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Abstract 

Electron spin-polarized helium 23S1 metastable atoms are a valuable probe of 

spin-dependent phenomena. Helium metastable atoms can be polarized by 

illumination with circularly- polarized 1.083 J..Lm 23S1 H 23P0,1.2 resonance radiation in 

a process known as optical pumping. Metastable atom polarizations obtained in this 

manner have been limited by the low intensity of optical pumping radiation available 

from helium discharge lamps, until now the only practical source of 1.083 J.Lm light. 

However, recent advances in the field of solid-state near-infrared tuneable lasers have 

resulted in the development of several materials that exhibit laser action at 1.083 J.Lm. 

The most promising of these is a neodymium-doped lanthanum magnesium 

hexaluminate, known as LNA. During the course of this work several LNA lasers 

have been designed and fabricated for specialized applications in helium optical 

pumping. Unstabilized single- and multi-mode lasers have been used to optically 

pump helium metastable atoms in a flowing helium afterglow, which serves at the 

basis for a highly competitive polarized electron source that provides electron 

polarizations approaching 90 %. A frequency-stabilized single-mode LNA laser has 

been developed to optically pump a beam of metastable helium atoms for use in 

surface studies, and metastable polarizations resulting from its use exceed 96%. 

Although not designed specifically for other applications, the stabilized laser is 

ideally suited for application in laser cooling of helium metastable atoms and for 

helium spectroscopic applications. For example, laser absorption spectroscopy has 



iii 

been used to observe the decay of helium 23S1 atoms as they are converted into 

Hez[a 3l:/] molecules in three-body reactions in a high-pressure helium afterglow, 

revealing interesting phenomena possibly related to quantum mechanical tunneling. 

The present work shows that LNA lasers have an important future in helium optical 

pumping. 
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Chapter One 

Introduction 

1 

Helium 23S1 metastable atoms are an important constituent of many laboratory 

and astrophysical plasmas because of their extremely long natural lifetime, on the 

order of two hours [Corney, 1977], and their large internal energy, 19.8 eV per atom. 

This energy is more than sufficient to collisionally ionize any atom or molecule 

(except ground-state neon) via chemiionization reactions of the type 

He[23S1] + AB ---?He+ AB+ + e· ---?He+ A++ B + e· 1-1 

(an important source of ionization in many plasmas), or to eject electrons from a 

surface. The dynamics of such processes can be studied by use of spin-labelling 

techniques in which the electron spins of the He[23S1] are oriented by optical 

pumping and the polarization of the electrons produced through Penning ionization 

or surface ejection measured by a polarimeter. Polarized He[23S1] atom techniques 

form the basis of the Rice Flowing Afterglow Polarized Electron Source that 

provides a very competitive source of spin-polarized electrons [Gray et al., 1983 and 

Rutherford et al., 1990] and Spin-Polarized Metastable Atom De-excitation 

Spectroscopy (SPMDS), a very powerful surface spectroscopy developed at Rice 

[Onellion et al., 1984]. 

Essential to any study using spin-polarized He[23S1] atoms is the availability 

of a source of polarized atoms. He[23S1] atoms are frequently polarized by optical 

pumping, in which the A= 1.083 J.1m He[23S1] H He[23P0,1;J transitions are excited 

using circularly polarized light. The efficiency of this process depends critically on 

the availability of an intense source of 1.083 J.Lm radiation. Initial experiments were 

undertaken using optical pumping radiation provided by helium discharge lamps. 

The relatively low spectral brightness offered by such lamps, however, limits the 
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attainable metastable polarization to -40%. More recently a tuneable NaF (Ft)* 

color-center laser has been employed but proved unsuitable for long-term optical 

pumping because of bleaching of the color centers under exposure to laser radiation 

and the difficulty in coloring the crystals. In the present thesis the development of a 

new type of 1.083 J.1m laser based on lanthanum neodymium magnesium 

hexaluminate (LNA, La1_xNdxMgA1110 19, X...Q.1) is described. This material, which 

was developed in the Soviet Union and France as an alternative to Nd:YAG 

[Bagdasarov et al., 1983] exhibits laser action on two tuneable bands centered at 

1.0820 J.Lm and 1.0545 J.Lm [Schearer et al., 1986]. LNA lasers suited to several 

different optical pumping applications have been developed and are described. Each 

provides He[23S1] polarizations that are far superior to those obtained using 

conventional discharge lamps. 

In the initial phases of the present work, a multimode LNA laser was 

developed and used to optically pump the metastable atoms in a flowing helium 

afterglow, which forms the basis of the Rice Flowing Afterglow Polarized Electron 

Source. Use of the laser resulted in significant improvements in source performance 

(as did the later use of a single-mode, unstabilized version of the LNA laser). 

Optimization of the optical pumping parameters resulted in extracted electron 

polarizations approaching 90% at currents of -100 nA, and polarizations ~ 75% were 

obtained at currents of -10 Jl.A. These characteristics are superior to those attainable 

at the same currents using the more conventional GaAs source. [Pierce et al., 1980] 

The same single-mode unstabilized laser was also used to study He[23S1] gas 

phase collision processes at cryogenic temperatures, in particular the rate constants 

for the formation of He2[a 31:/] molecules via three-body reactions. This research 

suggested the existence of an unexpected reaction mechanism at low temperatures 
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that has yet to be positively identified. 

A frequency-stabilized single-mode LNA laser has also been developed and 

used to optically pump a collimated metastable atom beam for application in Spin 

Polarized Metastable Atom De-excitation Spectroscopy (SPMDS). The laser cavity 

is locked to a temperature-stabilized Burleigh reference cavity using a technique that 

is notable for its simplicity. This laser has proven very reliable and stable in 

operation, and can routinely provide He[23S1] polarizations in the beam in excess of 

95% for periods of several hours without need of adjustment. This capability greatly 

enhances the power of SPMDS as a surface probe and provides a polarized He(23S1) 

beam suitable for use in the study of spin-dependences in atomic collision processes 

and forms the basis of a novel technique for calibration of a Mott electron spin 

polarimeter. 



Chapter Two 

Optical Pumping 
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Optical pumping is the use of optical radiation to establish a population 

distribution in an ensemble of atoms or molecules different from that at 

thermodynamic equilibrium. Optical pumping is employed in many laser systems to 

provide the population inversion required for gain. In the present work, He[23S1] 

metastable atoms are optically pumped to establish a non-equilibrium population 

distribution among the various m1 (m8) levels to obtain electron spin-polarized atoms 

[Kastler, 1950; Franken and Colgrove, 1958]. 

The essential features of optical pumping can be demonstrated by considering 

as a specific example helium atoms in the 23S1 metastable level. When illuminated 

with 1.083 Jlm 23S1 H 23P0,1.z radiation, these atoms may be excited to the 23P0•1.z 

levels, which can then decay by spontaneous emission back to the initial 23S1 

metastable state. Spontaneous decay back to the 11S0 ground state is forbidden by 

the selection rule ~S=O, i. e. the 23S1 level is the ground state of the triplet system. 

The 23S1 level has a lifetime of about 104 seconds;[Comey, 1977] therefore, the 

helium atoms behave as a two-level system. When an ensemble of He(23S1) atoms is 

irradiated with a beam of right-hand circularly-polarized radiation corresponding to 

the 23S1 H 23P2 transition, transitions are induced subject to the selection rule ~1 = 

+ 1, where m;h is the ~ projection of the atomic angular momentum and the 

quantization axis ~ is defined as being parallel to the propagation direction of the 

incident radiation. The effect of such excitation for 23S1 atoms in the m1 = -1 

magnetic sublevel is illustrated by the dashed arrow in the partial term diagram in 

Figure 2-1. Subsequent 23P2 ~ 23S1 spontaneous decay is subject to the selection rule 

~1 = 0 or ±1, resulting in the possible transitions indicated by the solid arrows. 
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The oscillator strengths for the 23S1 H 23P2 transitions depend on the initial and final 

values of m1, and the various relative transition probabilities are presented in Figure 

2-2. 

The net effect of the an excitation-de-excitation cycle is to transfer or pump 

atoms from the mr -1 state to the mr 0 or + 1 states. After several optical pumping 

cycles as described above, the 23S1 atoms will all be transferred (in the absence of 

collisions or other depolarizing effects) to the m1 (m8)=+ 1 state; i. e. the metastable 

atom beam has been spin polarized by optical pumping. 

For maximal spin polarization, many optical pumping cycles must be 

completed during the time an atom is illuminated, which is typically about 10 J!S for 

helium atoms in a thermal-energy beam.[Rundel et al., 1974] A large 

photoexcitation rate is therefore required. Thus the source of optical pumping 

radiation must have a high spectral brightness near the transition frequency because 

the photoexcitation rate drops off rapidly as the separation between the illumination 

(V) and transition (V0 ) frequencies, V-V 0 , increases. Figure 2-3 illustrates the strong 

dependence of the photoexcitation rate on this frequency difference. 

