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SUMMARY REPORT

1) Purpose of the work:
To develop ultra-high background rejection optical filters for the Starfire Optical
Range beacon laser that will allow 24-hour operation of the adaptive optics.

2) Description of the work carried out:

We developed a theoretical model for an novel optical filter called the Laser
Induced Optical Filter. The hardware for the testing of this filter has been designed and
delivered. All that remains is the testing of the filter with a suitable source. We designed,
built and delivered a working FADOF ultra-high background rejection optical filter that
operates at the Na D; line.

3) Results:

The model has shown that the LIDOF concept is feasible at 532 nm. The LIDOF
hardware has been delivered. A Na FADOF was delivered and was tested at SOR to have
a background rejection of 2 10®and a throughput of ~ 80%.

4) Potential Applications:

The Na FADOF can be applied at SOR for Na line laser beacons. This device
reduces the background line entering the system by a factor of 2 10 and it offers a high
transmission. Thus it is applicable to any active imaging or remote sensing application
that can be operated at a strong alkali atom transition. These devices have been used to
monitor welding in real time, which might be applicable in manufacturing applications.







1 Introduction

In the existing adaptive optical atmospheric compensation system, frequency
doubled Nd:YAG lasers are used to transmit laser beacon pulse into the atmosphere. The
beacon signal generated by the laser pulse back-scattered from the atmosphere is used to
compensate for the atmospheric wavefront distortions. However, this beacon is very
weak and, in current adaptive optical systems, the optical noise from the bright skylight
swamps the very weak beacon signal during daylight hours. Therefore, the current
adaptive optical systems can only operate at night when the skylight levels have been
reduced by more than 6 orders of magnitude. Conventional optical filters have inadequate
throughput and out-of-band rejection for this system. We modeled and assembled a high
transmission, ultra-high rejection optical filter for frequency doubled Nd:YAG laser lines
that will provide sufficient skylight suppression so that the adaptive optical system can be
operated during the daytime. The filter system can be gated by tuning the pump on and
off. The gating is desirable for two reasons: First, the beacon signal is sensed only over a
small "range gate" in the atmosphere. So isolating the range gate is accomplished only by
turning the filter on for a short time. Second, it is possible to only turn the filter on after
the laser beam leaves the telescope so that the light scattered by the telescope optics as the
pulsed laser beam leaves the telescope does not saturate the wavefront sensor. The gated
filter should have rise and fall times of roughly 25 ns.

In Phase II we designed, built, and delivered a high throughput, ultra-high
background rejection optical filter short pulse gatable system for the Nd:YAG laser lines.
The Phase I feasibility study showed that a throughput of greater than 80% and solar
background rejection of greater than 10° can be built using the Na, Light Induced
Dispersion Optical Filter, LIDOF. This LIDOF will also have a 25 ns risetime. For time
durations longer than 50 ns the LIDOF temporal response should follow the pump pulse
temporal characteristics. Thus, the LIDOF provides an optical filter whose temporal
response is easily tailored by changing the pump pulse duration. The LIDOF will enable
the atmospheric wavefront compensation system to operate in bright daylight. In addition,
the success of this filter will open the commercial application for many laser wavelengths
in the area of lidar, or ladar, freespace laser communications, etc., where the solar
radiation usually severely degrade the optical instrument performance.

We modeled, designed, and built an ultra-high background rejection Na, LIDOF
and fast gating system for Na vapor laser lines at wavelengths of 532-nm. The Na, vapor
has a number of transition wavelengths that match the frequency doubled Nd:YAG laser
line. The operating temperature ranges from 500 °C to 600 °C depending upon the filter
transition used. The following sub-sections will provide an explicit, detailed description of
the Phase II effort. They include theory, LIDOF hardware, and design.

2) Filter Approach and Theory

To build an optical filter based on the atomic or molecular transitions, one must
find suitable atomic or molecular transitions that satisfy the following basic requirements:
(1) atomic/molecular transition wavelengths that match the signal wavelengths; (2)



adequate atomic/molecular vapor pressure that exits within a practical temperature range;
(3) sufficient large absorption cross section at the filter transitions. In addition, the thermal
noise that is generated by the vapor oven must not cause appreciable noise at the
photodetector. In the next section this is analyzed in detail.

