to predict results here.  The model of d’Orgeville has not, to my knowledge, previously been compared to measured returns from the sodium layer.
The two laser models discussed in this note were coded into a spread sheet by the author that allows one to predict the return in stellar magnitude or in photons at the telescope entrance aperture.  The spread sheet also allows one to estimate the number of photoelectrons on the wavefront sensor CCD given the parameters that describe the wavefront sensor such as optical transmission and quantum efficiency.  This spread sheet can be obtained from the author.  The model for CW lasers requires an IDL program that accounts for the mode structure of the laser.  The bandwidth and free spectral range for the Gemini ALTAIR laser were input into the program.  A 4th order polynomial was fit to emitted intensity as function of laser power incident at the sodium layer.  The fit was then coded into the spreadsheet; as a result, the spreadsheet is specific to CW lasers of the same type as the CTI ALTAIR laser.    

The Keck laser is a high repetition rate laser that is typical of pumped dye lasers built by Lawrence Livermore National laboratory for the Keck and Lick Observatories.  The Keck laser has a laser pulse of duration 130 ns and a pulse repetition rate of 26 KHz, the spectral bandwidth of the laser is about 3 GHz.  In the terminology of Milonni1, the Keck laser is classified as a long pulse laser.  The predicted return is given by equation (44) in their paper1 and is not repeated here.  It is important to note that this equation includes the effect of saturation, pulse length and repetition rate.  The model from reference1 has also been compared to a full density matrix model of the sodium layer.   Further this model was found to successfully predict returns measured at Lawrence Livermore1 over a power range of 5 to 100 watts.     

The CW laser model includes the effects of laser bandwidth, mode shape and saturation.  As stated earlier this model has not been tested against actual returns form the Na layer.   When I first attempted to compare the model of d’Orgeville to the measured return from the Gemini laser, there appeared to be a large discrepancy between the sodium abundance predicted from the Gemini and Keck laser returns.  I later learned that the Gemini laser was running in linearly polarized mode and not a circularly polarized mode as required by the model of d’Orgeville.  To account for this the CW laser model return flux is divided by a factor of two.  This factor is consistent with the experiments of Ge4 and Drummond5 who compared returns from both linear and circularly polarized CW lasers.        

3. Photometry of Sodium Guide Stars

The full details of the magnitude measurements are given in KAON 337 (Keck measurements) and KAON 338 (Gemini measurements).  Although the photometry of the two telescopes appears to be systematically shifted relative to each other, the difference was only 0.2 magnitudes.  Our models accommodate this systematic error by predicting the measurement in only one photometric system (Keck or Gemini respectively) at a time.  The resulting column densities are different by approximately 20%.   The results of the photometry from the two systems are summarized in table 1.  

	
	Keck measurements
	Gemini measurements 

	Laser Power (W)
	14
	6.7

	Laser Power  (W)

(leaving launch telescope) 
	10.4
	6.0

	Keck LGS Magnitude (V)
	9.95
	9.76

	Gemini LGS Magnitude (V)
	9.81
	9.62

	Atmospheric Extinction  (mag/airmass)
	0.11
	Not estimated

	Atmospheric Transmission 
	0.90
	Not estimated

	Range of Na Layer (km)

(ref. above site)
	Not estimated 
	85


Table 1 Results from Gemini/Keck simultaneous laser propagation experiment.  Future details can be found in KAON 337 and KAON 338.

As discussed in the appendix of KAON 377, the photometry done with the Keck and Gemini camera systems, do not give the same answer.  We adopt the Gemini values because this system appears to be closer to the standard V band magnitude, we then fit the sodium column density to the observed return fluxes from Gemini.  These results are show in table 2.

	
	Fit to returns for both lasers

	Fit of Na column density (atoms cm-2) to Gemini photometry 
	1.8x109

	Models predicted magnitude
	9.63(Gemini)/9.75(Keck)


Table 2 Results of fitting laser models to the Gemini photometry measurements. The model values are with 0.01 magnitudes of the measurements.

As can be seen in Table 2, fitting the column density to both lasers results in an error in the predicted magnitude for the Keck and Gemini laser of order 0.01 magnitude in each;  this appears quite good compared to the estimated precision of the photometry of order 0.1 magnitude.  The typical Na density as measured by the Maui MALT experiment is ~3x109 atoms cm-2 which is significantly higher than the predicted Na abundance of 1.8x109.
The results of fitting the Keck photometry measurements are also good to about 0.01 magnitudes and it predicts a Na column density of 1.5x109 atoms cm-2.  Given the small number of measurements, it is very hard to conclude much about either model.  The predicted value of the Na column density is low when compared to data from the Maui MALT experiment but not impossibly low.  Observations of the sodium layer on that night reported that no dominate layer was seen, which is typical of lower Na abundance conditions (see KAON 338).
I recommended that the experiment be repeated in the future and more measurements recorded.  It would be especially useful to repeat the experiment several time during the night as the sodium abundance will often vary by factors of 2 or more over the course of several hours.  Additionally, it might prove possible to measure the Na density independently of the laser return from a high resolution stellar spectrum of an early type star.  The Keck I HIRES spectrograph may be used for this purpose.  This technique was previously used at the MMT to estimate the sodium density during laser guide star tests (Ge et al. 1998).
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