High-intensity radio-frequency excited helium discharge lamps have been used 

to provide 1.083 J.Lm resonance radiation for optical pumping,[Riddle et al., 1981] 

and can maintain consistent illumination at the transition frequencies. However their 

spectral brightness is too low for efficient pumping. 

The high spectral brightness afforded by lasers makes them particularly 

attractive as sources of illumination for optical pumping, and several lasing media 

have been developed that are suitable for application in helium optical pumping. 

Kato has developed an organic dye, Styryl-14, that lases at 1.083 J.lm,[Kato, 1984] 

but it is not currently available commercially. The (Ft)" color center in NaF also 
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lases at 1.083 Jllll, and such a color center laser has been tested at Rice.[Gray et al., 

1983] Although the laser provided very stable optical pumping, the (Ftr color 

centers were observed to bleach spontaneously during operation, resulting in a 

relatively short color center lifetime, thereby rendering this laser unsuitable for 

routine application. 

Recently several tuneable solid-state laser media capable of emission at 1.083 

Jlill have been developed, with most of these being based on neodymium doped 

lattices. The new media include Ti:Al20 3,[Moulton, 1986; Sanchez, 1986] 

Nd:MgO:LiNb03, Nd:LiNb03,[Schearer et al., 1987] Nd:YAP,[Bohler et al., 1988] 

and Nd:LaMgA1110 19.[Bagdasarov et al., 1983; Schearer et al., 1986] The latter 

appeared most promising, and the present thesis describes the development of lasers 

based on lanthanum neodymium magnesium hexaluminate (LNA, La1_xNrlxMgA1110 19, 

x....Q.1). This material, which was developed in France and the Soviet Union as an 

alternative to Nd:YAG,[Bagdasarov et al., 1983] exhibits laser action on two 

tuneable bands centered at 1.0820 Jlill and 1.0545 Jllll.[Schearer et al., 1986] 

Absorption and fluorescence spectra of LNA are presented in Figure 2-4. A number 

of single- and multi-mode LNA lasers have been developed specifically for use in 

different helium optical pumping applications. The lasers provide stable output 

powers of -100 mW and are capable of providing He[23Sa polarizations approaching 

100%. 



Figure 2-4a. Absorption Spectrum of LNA. [Vansteenkiste, 
1989] 
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· Figure 2-4b. Fluorescence Spectrum of LNA. [Vansteenkiste, 
1989] 

10 



Chapter Three 

Optical Pumping of the Rice Flowing 
Afterglow Polarized Electron Source 

11 

The first application of the LNA laser was to optically pump helium atoms in 

the Rice Flowing Afterglow Polarized Electron Source. This source provides 

electrons having unprecedented polarizations at currents up to -100 J..LA. The higher 

polarizations it affords can greatly improve the counting statistics in experiments 

designed to study spin dependences in electron scattering. 

The most recent version of the Rice source is similar in many respects to that 

described previously.[Gray et al., 1983] A microwave discharge is used to generate 

He[23S1] metastable atoms in a flowing helium afterglow. The He[23S1] atoms are 

optically pumped using circularly-polarized 1.083 J.1m He[23S1] H He[23P1] radiation 

to preferentially populate either the mJ (m8) = + 1 or -1 magnetic sublevels. C02 is 

then injected into the afterglow and conservation of spin during the resulting 

chemiionization reactions results in the production of free polarized 

electrons.[Keliher et al., 1975] These electrons are extracted from the afterglow 

through a differentially pumped aperture and are formed into a beam using a series 

of electrostatic lenses. The extracted electron current and polarization are measured 

using a moveable Faraday cup and a retarding-potential Mott polarimeter. 

A schematic diagram of the present source is presented in Figure 3-1. The 

afterglow is contained within a 10 em diameter flow tube that is evacuated by a 500 

1/s Roots pump. The helium flow rates employed result in pressures in the range of 

100-400 mTorr and mean bulk helium flow velocities of -5 X 103 crn/s. APyrexY 

tube is used for the initial part of the flow tube to prevent direct illumination of the 

optical pumping region by (unpolarized) 1.083 J.lm radiation from the microwave 
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discharge. The Pyrex tube is connected to an (electrically isolated) aluminum section 

equipped with plane windows that contains the optical pumping, chemiionization and 

electron extraction regions. Another insulating section connects the aluminum 

section to the Roots pump downstream. 

Helium gas entering the flow tube is excited by a microwave discharge in a 

nozzle attached to the brass end flange. This excitation technique is used because 

the nozzle geometry can be adjusted to provide a low singlet (21S0) to triplet (23S1) 

metastable atom ratio in the afterglow. Measurements of the relative absorption of 

1.083 Jlm (23S1 H 23P0, 1,,;) and 2.058 J.Lm (21S0 H 21P1) radiation showed that for all 

present operating conditions 21S0 atoms comprise less than 5% of the total metastable 

atom population. Ions and electrons produced in the microwave discharge diffuse 

rapidly to the walls of the flow tube where they recombine. This diffusion is 

enhanced by rf heating using a coil wound the outside of the flow tube. Electrons 

from the discharge are further inhibited from reaching the extraction region by 

biasing the end flange a few volts positive with respect to the downstream aluminum 

section. Tests showed that, even for the highest flow tube operating pressures, 

source-produced electrons accounted for less than 10% of the total extracted electron 

current. 

The He[23S1] atoms are optically oriented by absorption of right- (left-) hand 

circularly-polarized 1.083 J.Lm. (23S1 H 23P1) radiation incident perpendicular to the 

helium flow and parallel to an external magnetic field of -1 gauss that defines a 

quantization axis. The optical pumping radiation is provided by the LNA laser, and 

the light is circularly polarized by use of a quarter wave plate. The sense of circular 

polarization, and hence the magnetic sublevel that is populated, is reversed by 

rotating the quarter wave plate by 90°. The circular polarization of the of the laser 
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light is measured to be >99%. 

Polarized electrons are produced in chemiionization reactions with C02 and 

are extracted through a 1 mm-diameter aperture located on a metal button mounted 

on a wedge-shaped extractor housing that protrudes into the afterglow. The electrons 

are extracted perpendicular to the magnetic field that defines the quantization axis 

and are therefore transversely polarized. To obtain the highest output current the 

extraction aperture is biased up to 40 V positive with respect to the aluminum 

housing. The extracted electrons are accelerated to -275 eV as they enter the 

extraction anode and are then directed into the Mott polarimeter by means of 

electrostatic lenses. The C02 is injected via a perforated ring located immediately 

downstream from the extraction aperture. The He[23S1] atoms are deexcited close to 

the extraction aperture by backstreaming C02 and the loss of metastable atoms and 

electrons is minimized. 

The LNA laser that supplies the optical pumping radiation is pumped by an 

argon-ion laser. Several LNA laser configurations were tested before finding the 

configuration that gave the most efficient optical pumping. 

The absorption profile of He[23Stl in the afterglow is Doppler broadened, and 

the first lasers tested were designed for multimode operation in order that the laser 

output spectrum match the He[23S1] Doppler profile, which should enhance the 

photoexcitation rate. However, the He[23S1] H He[23P1] (D1) and He[23S1] H 

He[23Pzl (Dz) transitions are separated by 2.3 GHz, only slightly larger than their 

300K Doppler widths of 1.7 GHz. Thus use of a multimode laser results in 

excitation to both 23P1 and 23P2 states. This proved to be undesirable because 23S1 -7 

23P 2 excitation results in decreased polarizations due to so called P-state mixing. 

When illuminated by 23S1 H 23P2 (Dz) radiation, polarized atoms (He[23Stt 
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mr+1 (-1)] can be excited to the He[23P2, mr+2 (-2)] state. Changes in m1 state 

that can accompany collisional mixing to other P states can then degrade the 

polarization (this process will be explained in greater detail later). This situation is 

avoided by exciting only the 23S1 H 23P1 (D1) transition, because once a 23S1 atom is 

transferred to the (say) m1 = + 1 magnetic sublevel, no further excitation by right

hand circularly-polarized optical pumping radiation is possible. 

Thus use of a single mode laser is preferred, and it was hoped that by 

appropriate tuning to the blue wing of the D1 transition 23P2 excitation would be 

avoided. It is also important to note that a multimode laser is not necessary in order 

to excite and pump all of the He[23S1] atoms. The high density of helium atoms 

provide for -1000 velocity-changing collisions during the -100 Jls illumination time 

that each atom is exposed to the optical pumping radiation, hence all atoms are 

eventually brought into resonance with the light provided by the single-mode laser. 