(A) Filter Photon Noise Generated by a Black Body Radiator

At visible and infrared wavelengths the black body radiation of objects can sometimes be a
significant internal noise source in a hot filter and can lead to a degradation in filter
performance. To systematically estimate the effects of the black body radiation, we have
developed a model for calculating the noise equivalent power, NEP for a generic filter
configuration. That model is discussed in this section.
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Fig. 1. The generic filter system.

The generic filter system we are considering is shown in Fig. 1. InFig. 1, P and A are the
polarizer and analyzer. An optical filter, F, is used to limit the spectral band of the black
body radiation that reaches the photo-detector, PD, while transmitting the signal
wavelength. Q is the field-of-view of the photo-detector. The photo-detector has an
active area of A and a quantum efficiency of 1) for the signal wavelength.
The noise equivalent power, NEP, of the optical filter system depends upon the shot noise
generated by the black body radiation photon that reaches the photo-detector. Hence,
Poup *BW * he )
n*Ais

NEP = ( , Eq. 1
where PRBD represents the oven black body power that is incident upon the photo-
detector’s active area, and BW represents the photo-receiver systems electronic
bandwidth. For an ideal interference filter with a passband of AAF,

Py, = Lel(/%‘:’T)'MF Q- Apyen NMoven * Tr - T4
Eq.2

where Lea (A;, T) represents the spectral irradiance of an ideal black body radiator at
temperature T, Ayyen represents the oven surface area, and €qyep, represents the
emissivity of the oven. Ty and T A represent the optical filter and analyzer transmissions,
respectively. Clearly, if you must operate at a given temperature T, wavelength A;, and
Agven, then, in general, you want to decrease AAF and A so that there is less black body



radiation reaching the photodetector. Eqs. 1 and 2 can be used to calculate the NEP of
the system that is due to the filter’s black body radiation. We will assume that a noise
equivalent power of between 2pW/(HZ)l/2 and 30 fW/(HZ)l/z are acceptable since these
correspond to the noise equivalent powers of good low noise PIN and avalanche
photodiode receivers, respectively.

We will assume that the system is configured to minimize Pggpy. For the purpose
of estimating the noise equivalent power, we have assumed the values in Table I. The
optical filter chosen is the BG-40 color glass filter that will be used in the LIDOF. The
solid angle listed corresponds a field-of-view of + 5° . The detector efficiency corresponds
to the efficiency of a silicon photodiode at 500-nm.

Table I. Black body radiator noise parameters

Alr 250 nm

Tr 0.86

Awen | ®Tx1inx3in
3Q | 23.9x10°sr
Eoven | 1

n 0.4

We can now calculate an upper limit on the oven operating temperature for a given
material if we have a maximum allowable noise equivalent power, NEP,5x. We choose a
somewhat arbitrarily a noise equivalent power,

2pW . Eq.3
NEP .o = ——
~H:z
The spectral irradiance of an ideal black body radiator at a temperature T,
2*¥h*c’
L.a.'(/l,a T) s Eq. 4

T A *(Explh*c/(k*T*A)]-1)

where h and k represents Plank's and Boltzman's constants, ¢ represents the speed of light,
and As represents the signal wavelength. Now Eq. 4 and 2 can be combined and
substituted into the right hand side of Eq. 1 and set equal to Eq. 3 to obtain,

(L, *Q*AA *T,*T,*4,,*%¢,, *h¢* BW) | Eq.5
VG * )

Table II lists the results of a numerical solution of Eq. 5 for several wavelengths of

interest. As you can see, the temperature where the NEP is 2 pW/(Hz)'? falls dramatically

as the wavelength increases. This simple analysis provides us with a simple thumb rule for
eliminating systems that operate at temperatures significantly higher than TNEP 4.

NEP .. = J




Table II. Maximum oven temperatures for a given noise equivalent power versus
wavelength.

AMpm) | T(CC) for NEPmew=2pW/(Hz)'"? | T(°C) for NEP.,= 30 fW/(Hz)"
0.5 1025 665
0.6 920 570
0.8 700 400
1.0 540 270
1.5 380 140
2.0 280 64
3.0 180 20

Table II shows that excellent noise characteristics can be maintained at 500-nm as
long as the oven temperature is maintained below 665 °C. The color filter transmission can
be as high as 94% so there is a small trade off in using the interference filter.

The bottom line is that oven temperatures of up to 600 °C can be tolerated in a
filter operating at 532-nm without degrading the signal to noise ratio of the detection
process. Higher temperatures can be tolerated if the color glass filter is replaced by a
narrower bandwidth interference filter. However, the interference filter transmissions are
always lower than the color glass filters so this will usually degrade the signal to noise
ratio.

(B) Previous Ultra-High Background Rejection Optical Filters

In the past, we have invented and developed Faraday anomalous dispersion optical
filter (FADOF)[1-9] that use alkali vapors for high background rejection optical filters.
The comparison of the FADOF with other types filters is shown in Table III.




Table III.

The Performance of Some Narrow Bandwidth Optical Filters

Atomic
Interference| QuartzLyo pogonance FADOF
Throughput 0.5 0.2 0.1-.0.5 >0.8
" Noise Rejection
F 20-30 dB 35dB 40-60 dB 50-60 dB|
actor
Field-of- view +2.5-30 ° +30° +90° ** +£90°*
Bandwidth
(nm) 2-20 0.33 .001-.01 .001-.005
Response y 0.005 10-10000 9.1
Time (ns) .00004-.000 . - .
Imaging yes yes no yes

* The field-of-view is fundamentally +90°.
geometrical considerations.
** The field-of-view of the atomic resonance filter is limited to +20° by practical considerations.

However, the field-of-view is limited to about 10° by

The noise rejection factor (NRF) in Table III is defined as

(Total incident noise) T,
NRF =

Total noise transmitted ’ Eq. 6

where T is the peak transmission of the filter. The higher the NRF, the better the
background rejection. The wide FOV and excellent image preserving characteristics make
the FADOF useful for wavefront sensing and imaging applications. The interference filter
represents conventional technology and is inexpensive, but it has a wide bandpass and,
hence, low NRF. The Lyot!0 filter has a moderate bandpass and moderate field-of-view,
but does not meet the background rejection requirements for the application. The atomic
resonance optical filter provides a narrow bandpass, wide field-of-view, and high
background noise rejection.11-15 However, these filters are not image preserving;
furthermore they are very expensive to build. They, therefore, have limited usefulness in
optical tracking. The FADOF is clearly advantageous to the other narrow bandwidth
optical filters. In addition, the FADOF is insensitive to mechanical vibrations and
misalignment.

We developed an optical filter that uses molecular vapors. Because of the high
density of allowed transitions in molecules, there are several species that have transitions
at the frequency doubled Nd:YAG laser wavelengths. The major difference between
atomic and molecular species is that the vibration and rotational energy structure of the
molecules gives rise to many more absorption lines than the atoms have. This is
advantageous in terms of finding a filter wavelength to overlap the signal wavelength.
However, because the thermal equilibrium population of the molecules is spread out over
thousands of energy levels, the ratio of molecular population density on any one energy




level to the total molecular population is very low. Thus, the molecular density must be
much higher than the vapor density of the atomic filter systems. Therefore, collisional
broadening would be more severe in the molecular filter systems. Also, because there are
many molecular transition lines close together, it would be difficult to distinguish the one
signal transition from other transitions, this would mean a degradation of the background
rejection of the filter. These facts force us to find a new concept for the building of a high
background rejection optical filter.

The Light Induced Dispersive Optical Filter (LIDOF) is the concept which
we developed in this effort. We proposed for the first time to use optical pumping for an
ultra-high background rejection optical filter. Optical pumping has been used for
simplifying complex molecular spectra. The spectroscopic method is called polarization
labeling spectroscopy [13-17]. The optical pumping creates a non equilibrium population
density in the Zeeman sublevels of the selected molecular state. Hence, a birefringence is
generated in the vapor, but only for the molecular energy level that is pumped. Thus the
molecular vapor only appears anisotropic for wavelengths that are absorbed by the lower
energy level of the optically pumped energy level and for no others. Thus, if the
birefringence and cell length are properly adjusted, a very narrow bandwidth 7t/2
polarization rotation is created, just as it is in the FADOF. In the LIDOF, the optical
pumping field serves the same function as the magnetic field in the FADOF. They both
orient the molecules. Fig. 2 shows the basic block diagram of the light-induced dispersion
optical filter (LIDOF).

laser pumping

polarizer analyser
input \U/
molecule output

= -

Pump reflection mirror

Fig. 2. The block diagram of the LIDOF.

A molecular vapor cell is placed between crossed polarizers and the birefringence
is generated by optically pumping with a circularly polarized laser tuned to deplete a
specific molecular ro-vibrational level. The pump wavelength may be selected to be far
enough from the signal wavelength so that a simple color glass filter can be used prevent
the pump radiation from reaching the detector.
Fig. 3 shows the energy structure for the pumping and signal transition.
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Fig. 3. The energy structure for the pumping and signal transition for the filter.