The final version of the laser, diagramed in Figure 3-2, is a folded linear 

cavity tuned by a two-plate birefringent fllter and three etalons of thicknesses 3 mm, 

5 mm and 15 mm. The double-V anti-reflective coated (at 1..=532 nm and 1.064 Jlm) 

UV-grade fused silica lens has a 100 mm focal length. The LNA crystal is 4 mm in 

diameter and 8 mm long, and has a broad-band anti-reflective coating on the front 

face and a high reflection coating on the back face. The optics are arranged so that 

the focused 2 W pump beam passes through the LNA crystal before striking the 

coating. The resulting attenuation of the pump prevents damage to the high 

reflection coating. The output coupler is a 95% reflector. Single mode operation is 

enforced by the etalons and by keeping the gain medium close to one end of the 

resonator. The hole-burning mode spacing is given by 

~VHolcBuming=c/(4L) 3-1 
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Figure 3-2. Schematic of the LNA laser used with the flowing helium 
afterglow polarized electron source. The inset illustrates the electric 
field intensity E 2 as a function of position along the axis of a laser 
cavity for longitudinal modes 10 and 11. The locations of nodes and 
antinodes of adjacent cavity modes match at the ends of the laser 
resonator and are reversed in the center. This phenomenon can be 
used to control which modes lase. 
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where c is the speed of light and L is the distance from the gain medium to a 

mirror.[Demtroeder, 1981] If the gain medium is located in the center of the laser 

resonator, then the hole-burning mode spacing equals the cavity mode spacing. If, 

however, the gain medium is located close to one end of the cavity, then adjacent 

cavity modes compete for the same gain, as is illustrated in the inset to Figure 3-2, 

and only one of these modes will lase. The nearest hole-burning modes are far 

enough away that etalon losses prevent them from lasing. This laser provides -100 

m W emitted from a single cavity mode. 

Polarizations resulting from the use of the laser are shown in Figure 3-3, and 

are significantly better than those previously reported,[Gray et al., 1983] being 

~ 75% at beam currents of 10 J.l.A and approaching 90% at lower currents. The 

earlier results are also included in Figure 3-3 for comparison. The present data 

represent the highest polarizations obtained at each current by optimizing the flow 

tube operating pressure, the microwave discharge, the laser wavelength, the 

extraction conditions, and the injected C02 flow rate, which is typically -1 to 4% of 

the helium flow rate. In each case the electron polarization was "saturated" in the 

sense that it was insensitive to moderate changes in the intensity of the optical 

pumping radiation or in the length of the illuminated region. At the lowest extracted 

currents polarizations approaching 90% were obtained. The polarization decreases at 

higher output currents, but polarizations of -50% were still achieved at currents close 

to 100 J.LA. 

The very high electron polarizations obtained at low extracted currents are 

consistent with expectations based on an assumed polarization of -100% for 

electrons produced in He[23S1] chemiionization degraded by -10% as a result of 

unpolarized contributions to the extracted electron current from the microwave 
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discharge and/or He[21S0] chemiionization reactions. A number of factors that might 

account for the decrease in polarization at high output currents were explored. Large 

currents require high 23S1 atom densities in the flow tube which, in turn, requires 

operation at relatively high flow tube pressures, -300-400 mTorr. This suggests that 

the degradation in polarization might result from collisions, specifically those 

involving the P states populated during the optical pumping process (lifetimes 

-10"7 s) that can result in P-state mixing. The effects of P-state mixing are clearly 

evident in Figure 3-4 which shows the extracted electron polarization as a function 

of wavelength as the LNA laser is tuned across the He[23S1] H He[23P1] (D1) and 

He[23S1] H He[23P:J (D~ transitions for two different flow tube pressures. The 

strong dependence of the polarization on the optical pumping transition (i.e. D1 or 

D~ can be explained as follows. If the laser is tuned to excite the D1 transition, a 

23S1 atom once transferred to the m.r=+1 (-1) level cannot be further excited to the 

23P1 state by the right- (left-) hand circularly-polarized optical pumping radiation. 

Consequently, even in the limit of complete P-state mixing, the 23S1 polarization is 

expected to approach 100% in the absence of other depolarization mechanisms. In 

contrast, if the laser is tuned to the D2 transition, excitation to the 23P 2 state occurs 

regardless of the initial m1 level. The changes in m1 that accompany collisional 

mixing to other P states can then lead to a decrease in the 23S1 polarization, and thus 

in the electron polarization. Indeed, in the limit of complete P-state mixing, optical 

pumping on the D2 transition is expected to result in a small 23S1 polarization that is 

opposite in sign to that expected in the absence of mixing collisions.[Schearer, 1961] 

This effect, which is apparent in the data in Figure 3-4 for high flow tube pressures, 

arises because for right- (left-) hand circularly-polarized optical pumping radiation 

the oscillator strength for the 23S1 H 23P 2 transitions originating on the m.r=+ 1 ( -1) 
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level exceeds those for transitions originating on the m.rO or -1 ( + 1) levels. The 

relative transition strengths are given in Figure 2-2. The Doppler widths and 

separation of the D1 and D2 transitions, shown in Figure 3-5, are such that some 

excitation to the 23P2 state might occur even with the single-mode laser tuned to the 

D1 transition. However, by tuning the laser to the blue wing of the 23S1 H 23P1 

transition, 23P2 excitation can be minimized. Studies undertaken at low output 

currents, thus low 23S1 densities, but with high flow tube pressures of up to 500 

mTorr showed that, even at such pressures, polarizations in excess of 80% could be 

readily obtained. Further, these polarizations did not change when the entire flow 

tube was cooled to -180K to reduce the overlap of the D1 and D2 Doppler profiles. 

This suggests that the observed decrease in polarization at high extracted currents is 

not a consequence of P-state mixing collisions. 

The high 23S1 densities required to obtain large output currents result also in 

strong absorption of the optical pumping radiation. Measurements showed that at the 

highest 23S1 densities employed up to 20% of the incident radiation was absorbed, 

even though the laser was tuned to the blue wing of the 23S1 H 23P1 transition. This 

suggests that a sizeable fraction of the fluorescent radiation emitted by spontaneous 

decay during optical pumping will be reabsorbed before leaving the flow tube. Since 

this radiation is largely unpolarized, such radiation trapping might significantly 

reduce the optical pumping efficiency and account for the polarization degradation 

observed at the highest output currents.[Tupa and Anderson, 1987] 

Future improvements in polarization might result from further reduction of the 

21S0 population in the flow tube, from better suppression of the electrons from the 

microwave discharge, and from the minimization of effects due to radiation 

trapping.[Nacher et al., 1989] A shorter optical pumping region may improve 
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polarizations at the higher pressures used, where the effects of radiation trapping are 

most pronounced. Concentrating the limited laser power over a small region around 

the electron extractor would allow more intense optical pumping radiation to 

dominate over trapped radiation, while allowing most of the resonant-scattered 

radiation to escape upstream and downstream. Atoms upstream absorbing resonant

scattered radiation would have their spins aligned in the optical pumping region 

before undergoing Penning ionization, while downstream atoms depolarized by 

scattered radiation would be too distant from the extractor to have a significant effect 

on extracted electron polarizations. Use of a multimode laser carefully tuned to the 

blue wing of the D1 transition could span more of the Doppler profile, partially 

compensating for the fewer velocity-changing collisions occurring within the shorter 

optical pumping region. 

A method has also been suggested (Nacher et al., 1989) that employs 

pumping using the 23S1 H 23P0 (D0) transition, which minimizes the effects due to 

P-state mixing and allows the use of a multimode laser. Right- (left-) hand 

circularly-polarized radiation incident along the ~ axis will pump atoms out of the 

m.r+1 (-1) magnetic sublevel, while linearly-polarized radiation incident 

perpendicular to the ~ axis (with electric field vector parallel to the ~ axis) will 

remove atoms from the 23Sh m.rO sublevel. Thus the combination of both beams 

could result in efficient transfer to the m1 = +1 (-1) sublevel, while being produced 

by only one multimode laser spanning the Doppler profile. 

Redesign of the extraction region and extractor geometry could increase the 

efficiency with which electrons are extracted from the afterglow and result in 

increased output currents at a given polarization. Improvements might also be 

realized by use of a larger diameter flow tube. Nonetheless, the performance 
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characteristics of the present source suggest that it is well suited for many 

applications requiring an intense source of polarized electrons, and that it is 

competitive with other sources (i.e. GaAs sources [Pierce et al., 1980]). In 

particular, for use in conjunction with the high duty factor electron accelerators 

currently under development, the continuous output beam provided by the present 

source must be bunched to match the time structure needed for acceleration. 

Cardman et al.,[Cardman et al., 1989] estimates that this can be accomplished with 

-50% capture efficiency by use of a harmonically-excited bunching cavity .[Schriber 

and Swenson, 1979] Thus the superior polarization afforded by the present source 

makes it especially appealing for scattering experiments in which the beam current 

must be limited to < -50 J.lA to protect the target, as is the case, for example, in 

experiments employing spin-polarized targets. 



Chapter Four 

Optical Pumping for Spin-Polarized Metastable 
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Another application of the LNA laser is to optically pump a collimated beam 

of metastable He[23S1] atoms for use in a new, surface-specific spectroscopy known 

as Spin-Polarized Metastable Atom Deexcitation Spectroscopy (SPMDS).[Onellion et 

al., 1984] In SPMDS, a beam of electron-spin-polarized thermal energy metastable 

atoms impinges upon the surface under study. Energy is transferred from the 

metastable atom to the surface, and an electron may be ejected. By analyzing the 

energy, polarization, and angular distribution of the ejected electrons, it is possible to 

obtain information concerning the electronic and magnetic properties of the surface. 

SPMDS provides an extremely surface-specific probe for studies of surface magnetic 

and electronic structure. 

As with the Rice Flowing Afterglow Polarized Electron Source, He[23S1] 

atoms are spin-polarized by transverse optical pumping. Again, first experiments 

were undertaken using a discharge lamp to provide the optical pumping radiation, but 

the attainable polarizations were limited to -40%, and higher polarizations were 

desired. Later attempts at optically pumping the metastable beam were made using 

an unstabilized NaF (F2+)" color-center laser,[Giberson et al., 1982] but the laser did 

not remain tuned to the non-Doppler broadened transition for periods of more than 

several seconds, hence polarizations were unstable. Furthermore, the spontaneous 

bleaching exhibited by the color centers rendered that laser impractical for routine 

daily use. The next attempt at improving the polarizations of the He[23S1] metastable 

beam was made using an unstabilized LNA laser. Although the LNA laser would 

operate indefinitely, its frequency stability was such that it remained tuned to the 
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atomic transition for no more than a few seconds at a time, and it became apparent 

that a more sophisticated laser would be required to obtain stable optical pumping. 

In transverse optical pumping of atom beams, Doppler broadening effects are 

small (typically< -25 MHz) because both the laser and atomic beam divergences are 

small. The 23S1 H 23P0,1.2 transitions have natural linewidths of -1.6 MHz, and the 

effective linewidths are Doppler broadened to -20 MHz; therefore the frequency of 

the optical pumping radiation must be carefully controlled to obtain stable, efficient 

optical pumping. Thus with frequency stabilization, atomic beams can be pumped 

successfully by lasers.[McClelland and Kelley, 1985] The output of such lasers is 

emitted from a single cavity mode, the frequency of which can be actively stabilized 

to within a few megahertz of the desired frequency for periods of hours. However, 

these lasers can be quite complex and difficult to maintain. 

As an alternative to the use of frequency-stabilized lasers, a technique for 

applying inexpensive multimode lasers to optical pumping has been developed at 

Rice. The output frequency distribution of a multimode laser consists of emissions 

from several discrete cavity modes defined by the boundary conditions at the end 

mirrors of the laser cavity.[Yariv, 1975, § 7.3] The frequencies of the allowed 

cavity modes are functions of the cavity length and end mirror curvatures. Although 

lasing may only occur at cavity-mode frequencies, gain competition between modes 

may prevent some of them from lasing. Since it is not guaranteed that some cavity 

mode corresponding to the optical pumping transition frequency will be lasing, stable 

optical pumping using a multimode laser requires that the output power and mode 

spacing be such that large photoexcitation rates are obtained even under the 

worst-case condition that the transition frequency lies midway between adjacent 

lasing cavity modes. 
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Earlier work in this lab has demonstrated that stable efficient optical pumping 

can be obtained using a low power multimode laser if its output frequency is 

modulated.[Giberson et al., 1985; Lynn et al., 1986] If the modulation period is 

short compared to the illumination time of the individual atoms, then each atom 

experiences a quasi-continuous distribution of output frequencies. Laser tuning is 

less critical, and the average photoexcitation rate is sufficient to obtain efficient 

optical pumping even with low laser output powers. The necessary frequency 

modulation is accomplished by changing the optical length of the laser cavity, either 

by an intracavity phase/frequency modulator, or by vibrating one of the cavity end 

mirrors. Atomic beam polarizations resulting from the use of this technique approach 

100 %. 

Unfortunately, this technique cannot easily be applied to an LNA laser. 

When a laser is frequency modulated, the positions of the nodes and antinodes of the 

lasing electric field are time-dependent, inducing fluctuations in the spatial 

distribution of gain in the active medium, which then cause sympathetic oscillations 

in the laser output power.[Yariv, 1975, §11.4] This problem was not encountered 

with the Spectra-Physics 375B high pressure jet dye laser used in earlier frequency 

modulation experiments because of the small mode volume, 30 J.lii1 x 300 J.liil, the 

instability already present in the dye jet, the large dye photoexcitation rate, and the 

short fluorescent lifetime of the upper lasing level of the dye molecules, -10 ns. 

However, there is not commercially available a dye suitable for application to 

pumping helium, leaving LNA as the preferred gain medium. In a solid state 

medium such as LNA the amplitude instabilities just discussed can be of sufficient 

magnitude that lasing ceases during each modulation cycle, rendering the laser 

unsuitable for optical pumping. 
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Another approach explored for increasing the optical pumping stability is to 

increase the effective width of the transition by using a beam of optical pumping 

radiation with a large divergence angle, thereby increasing the Doppler width. The 

apparent Doppler width increases as the sine of the half angle of divergence, while 

the maximum attainable polarization decreases from one as the cosine of the half 

angle. This technique was tested using the unstabilized LNA laser. Before 

illuminating the atom beam, the laser output beam was passed through a cylindrical 

diverging lens resulting in a divergence half angle of -10°. Although stable 

polarizations of -70% were obtained for periods of -60 minutes, still higher 

polarizations were desired, and a frequency-stabilized laser system provided the only 

option. 

For these reasons it was decided to design and construct a frequency

stabilized, single-mode LNA laser. As the laser is for daily use in an experimental 

physics lab, a secondary design goal was that operation and maintenance of the laser 

be simple. Single-mode lasers are typically designed around a ring resonator, so that 

the resulting traveling wave within the optical cavity can take advantage of all gain 

present. However, ring lasers can be tedious to align and operate, therefore it was 

decided to abandon the typical ring configuration in favor of a simpler linear cavity 

arrangement. It should be noted that under some conditions, the efficiency of 

standing wave lasers approaches that of traveling wave lasers.[Pinard et al., 1979] 

The final design is the folded cavity arrangement shown in Figure 4-1. The 

central component of the laser is a c-axis cut LNA crystal 5 mm in diameter and 

6 mm long. The ends of the crystal are antireflection coated, and it is mounted in a 

liquid-cooled copper block. The crystal is excited by the focused 514.5 nm output 

from an argon ion laser that enters the laser cavity through a dichroic mirror. The 
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fused quartz focusing lens has a focal length of 10 em and is antireflection coated. 

The LNA crystal is mounted very close to the high reflector that is at one end of the 

laser cavity. This arrangement provides maximal spacing between adjacent hole 

burning modes and makes it easier to obtain stable single-mode 

operation.[Demtroeder, 1981] Coarse tuning of the laser is provided by a two

element birefringent filter; fine tuning is accomplished using two solid fused quartz 

etalons. The first of these is uncoated and has a free spectral range (FSR) of -900 

GHz, the second has 50% reflective coatings on each face and an FSR of -100 GHz. 

The angle of this second, thick etalon can be adjusted electrically using a mount that 

is actuated by the voice coil in a small loudspeaker.[Winkler and Kowalski, 1977] 

To permit stabilization of the optical path length of the cavity, the output coupler is 

mounted on a piezoelectric translator (PZT); and a galvanometer-driven 2.5 mm-thick 

fused quartz plate set nominally at Brewster's angle (termed the Brewster plate) is 

included in the cavity. With a 95% reflective output coupler the laser provides 

stable, single-mode 1.083 J.Un output powers of -70 m W when pumped with 5 W at 

514.5 nm from an argon ion laser. Pump radiation present in the laser output beam 

is removed by a filter made of Schott RG850. 