The circularly polarized laser pumping beam creates non-equilibrium population
density distribution in the magnetic sublevels of the (J", M") state. The pump transition
lower level and the signal transition lower level are the same. Fig. 4 illustrates what
happens when the right-hand circularly optical pumping is tuned to the transition between
J"=2 and J'=1. It is obvious that, if the pumping is strong, then some of the M" sublevels
(M" = -2, -1, 0) will be depleted by the circularly polarized pumping while the M" = 1 and
2 are not depleted at all. This creates an anisotropy in the molecular vapor.

=i M -1 0 1
+
(¢}
AI\'IZI// /
J":2
M -1 0 1

Fig. 4. An illustration of the circularly polarized pump creating non-equlhbnum population
distribution among the M" sublevels.

When the linearly polarized signal light is incident on the vapor cell, it can be
decomposed into right-hand and left-hand circularly polarized components, a circularly
birefringent material can therefore rotate the polarization of linearly polarized light. When
a test signal is tuned close to a transition (J",M")-(J',M’), the two polarizations experience
different refractive indices because of the non-equilibrium population of the level (J”, M™)
created by pump beam. This results in optical rotation for the signal wavelength. Only the
light whose wavelength is at the signal transition wavelength from level (J”, M") will



experience optical rotation and pass through the crossed polarizer with high efficiency.
Because of the optical transition selection rules, there are only three transitions allowed
between rotational states in molecules.

To calculate the required pump power for the LIDOF, the Franck-Condon Factors
for the transitions of interest must be known. In this case the Franck-Condon Factors were
unknown. Therefore, we wrote a computer program to calculate them given the
spectroscopic constants. This entailed a considerable effort and was completed. Given the
FCF’s and the fractional population in the lower level we were able to calculate the
required pump intensity that ranged from 100 watts/cm? to 2 kW/cm®.

To estimate the transmission of the LIDOF, we use the general transmission
equation that is valid for any resonance birefringent medium placed between two crossed
polarizers [2],

a_(v)+a,( V)L

T(v)%[e“'*‘"“+e‘“-‘V>L—2Cos(2o<v))e' * 1 . Eq7

where + denotes the left-handed and right-handed circular polarizations, v is the incident
light frequency, L is the length of the vapor cell, a4 (v) is the absorption coefficient in
the vapor cell, and O (v) is the polarization rotation angle. The absorption coefficient
can be calculated by

a (v)=Xn, o (V) , Eq. 8
M

where ny is the molecular density on the magnetic sublevel of the groundstate level (v”,
J”), 6" ;.o (V) is the absorption cross-section for the transition (v’,J’,M+1)-(v*,J”,M)

and can be derived as

(3 J+ M+1XJ+ M+2) P
) (J+1Y2J +3)
oﬁuw(v):—%/ﬁ (VI I g(v-v) 9 IJEM+]) JorT=J"
4 T, J(J+1)
JFMXJFM+]) forf= 1
| JQJ-1)
Eq. 9

where Ao is the transition wavelength, |<v’J’|v’"J" > is the Franck-Condon overlap
factor for the transition (v'J’-v’'J’’"). Trap is the radiative lifetime of the level (v’,J°). g(v-
Vo) is the normalized line-shape function.



The polarization rotation angle, 0 (v), is given by
vl
9(V)=*c—[n_(V)-n+(V)] , Eq. 10

where ny is the refractive index for the right-hand and lefi-hand circular polarizations,
respectively. Using the Kramers-Kronig relations, we may calculate the refractive indices
for circular polarizations

t0o_1-_C Im{w(x+ib)] .
m(V-1 4frvRe[w(x+ib)]a SR Eq-11

where w(x+ib) is the plasma dispersion function [18] and is given by

; -y
W(x+ib) = _’_T_dyﬁ_

r__x+y+ib
x=(4m2)? =Y
& Eq. 12
b=(4m2y2 o "
Vp

dvp is the FWHM Doppler broadening width, and dv( is the sum of the natural
linewidth and the collision broaden linewidth.

If the optical pumping saturates the population difference, then the population
density )/ at steady state is approximately,

N, 1
"MESrA T o ’
+ - » O (vp)
hvR

Eq. 13

where Ny is the unsaturated total population of the rotation level J", Ip is the intensity of
the saturating pump, oyP (v,) is the absorption cross-section for the circularly
polarized pump beam at pumping transition frequency v,, and can be calculated using Eq.
9. R is the relaxation rate that will refill the energy level (J",M"). Because oyP is
different for each M, the optical pumping will result in a population difference among the
magnetic sublevels. This, in turn, creates the different refractive indices for the right-
handed and left-handed polarizations, and hence produces the optical polarization rotation.
Fig. 5 illustrates an absorption cross-section 6" that is M dependent (assuming M=88).



c'm [ab. unit]

-75 -50 =25 25 50 75
M

Fig. 5. An illustration of the absorption cross-section M dependence for a right-handed
circular polarized light.

Molecular ro-vibrational energy levels are easily depleted by laser excitation
compared with atomic energy levels, because, unlike spontaneous emission in atoms in
which most of the energy radiates back to the initial ground state, in molecules there are
very large number of ro-vibrational energy levels in the ground state and the emitted
photons rarely return to the molecules to the same initial state. Thus the dominant
relaxation process that refills a depleted energy level is through collision relaxation of the
ro-vibrational energy states. This process is usually very slow compared with the rate of
depopulation by laser pumping. Therefore, the dominant relaxation process is due to
collisions. The relaxation rate can be calculated by,

R=0,Ny , Eq. 14

where o is the collision cross-section, Ny is the total number density, and ¥ is the
molecular average thermal velocity.

Once the absorption coefficients and refractive indices are known, then the filter
transmission can be calculated. The filter design parameters, the pump intensity, the
molecular density and vapor cell length, can be determined through the process of
optimizing the transmission for different operating conditions.

To compare the LIDOF performance, we define the total equivalent noise
bandwidth (ENBW) for the filter as

1
ENBW = }—TT(w) do Eq. 15

max -oo

where T(o) represents the filter transmission spectrum and Tpax represents the maximum

transmission for the filter. The equivalent noise bandwidth corresponds to the bandwidth

of a rectangular notch filter with transmission Tpax that transmits the same amount of the
noise as our filter. Using the ENBW, we can easily compare different filter designs and

10



performance. If the noise power spectrum is about constant within the bandwidth of the
filter, the noise rejection factor (NRF) may be calculated as

_ (Totalincidentnoise)T

NRF - -
Totalnoisetransmitted

Eq. 16
[p.(2)-da
& 0
7,Ga) ENBW

where pp(A) represents the solar radiation power spectrum, or solar radiation spectrum,

A is the center wavelength of the filter. The approximation in the NRF equation is valid if
pn(A) is approximately constant within the filter bandwidth. This is true for most narrow
bandwidth filters. To simplify the NRF calculations, the solar noise power spectrum at sea
level may be modeled as a blackbody radiation at 5770 °K.

The optimized operating conditions for the Nay vapor 532 nm LIDOF are
calculated to be optical pump of 500 W/cm? and a cell temperature of 600 °C for the
standard commercial cell length of 25 cm. The calculated transmission spectrum is shown
in Fig. 6.

Transmission

=]

A e o ==
[,

——s-q___h_‘___\

-20 -10 ] 10 20
Frequency [GHz]

Fig. 6. The transmission spectrum of the Na, LIDOF at 532-nm (solid line) and
transmission spectrum of a Na;, cell at 532-nm (dashed line).

In Fig. 6, the horizontal axis is frequency in giga-hertz, where 0 Hz is the center of
the absorption line. Fig. 6 shows that the transmission peaks are just outside resonance
absorption. The peak transmission is calculated to be about 93%, with bandwidth about 5
GHz. The equivalent noise bandwidth (ENBW) is calculated to be 16 Ghz. The noise
rejection factor is about 50 dB. Fig. 7 is the calculated rotation angle versus frequency at

the same operating conditions.
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Rotation angles [rads.]

Frequency [GHz]

-20 -10 10 20

Fig. 7. The calculated rotation angles for linearly polarized light passing through the
vapor cell.

Fig. 7 clearly shows that large rotation angles may be obtained near the resonance
line center. Fig. 8 shows the calculated population density distribution versus the sublevel
quantum number M" of the level J" ( J"=23) in ground state.

8 ny 10° cm™]
7
6
5
4
-75 -50 -25 25 50 R\

Magnetic quantum number M

Fig. 8. The population density npg [109/cm3] versus quantum number M" of the level
J"=88, v’’=1.