The laser output frequency is stabilized by reference to a temperature

stabilized confocal etalon (a Burleigh Instruments Model CFT 25 having a finesse of 

-5 and an FSR of -3 GHz). A block diagram illustrating the operation of the 

stabilization loop is shown in Figure 4-2. A small fraction of the laser output is 

directed through the reference cavity, and the transmitted power is measured using a 

photodiode. Because transmission through the reference cavity is frequency 

dependent, the laser output frequency can be stabilized simply by maintaining this 

transmission constant. A second photodiode is used to monitor the laser output 
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power, and the ratio of the two photodiodes provides a signal directly proportional to 

the fractional transmission through the reference cavity. This signal is compared to a 

preset level that corresponds to 50% transmission; and as it departs from the preset 

level, an error signal is generated which is then used to control the active elements in 

the cavity and return the output frequency to the desired value. Because the 

transmission through the reference cavity will increase or decrease as the laser output 

frequency increases or decreases, the sign of the error signal indicates the direction 

in which the active elements must be adjusted. 

The laser incorporates three feedback loops. The first, with the highest 

frequency response, controls the position of the output coupler (which is mounted on 

the PZT) via a fast integrator and a high-voltage amplifier (-5V < Vin < +5V; 0 < 

V _ < 1200V). The amplifier has an internal offset so that the PZT is biased at 

+610 V when the error signal is zero. This insures that both positive and negative 

fluctuations in output frequency can be equally well handled. However, the PZT 

provides only for a limited range of travel (-±1 J.Lm) and the Brewster plate is 

included to compensate for larger, but slower, changes in cavity length due, for 

example, to thermal expansion and flexing of the table on which the laser is 

assembled. The Brewster plate is mounted on a galvanometer drive and its angle, 

and hence its optical thickness, is controlled by a second integrator and associated 

current driver. If the required compensation is such that the galvanometer drive 

nears one of the limits of travel, then this condition is sensed by a window 

comparator that resets the integrator and momentarily clamps the galvanometer in the 

middle of its scan range. The control electronics then reestablish stabilized operation 

at the selected frequency, but on a different longitudinal cavity mode. This reset 

cycle is completed in < -50 ms. 
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The angle of the thick etalon is not continuously adjusted. The etalon is, 

however, automatically reset should it become detuned due to mechanical shock, 

thermal expansion, or other cause, thus preventing lasing at the selected frequency. 

If this occurs, the output of the first (PZT) integrator saturates, thus triggering, via 

comparators, one of two monostable multivibrators. This causes a measured charge 

to be injected, through either of two analog switches, into a third integrator which 

controls the angle of the thick etalon. The quantity of injected charge is chosen so 

as to rotate (in the appropriate direction) the thick etalon an amount that corresponds 

to the changing of the etalon center frequency by one half of the cavity mode 

spacing, -150 MHz. If this is not sufficient to allow stabilized operation to be 

reestablished, the triggered monostable holds its output level and a constant current is 

supplied to the integrator to continue rotation until stabilized operation can be 

reestablished. The output of the first integrator is then no longer saturated, the 

monostable releases, charge injection ceases, and the etalon maintains its new 

position. Etalon reset cycles are typically completed within -300 ms, even after 

deliberately striking the optical table on which the laser is assembled. 

Under normal operating conditions reset cycles for the Brewster plate or thick 

etalon are rare and typically occur only once an hour or so. Sudden changes in 

laboratory temperature or unusual mechanical vibrations, however, can trigger more 

frequent reset cycles. The laser is tuned by tuning the reference cavity, and smooth 

continuous tuning over a range of -±5 GHz has been achieved by use of linear feed 

forward inputs to the Brewster plate and etalon integrators, causing them to track the 

reference cavity. Figure 4-2 shows only the feedback loops, the feed forward 

circuitry having been omitted for clarity. A complete description of the laser and 

associated electronics is presented in the appendices. 
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Although the present control circuitry is much simpler than that typically 

employed in stabilized lasers, it is nonetheless capable of maintaining stable long

term operation. This is demonstrated by its ability to provide very efficient, stable 

optical pumping of a collimated He[23S1] atom beam. The present apparatus, which 

has been described in detail elsewhere,[Riddle et al., 1981] is shown schematically in 

Figure 4-3. A beam of ground-state thermal energy helium atoms is produced by 

effusion through a multichannel array. A fraction of these atoms is excited to 21.3S 

metastable levels by coaxial electron impact. The 21 S0 atoms are removed from the 

beam by irradiating it with A.=2.058 J..lill light from a helium discharge lamp that 

excites transitions of the type 21S0 ~ 21P1 ~ 11S0• The 23S1 atoms are not similarly 

deexcited as the 23S1 level is the ground state of the triplet system. Charged particles 

are removed from the beam by a transverse electric field. The atoms then enter a 

weak magnetic field, perpendicular to the beam, that preserves a well-defined 

quantization axis. The 23S1 atoms are optically pumped, using circularly-polarized 

1.083 J..lill 23S1 H 23P2 radiation, incident parallel to the magnetic field, from the 

LNA laser. The laser beam is reflected so as to make two passes through the 

metastable beam, illuminating it for -1 em. Because the mean reciprocal metastable 

atom velocity is -10·5 sec/cm,[Rundel et al., 1974] atoms will, on the average, be 

illuminated for -10 J.Ls. Following optical pumping, the beam polarization is 

determined by spatial separation of the m1 (m8) components using a Stem-Gerlach 

(SG) analyzer, with the metastable atoms being detected using a moveable 

Channeltron electron multiplier. The time-averaged Channeltron count rate is 

measured as a function of time as the detector position is linearly scanned, thereby 

generating the spatial profile of the atom beam at the output of the SG analyzer. 

Figure 4-4a shows the spatial profile at the output of the SG analyzer in the 
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absence of optical pumping. Figures 4-4b and 4-4c show the spatial output of the 

SG analyzer with right- and left-hand circularly-polarized optical pumping radiation 

supplied by a radio-frequency discharge lamp. Figures 4-4d and 4-4e are SG profiles 

obtained using right- and left-hand circularly-polarized radiation supplied by the laser 

tuned to the 23S1 H 23P2 (D~ transition. Because of Zeeman splitting due to the 

magnetic field applied in the optical pumping region and the narrow effective 

Doppler width of the transition, the laser must be slightly retuned to obtain optimized 

optical pumping when changing the sense of circular polarization of the pumping 

radiation. This retuning, however, can be accomplished electrically, permitting rapid 

modulation of the beam polarization. It is apparent that the present laser can provide 

very efficient optical pumping and beam polarizations approaching 100%. Indeed, 

the small remaining mr=O feature may comprise residual 21S0 atoms in the beam, or 

may result from imperfect circular polarization of the optical pumping radiation or 

from inhomogeneities or misalignment of the magnetic field in the optical pumping 

region. The optical pumping stability was excellent. He[23S1] polarizations in excess 

of 96% could be routinely maintained for periods of several hours without need to 

adjust the laser or reference cavity. In no instance did an etalon or Brewster plate 

reset cycle result in the laser locking in error to a different mode of the reference 

cavity. 

The beam polarizations and stability obtained using the LNA laser are much 

higher than have been achieved previously using helium discharge lamps or NaF 

(Ftr color center lasers.[Giberson et al., 1982] The increased beam polarizations 

will permit more detailed studies of spin dependences in surface-metastable 

interactions. In addition, Penning ionizations in collisions with spin-singlet targets 

such as argon will provide a novel source of highly polarized electrons (with known 
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polarization equal to that of the He[23S1] beam) for application in, for example, the 

calibration of Mott polarimeters. 

The stabilized laser is suitable for many applications requiring the excitation 

of the He[23S1] H He[23P0,1.J transitions. For example, spin-polarized helium ions 

can be obtained by using the LNA laser to spin-polarize He[23S1] metastable atoms 

and maintain a population of P-state atoms, which then can be photoionized using 

the deep ultraviolet emissions from an argon ion laser. The polarized helium ions 

thus generated could then be used to study the spin dependences in ion-atom or ion

metastable collisions or for studying surfaces. The LNA laser can be applied to the 

measurement of the hyperfine splitting of He3 or to laser cooling of He[23S1] 

metastable atoms. The cooled atoms could then be used to observe Bose-Einstein 

condensation of the helium atoms. A helium fountain could be the basis for a highly 

sensitive magnetometer that measures magnetic field by measuring the Larmor 

frequency of the atoms. The stabilized LN A laser can also be used for variety of 

helium spectroscopic studies. 



Chapter Five 

The LNA Laser Applied to Atomic and 
Molecular Spectroscopy 
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The LNA laser is particularly well suited for application in absorption and 

fluorescence spectroscopy of helium. Dynamic absorption measurements of 

1.083 J..lm He[23S1] H He[23P0,1.J resonance radiation have been used to observe the 

destruction of Helium 23S1 metastable atoms as they are converted into He2[a 3Lu+] 

metastable molecules in three-body gas-phase reactions of the type 

5-1 

The existence of a weak (-65 meV) repulsive barrier in the He·-He potential at an 

internuclear separation of -5.1 Bohr radii (a,) gives rise to a strong temperature 

dependence in the reaction rate. This temperature dependence has been observed, 

and a kinetic model developed to explain the results. 

A schematic diagram of the apparatus used in this investigation is presented 

in Figure 5-l. Briefly, a pulsed rf discharge creates metastable He[23S1] atoms, and 

the time-evolution of their decay is observed by monitoring the absorption of 23S1 H 

23P 0•1.2 resonance radiation passing through the afterglow. Prior to taking data, the 

sample cell is filled with high-purity helium (amounts of impurities at the part-per 

million level can significantly reduce the 23S1 lifetime through Penning ionization 

reactions). The sample cell is first baked and discharge-cleaned before being filled 

from vacuum with high purity helium. A discharge is then ignited in the sample 

cell, and the purity of the gas fill is verified by observing the discharge spectrum 

using a hand-held spectroscope. If any continua, or lines not characteristic of helium 

are observed, the cell is purged and the cleaning procedure continued. Once a pure 

sample is obtained, data acquisition begins. A helium plasma is first generated by 



light 
source 

(ij 
c 
OJ 

i:i5 
Q) 

"0 
0 
'5 
.8 
0 

.I:: 
c... 

aperture 

l_ 

Time 

gas cell 

pulsed 
RF 

power 

to vacuum system 

1.08)lm 
interference 
fllter 

master 
generator 

eductor 

recorder 

Figure 5-l. Apparatus used to observe He[23S1] concentration as 
metastable atoms are converted to metastable molecules. The inset 
shows the photodiode signal as a function of time. The initial spike is 
caused by the rf pulse. 

40 



41 

pulsed 3.03 MHz radio-frequency excitation. The rf pulses are generated by a 

frequency synthesizer gated into a rf power amplifier by use of an electronic switch, 

which in turn is actuated by a variable width pulse generator triggered by a crystal 

oscillator master time base and sequencer. The He[23S1] population in the afterglow 

is monitored by directing helium 23S1 H 23P0,1.2 resonance radiation from either a 

helium discharge lamp or the LNA laser through the afterglow and monitoring the 

absorption using a photodiode. The time evolution of the absorbance of the 

afterglow is measured using a gated ADC and is stored in a 1 024-channel signal 

averaging waveform eductor. RF pulse repetition rates were selected to minimize 

data acquisition time while being careful not to heat the gas fill, and typically varied 

between 50 and 150 per second. Data are accumulated following many rf pulses 

until acceptable signal-to-noise ratios are achieved, at which time the contents of the 

eductor memory are output to an x-y recorder. 

The temperature dependence of the reaction rate was determined by making 

measurements at different temperatures ranging from 65K to 700K. Temperatures 

below ambient were obtained by immersing the sample cell into a window-equipped 

dewar filled with liquid nitrogen, argon, Freon-14, and a dry ice-Freon-11 mixture. 

Above-ambient temperatures were obtained by use of an oven having optical 

windows. 

Metastable lifetimes were extracted from semi-log plots of the fractional 

absorption versus time. A typical such plot is shown in Figure 5-2. Helium 23S1 

metastables are destroyed through several channels, with the mechanism represented 

by Equation 5-1 being only one of them. The reactions of interest and appropriate 

rate equations are: 

(1) Diffusion to the container walls, where He[23S1] atoms deexcite to 
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end of rf excitation. 

3 

42 



the l 1S0 ground state. The corresponding rate of destruction of 

He[23S1] atoms is given by 
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dMtfdt = -8(N)V2Mt/1\,2, 5-2 

where M1 and N are the (time and position dependent) densities of 

He[23S1] metastable and ground state helium atoms, 8(N) is the 

diffusion coefficient of 23S1 atoms in helium gas, and 1\, is the lowest-

mode diffusion length. 

(2) Penning ionization reactions involving collisions between two 

He[23S1] metastable atoms or between a He[23Stl and a Hez[a 31:/] 

molecule, the net loss rate being given by 

dMtfdt = - ~uM12 - ~12M1M2, 

where M2 is the Hez[a 3~·] density, and ~n and ~12 are the reaction rate 

constants. 

(3) Deexcitation to the ground state through superelastic electron

metastable collisions, with a rate given by 

dMtfdt = - y1M1llc, 

where Y1 is the reaction rate coefficient and llc is the free electron 

density. 

(4) Conversion of He[23Stl metastable atoms to He2[a 3~·] metastable 

molecules in the aforementioned three-body collision. Conversion is 

described by 

5-3 

5-4 

dMtfdt =- BWM1, 5-5 

where a is the reaction rate coefficient. 

Helium [23S1] metastable atoms are created in the following reactions: 



(1) Recombination of atomic ions with electrons, producing He[23S1] 

metastables directly or via cascade from other triplet levels. The rate 

of formation of 23S1 atoms through this process is 

dM/dt = ku<X1nJ11t 

where Mh ne, and n1 denote the (time and position dependent) densities 

of He[23S1] atoms, electrons, and He+ ions; k11 is the recombination 

rate coefficient and <X1 is the fraction of recombinations that result in 

the formation of 23S1 atoms. 

(2) Recombination of molecular ions with electrons, described by the 

equation 

dM/dt = k21~nJlz, 

where n2 is the Hez+ density, and k21 and~ are analogous to constants 

in Equation 5-6. 

(3) Conversion of He[21S0] atoms to He[23Sa atoms in superelastic 

electron-atom collisions, with a rate given by 

dM/dt = 'YoM..Oe, 

where 'Yo is the rate constant and M, is equal to the He[21S0] density. 
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5-6 

5-7 

5-8 

Although all of these reactions must be taken into account to obtain a proper 

description of the time evolution of the He[23S1] metastable atom density, Mh it is 

possible to isolate the effects of He[23S1] to Hez[a 31:/] conversion (Equation 5-5) by 

judicious choice of helium gas density N, rf pulse energy and duration, and the time 

interval during which M1 is monitored. In contrast to the other metastable decay 

processes noted, the molecular conversion rate varies as the square of the helium gas 

density, N2. This provides a convenient means to verify that the He[23S1] decay 
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observed is due to molecular conversion. The time dependence of the 2351 atomic 

population due to this process is given by 

M1(t) = Ml,(t=O>exp[-o(T)N4:]. 5-9 

Effects due to other 2351 loss mechanisms can be minimized as follows. Ions 

produced in the rf discharge are quickly neutralized by free electrons, and the 

resulting triplet excited-state atoms decay rapidly (on times scales < - 50 Jls) to the 

2351 metastable state. Thus contributions to 2351 decay resulting from collisions with 

free electrons are small > -50 Jls into the afterglow. Thus by recording data at times 

greater than 50 Jls from the end of the rf pulse, changes in the 2351 population due to 

free electron-induced processes can be minimized. Loss of metastable atoms by 

diffusion to the container walls is minimized by maximizing the dimensions of the 

sample cell, and the sample cell was designed to be as large as possible while still 

allowing rf breakdown and the illumination of the entire volume with probe 

radiation. Helium 2351 destruction due to Penning ionization is minimized by 

keeping the concentrations of He[23S1], He[21S0], and He2[a 3I:/] low by use of a 

weak discharge, which also lowers the free electron density. Finally, the molecular 

conversion process is enhanced by maintaining a high helium gas density. 