Fig. 8 illustrates that optical pumping by a circularly polarized pump results in a
significant population difference among the M" sublevels of the J" ground state, which
results in an optical polarization rotation.

The LIDOF peak transmission is dependent on the molecular number density, the
pump power, and cell length. The cell temperature will determine the molecular number
density. The pumping creates the non-equilibrium and polarized population distribution
that generates the optical rotations and the collisions tend to restore the equilibrium
population distribution. Fig. 9 shows the peak transmission of the LIDOF versus the
pump power at three different cell temperatures (or total molecular number densities) for
an Na, 510 nm LIDOF.

12
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Fig. 9. 532 nm LIDOF (cell length 25 cm) peak transmission versus pump power.

The peak transmission is restrained by the pump power and by the molecular
density. Larger rotation angles require sufficient molecular number density and pump
power. When the molecular number density is increased, the molecular collision rate also
increases. This decreases the rotation angles. Therefore, to increase the rotation angles,
the laser pump power must be increased by an appropriate amount. The maximum
available number density is determined by the practical cell temperature and by the
maximum available pump power. The optimum operating conditions are chosen by
appropriate balancing the requirement for cell temperature, pump power, and collision rate
that we will discuss later.

An alternative way to increase the throughput is to increase the cell length. Fig. 10
shows the 532 nm Na, LIDOF peak transmission versus the cell length at cell temperature
of 600 °C and pump intensity of 500 W/cm’.

Transmission

[y

5 10 15 20 25 30 35 40
Cell length [cm]

Fig. 10. The peak transmission vs. the cell length at the temperature of 600 °C and optical
pump of 500 W/en’.
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Although the longer the cell length, the higher the throughput, the cell length is
limited by the field of view considerations.

As we mentioned early, the dominant relaxation process for a molecular rotation
level is through collision. For the Na, 532 nm LIDOF, the cell temperature is about 600
°C, where the total number density for Na, molecules is about 2x10'* ¢cm™ and the total
number density for the Na atoms is about 25 times higher. The collision cross-section for
Na; molecule is about 10™"* ¢m? [19]. Therefore, the total collision rate, R, for the Na,
532 nm LIDOF is about 4.2x10” s at 600 °C cell temperature, which corresponds to a
relaxation time of about 25 ns. In other words, a 50% non-equilibrium population
generated by optical pumping will be destroyed by collisions in 25 ns after the end of the
optical pump pulse. Once the non-equilibrium population is gone, there will be no
dispersion in the molecular vapor cell, which means no light will be transmitted through
the crossed polarizers of the filter. Therefore, the optical pumping will provide an ideal
gating system for the receiver. In this gating system, the laser pumping is synchronized
with return beacon signal pulse. The laser pumping pulse length is controlled to be about
the same length as the signal pulse length. The risetime of this laser activated gating
system is about 25 ns for 532 nm Na; LIDOF. Therefore, the maximum energy required
for the pump laser pulse is determined by the signal pulse length.

Table IV summarized the parameters and performance of the Na, 532 nm LIDOF.

Table IV. Summary of the Na, 532 nm LIDOF

signal wavelength: 532 nm

signal transition: B-X(10,3) P127

pump wavelength: 728.0 nm

B-X lifetime: 6.5 ns

signal absorption crossection: 1 x 10™'¢ cm?
pump absorption crossection: 0.9 x 10" cm®
cell length: 25 cm

cell temperature: 500 °C

collision crossection: 10 cm?

collision rate: 4.2 x 10" s

pump intensity: 500 W/cm®

peak transmission: 0.8

transmission bandwidth: 5 GHz

equivalent noise bandwidth (ENBW): 16 GHz
solar noise rejection factor: 10°

gating risetime: 25 ns
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3) Experimental System Design

The major components to building a Na; 532 nm LIDOF are a heat pipe oven for
the Na, vapor, a laser pump to polarize the Na, molecules, and a laser signal source to test
the filter performance. A basic overview of the experimental system is shown in Fig. 11.

BS A

P
N e | \NAD

M1

'

Signal Pump
Laser Laser / M2

Computer Oscilloscope

Fig. 11. LIDOF experimental system block diagram. M1 and M2 represents mirrors. P
and A represent the polarizer and analyzer pair. BS represents a dichoric beam splitter. PD
represents the photo-detector.