The rate for the metastable atom to metastable molecule conversion reaction, 

divided by absolute temperature, is plotted on a logarithmic scale as a function of 

reciprocal-temperature in Figure 5-3. Data corresponding to higher temperatures are 

well fit by a function of the form 

O(T) = 9.84 T exp(-750{f), 5-10 

which is consistent with a two-step thermally-activated reaction wherein a He[23S1] 

metastable atom and a He[21S0] ground-state atom collide with sufficient energy to 

overcome the repulsive barrier, and the resulting transient He2"" reaction complex is 
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then stabilized by a subsequent collision with a ground-state helium atom that 

removes the excess energy. The form of the reaction rate coefficient presented in 

Equation 5-10 is justifiable if the line-of-centers approximation [Laidler, 1987] is 

used to obtain a closed-form expression for the reaction cross section a(E) for the 

formation of the H~·· reaction complex, giving 

a(E) = <lo(E-E.,)/E, 5-11 

where E is the kinetic energy of the collision, <l0 is the high energy limit of the cross 

section and Eo is the activation energy of the reaction. The line-of-centers 

approximation assumes hard-sphere collisions that result in the completion of a 

reaction whenever the radial component of the kinetic energy at the moment of 

collision, mv2 .. m.J2, exceeds the activation energy. Integrating (averaging) over a 

Maxwell-Boltzmann energy (velocity) distribution yields a reaction rate 

R(T) = 0"0<V>exp(-EJkT) 5-12 

for the formation of the H~·· complex. Thus the number Zo of these reaction 

complexes formed per unit time per unit volume is 

Zc, = R(T)NM1 = NM1<lo<v>exp(-EJkT), 5-13 

where N is the ground state helium atom number density and M1 is the 23S1 

metastable atom number density. The lifetime of the reaction complex, to, will be on 

the order of one molecular vibrational period, and is assumed independent of 

temperature. Hence, the unstabilized H~·· number density M2 is 

Mz = toNM1<lo<v>exp(-EJkT). 5-14 

If the effective reaction cross section for H~·· stabilization by collision is <l1 and is 

assumed to be temperature independent, then the rate of formation of stable H~· 

molecules due to this process is given by 

Z1 = toWMtO"o<lt<v>2exp(-EJkT). 5-15 



Since <v>-T112, then the rate constant O(T) is expressible as 

O(T) = P1Texp(-EjkT), 
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5-16 

where P1 absorbs all of the constants. The experimentally determined value of the 

activation energy, 63±6 meV corresponding to a temperature of 750±70K, is 

consistent with the calculated He[23S1]-He potential barrier height. 

The low-temperature dependence of the rate constant departs from this 

simple behavior as would be expected given the collision dynamics. Collisions at 

low temperatures have insufficient energy to overcome the potential barrier and form 

the H~·· complex, hence molecular conversion occurs only via true three-body 

collisions. It is interesting to note, therefore, that the low-temperature dependence of 

the rate constant as shown in Figure 5-3 resembles that for two-body collision 

followed by third-body stabilization reactions having an effective activation energy of 

-22±3 meV. 

To verify that the observed destruction of He[23S1] metastable atoms resulted 

from conversion to metastable He2[a 3l:./] molecules, another series of experiments 

was undertaken in which the formation of the metastable molecules was monitored 

by observing the absorption of 918.3 nm He2[2s a 3l:.u+] H H~[3p c 3l:.1+] resonance 

radiation in a manner entirely analogous to that used to monitor the concentration of 

He[23S1] atoms. The required 918.3 nm radiation was supplied by a Spectra-Physics 

375B dye laser using Styryl-9 as the dye. The time dependence of the metastable 

atom and metastable molecule densities is shown in Figure 5-4 for two different sets 

of conditions. It is apparent that the appearance of the molecules coincides with the 

destruction of metastable atoms, a strong indication that 23S1 metastable destruction 

results from molecule formation. 

The present work shows conversion of He[23S1] metastable atoms into 
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H~[a 31:/] metastable molecules via three-body reactions proceeds via two apparently 

different channels with corresponding different activation energies. A kinetic model 

has been developed which identifies one of the activation energies with the long

range He[23S1]-He[21S0] repulsive barrier, and the other may represent the average 

barrier experienced by atoms in true three-body collisions. This work will be 

extended further to test the possibility that quantum mechanical tunneling plays a 

role in the second reaction channel. If so, the measured rate at low temperatures 

should be altered dramatically when the experiments are repeated using the mass

three isotope of helium. 



Chapter Six 

Conclusions 
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LNA lasers represent a significant advance in the search for a source of 

1.083 J.1m He[23S 1] H He[23P 0,1,J resonance radiation for application in helium 

optical pumping and spectroscopic studies. Such a laser can be used to electron 

spin-polarize helium metastable atoms resulting in higher polarizations than 

previously attained. The polarized atoms can then be used to study spin dependences 

of atom-metastable, molecule-metastable, and surface-metastable interactions. 

Spin conservation in Penning ionization reactions involving polarized helium 

atoms forms the basis of the Rice Flowing Afterglow Polarized Electron Source 

which provides a beam of electrons having polarizations in excess of 70 % even at 

currents of tens of microamperes. Polarized helium metastable atoms can be used in 

Spin-Polarized Metastable Atom Deexcitation Spectroscopy, a highly surface-specific 

probe that reveals surface electronic and magnetic structure. Polarized He[23P:J 

atoms can be photoionized by light from an ultraviolet laser to produce polarized 

helium ions, which then may be used to study spin dependences in ion collisions 

with molecules, atoms, and nuclei. 

The radiation from the LNA laser can also be used to cool helium atoms for 

use in studying the quantum mechanical properties unique to Bose-Einstein 

condensation. 

Optical absorption measurements using the LNA laser can be used to monitor 

the concentration of He[23SJ metastable atoms in a plasma, thereby forming the 

basis of a method to measure reaction rates for helium metastable atoms. 

Clearly, the LNA laser is an important tool with application in many areas of 

experimental physics. Several LNA lasers have been built at Rice for application in 
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these different areas. The most sophisticated of the LNA lasers constructed in the 

present work is a single-mode, frequency-stabilized laser locked to a tuneable, 

confocal Fabry-Perot reference cavity. This smoothly-tuneable laser is ideally suited 

to all of the above applications, and results from its use represent the state of the art 

as concerns helium optical pumping. 
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Appendix A 

The Birefringent Filter 

The near-zero insertion loss of the birefringent filter, also called a Lyot filter, 

has made the birefringent filter the device of choice for tuning cw lasers. Its 

operation can be understood most easily by recognizing that it is a variable-delay 

retardation plate inserted into the laser resonator at Brewster's angle. Polarized laser 

radiation incident on the filter can be considered in terms of two orthogonal 

eigenvectors in the filter. These eigenvectors travel at different speeds, thus the filter 

introduces a phase delay between them. This phase delay corresponds to a path 

length difference, and is approximately wavelength independent. However, the 

fractional wavelength difference, thus the relative angular phase shift between the 

emerging waves is wavelength dependent. The relative phase shift between the 

orthogonal polarization eigenvectors introduced by the filter can be adjusted by 

rotating the filter about an axis normal to its surface. The filter is designed so that 

at any specified rotation angle there exists a single wavelength A0 within the gain 

curve of the laser at which the polarization eigenvectors suffer a relative angular 

phase shift equal to an integral multiple of 21t. Radiation at this wavelength passes 

through the filter without net change in its state of polarization, and is thus 

unaffected by the filter. For all other wavelengths some change in the state of 

polarization occurs; in particular incident linearly polarized radiation becomes 

elliptically polarized. Given that the laser cavity incorporates several elements set at 

Brewster's angle, the cavity losses are least for P linearly polarized radiation. In 

consequence, changes in the state of polarization induced by the birefringent filter for 

wavelengths other than A0 cause radiation at these wavelengths to experience greater 

losses than experienced by radiation at A0 • These losses are compounded by multiple 
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passes through the laser cavity, thus forcing lasing at ~. By rotating the filter about 

its axis, the preferred wavelength ~ is changed, and tuning is thereby obtained. 

Birefringent filters are usually constructed from crystalline quartz. Quartz is a 

positive, uniaxial birefringent crystal, meaning that two of three orthogonal index 

axes are equal and shorter than the third axis. A birefringent filter is fabricated 

from one or more quartz plates cut with the optic axis in the plane of the plate as 

shown in Figure A-1. 

· Linearly polarized light incident on the plate is decomposed into two linear 

polarization eigenvectors that travel at different speeds within the quartz crystal. The 

electric field vector of the faster component is perpendicular both to the propagation 

direction and the crystalline optic axis. This component is termed the ordinary ray, 

and its index of refraction is invariant, being equal to the ordinary index of refraction 

of quartz. The electric field vector of the slower component, called the extraordinary 

ray, is perpendicular to the propagation direction and the electric field vector of the 

ordinary ray. Assuming that the incoming light is incident off normal, then as the 

birefringent plate is rotated about a surface normal, the projection of the 

extraordinary electric vector onto the optic axis changes; and therefore the index of 

refraction appropriate to the extraordinary ray changes, and hence its propagation 

velocity. The index of refraction experienced by this ray is derived in Appendix B 

and is 

A-1 

where the angles are defined in Figure A-1. The apparent optical path length 

difference between the ordinary and extraordinary rays is given by 

A-2 
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Figure A-1. Diagram of a single birefringent plate showing relevant 
angles. 
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where T is the thickness of the birefringent plate, ne is equal to 1.5534, the 

extraordinary index of refraction of quartz and Do is the ordinary index of refraction 

of quartz, equal to 1.5443. The relative spatial phase delay per unit length, Btr, is 

plotted in Figure A-2. In this case, a is fixed at Brewster's angle, -57°. 