The Na; molecules are a narrow bandwidth birefringent medium when they are pumped by
a narrow bandwidth circularly polarized pump source tuned to one specific molecular
transition. The heat pipe ensures that the proper Na, vapor density is maintained. The
crossed polarizers ensure that only radiation whose polarization has been rotated by the
polarized Na, molecules reaches the photo-detector. The signal laser is a narrow
bandwidth test oscillator that is tuned to filter transmission band.

The pump laser radiation is reflected off mirror M2 and the dichoric beam splitter
BS and travels through the heat pipe to the left. Meanwhile the signal radiation is reflected
off the mirror M1, and directed into the polarizer P, travels through the heat pipe, and is
transmitted through the dichoric beam splitter BS. If the signal radiation frequency is
tuned to the filter passband, then the signal radiation is polarization rotated by n/2 and is
transmitted through the analyzer A with high efficiency. If the signal radiation is not tuned
to the filter passband frequency, then the radiation is extinguished by the analyzer. In the
next few sections we will discuss each element of the experimental system in detail.

(A) Na; vapor oven
The heart of the LIDOF is the Na heat pipe. This device is commercially available

and can operate up to temperatures of 700 °C with standard vapor zones of up to 25 cm
long. For our experiments we do not expect to operate at temperatures above 600 °C; thus
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the heat pipe technology is sufficient. The heat pipe technology used for the Na, LIDOF is
the same type of system that has proved successful for all of alkali-dimer lasers [20].
Because of the relatively low vapor pressure of the Na, molecule, an operating
temperature of 500 °C is necessary to generate a sufficient density of Na, molecules for
efficient LIDOF operation. The easiest means of operating at these temperatures is in a
heat pipe because only the metal comes in contact with the high temperatures and the
windows can be maintained at room temperature. Heat pipes are back filled with a rare
gas. The rare gas is forced out of the hot regions as the metal vapor pressure increases.
Thus, only the rare gas comes in contact with the windows. This is a significant advantage
because it eliminates any chemical compatibility problems that could occur if the glass
were in direct contact with hot metal at high temperatures. The modern heat-pipe oven has
continuously generated homogeneous pure metal vapors of well defined pressure,
temperature, and optical path length. All parameters can be measured easily and
accurately. The simplified schematic diagram of a heat-pipe oven is shown in Fig. 12.

window boundary layers end-view
e le——a

. |

i T T

cooler wicks

Fig. 12 The simplified schematic diagram of the heat-pipe oven.

The heat-pipe is made of stainless steel. The outer wick of the inner tube and the
wick of the outer heat-pipe are both made out of a few layers of stainless steel mesh. The
inner and outer wicks are connected to provide a path back to the outer wick to avoid
accumulation of the vapor material on the inner wick. Also, a suitable amount of an inert
gas will be put inside the tube. This will confine the alkali metal to vapor section and will
keep the windows clean. According to the Na, LIDOF operating conditions, the heat-pipe
will be operated at 600 °C and a vapor length of 25 cm. Because the LIDOF is not
sensitive to small temperature change or small vapor length change, no special effort is
needed to control the cell temperature and vapor length. We purchased a Na heat-pipe
from Comstock Corporation. Heat pipes are generally operated at less than atmospheric
pressure and are back filled with several torr of a rare gas. The heat pipe was tested up to
650 °C and performed well.

(B) The Pump Laser

The pump laser is a Candela flash lamp pumped dye laser modified to produce 2 GHz
wide pump lines with 3.6 mj output energy with the flashlamp voltage set to 23 kV. The
laser linewidth was measured to be 0.07 cm™ when the laser was operated at 1 Hz. the
linewidth increased to 0.072 cm™ when the laser was operated at 2 Hz. We also measured
the jitter in the position of the pump laser line and that was measured to be 0.01 cm™. The

16



laser linewidth and line center wavelength were measured using a Burleigh wavemeter and
averaged over 25 pulses. The LIDOF temporal response follows the pump pulse. The
easiest method for varying the pump pulse duration is to use a cw pump laser and electro-
opitcally turn the pulse on or off. The power levels that are needed can easily be delivered
by commercial cw dye lasers

4) Conclusions:

We modeled and delivered a Na FADOF with high throughput and ultra-high
background rejection at 589-nm. Furthermore, we modeled, designed, and delivered a
novel optical filter for 532-nm, the LIDOF. The LIDOF is waiting to be tested at the laser
wavelength. All that remains to be done in future work is to obtain a test oscillator at 532
nm and to perform the final tests.
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