As previously mentioned, the lasing wavelength is that wavelength whose 

components undergo a relative angular phase shift equal to an integral multiple of 

21t. This phase shift corresponds to a spatial phase delay equal to an integral 

number of wavelengths. Hence, Figure A-2 may also be viewed as a plot of the 

lasing wavelength, expressed in units of plate thickness T, versus the tuning angle <I>· 

As described, a single birefringent plate can tune a cw laser, however the 

resultant spectral bandwidth is not sufficiently narrow for many applications. The 

fractional change in relative phase shift divided by change in wavelength, flB/ fl'A, is a 

measure of the dispersive power of a birefringent plate, and is proportional to the 

plate thickness. Hence a thin plate does not offer strong rejection of wavelengths 

near the lasing wavelength. The addition of a second birefringent plate, thicker than 

the first, can narrow the bandwidth of the laser without detuning the laser, provided 

that the spatial phase delay introduced by the second plate is an integral multiple of 

A0 • In that case, the angular phase shift for light at the desired wavelength passing 

through the second plate is an integral multiple of 21t, and light at Ao emerges from 

the second plate with no net change in its polarization. However the angular phase 

shift for light near the desired wavelength is not precisely 21t radians in the first 

plate, and it departs further from an integral multiple of 21t in the second plate. This 

results in a substantial change in the polarization state and increased cavity losses of 

nearby wavelengths, thereby narrowing the laser wavelength spread. 



1.() 
1'- -(/) 

<1.) 
<1.) 
lo-

0 Ol 
<1.) 

lO ""0 -
1.() 

-s-
~ w 

_j 
<.9 
z 

0<! 
r0 

<.9 
z -z 

1.() :J 
~ 

0 
C\J 0 ro lO ~ C\J 0 
1'- lO ~ r0 C\J -
0 0 0 0 0 0 
o. 0 0 0 0 0 - - - --

j_j~ 

Figure A-2. Relative optical path length difference per unit thickness 
of a birefringent plate as a function of rotation angle <j>. 

57 



58 

If the ratio of the thickness of the second plate to the thickness of the first is 

precisely an integer N, and the optic axes of the two plates are parallel, then the ratio 

of the relative phase delays within the two plates is also given by that integer N, for 

any tuning angle <j>. A multiple plate birefringent filter so constructed exhibits 

smooth, continuous tuning and narrow bandwidth. 

The order number M of a birefringent plate is defined as the relative spatial 

phase delay between the polarization eigenvectors at some specified wavelength A0 

when passing through that plate, divided by that wavelength; and it is possible to use 

a thin plate that operates with an order greater than one. The only requirement is 

that laser gain must not exist for wavelengths accessible with different order 

numbers. From the definition of M, then the lasing wavelengths are given by 

MA.(M)=0(9,<j>) A-3 

which is equivalent to 

A.(M)!f=0(9,<j> )/(TM) A-4 

Thus, o(S,<j> )/(TM) gives the lasing wavelengths in units of the plate thickness. This 

function is plotted in Figure A-3 for several values of M. Most wavelengths 

available to a filter operating in third order are not accessible through other orders, 

and although orders four and five overlap, they do so only for widely separated 

values of the tuning angle <j>. For orders five and higher, several distinct wavelengths 

having laser gain have negligible loss, and may lase. Hence it is practical to 

construct a general-purpose birefringent filter having a thin plate that operates in 

orders one, two, three, or four. The advantages afforded by higher order designs are 

narrower spectral linewidth for a fixed number of plates, and increased mechanical 

strength. The thickness for a first-order plate operating at 600 nm is about 

600nm/(5.4 E-3)=.1lmm, which would make the plate very fragile. Additional plates 
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may be added to narrow further the linewidth while preserving smooth tunability if 

the thickness ratios are precisely equal to the ratios of the orders. The Spectra

Physics Model 573 Birefringent filter is a 4:16:64 design when operated in the 

visible spectrum. Preuss and Gole [Preuss and Gole, 1980] describe a device with 

ratios of 4:8:60 that performs excellently between 440nm and 660 nm. 

The plates of a multi-plate filter can be accurately aligned using a procedure 

outlined by Mudare and O'Shea [Mudare and O'Shea, 1983]. The thinnest plate of 

the filter is inserted into an operating laser cavity. A diffraction grating is placed in 

the output beam, and the motion of the diffracted spot on a suitably placed target 

renders the tuning range and smoothness visible as the plate is rotated about the 

tuning angle <I>· An order having the proper tuning range is selected, the thin plate is 

affixed to its mount, and the laser is tuned to some convenient reference wavelength. 

A monochromator or resonance scattering from an appropriate atomic discharge lamp 

may be used to define the reference wavelength. The tuning range of a single plate 

may be improved by using a low-loss output coupler having R > 98%. After the 

laser is tuned to the reference wavelength, the second plate is inserted with its optic 

axis aligned as closely as possible to that of the first plate. The second plate only is 

rotated as little as possible to recover the reference wavelength, and it is fixed to its 

mount. The entire filter assembly in its mount is rotated to scan the full tuning 

range, and the diffracted beam from the grating is carefully observed. The tuning 

range of the single plate should be completely covered and possibly extended. The 

scan should be smooth, and any discontinuous wavelength jump indicates that the 

second plate is not properly aligned with respect to the first. If tuning is not smooth, 

then the second plate is removed, the laser is tuned to the reference wavelength, and 

the second plate is reinserted into the laser. The laser is tuned to the reference 
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wavelength, again by adjusting only the second plate, but a different order and 

angular position are used. Smoothness of tuning is checked, and different orders are 

tried until the laser tunes smoothly over the range observed with the single plate. 

After the second plate has been aligned, additional plates are installed in the same 

manner, treating all previously installed plates as a single fixed plate filter. 



Appendix B 

Retardation of a Birefringent Plate 

(This appendix is based on a paper by Preuss and Gole [Preuss and 
Gole, 1980]) 
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Light traveling through a birefringent retardation plate may be considered in 

terms of two orthogonally polarized eigenvectors that have different propagation 

velocities. Although these rays travel (nominally) the same geometrical distance 

within the plate, their optical path lengths differ, hence they emerge from the retarder 

with a relative angular phase different from that when they entered; resulting in a 

change in the state of polarization of the emerging beam. Thus if a linearly

polarized wave is incident, some of the optical power may be transferred to the 

polarization state orthogonal to that of the incident light by passage through the 

retardation plate, and this forms the basis of the birefringent filter. 

The particular system under consideration, illustrated in Figure B-1, consists 

of a single birefringent quartz plate having thickness T. The crystalline optic axis is 

in the plane of the plate. Quartz is a positive, uniaxial birefringent crystal, 

meaning that two of three orthogonal index axes are equal and shorter than the third 

axis. This third axis is the optic axis. The electric field vector of the faster traveling 

component is perpendicular both to the propagation direction and the crystalline optic 

axis. This component is specified as the ordinary ray, and its index of refraction is 

invariant, being equal to the ordinary index of refraction of quartz. The electric field 

vector of the slower traveling component, termed the extraordinary ray, is 

perpendicular to the propagation direction and to the electric field vector of the 

ordinary ray, and therefore lies in the plane defined by the optic axis and the ray 

propagation direction. The propagation speed of the extraordinary ray is equal to the 
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Figure B-1. Diagram of a single birefringent plate showing relevant 
angles. 
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weighted average of the propagation speeds of the components having electric field 

vectors parallel to and perpendicular to the optic axis, as diagramed in Figure B-2. 

The velocity of the extraordinary ray is 

where 

Epara = Eesin(~) 

Eperp = Eecos(~) 

vpara = c/ne 

v perp = c/n., 

ve(~) = c/ne(~) 

It is straightforward to solve for ne(~). which gives 

B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

Returning to the birefringent plate in Figure B-1, the relative spatial retardation 

between the ordinary and extraordinary rays is 

retardation=de(~)ne(~) - don.,, 

where the distance do traveled by the ordinary ray is 

do=T/cos(9r,o). 

Snell's Law states 

nairsin(9J = n.,sin(9r,o) = n.ircos(9). 

Using n.ir=1, substitution gives 

do = noT/[0.,2 - cos2(9)] . 

Similarly for the extraordinary ray 

de(~) = Oe(~)T/[Oe2(~) - cos2(9)] 

B-8 

B-9 

B-10 

B-11 

B-12 
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Figure B-2. Electric field components of the extraordinary ray parallel 
and perpendicular to the optic axis. 
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The angle J3 can be obtained from 9 and 4> using the law of cosines. The coordinates 

of a point one unit from the origin in the direction of the optic axis are 

(sin(4>),cos(4>),0) and the coordinates of a point one unit from the origin in the 

direction of the propagation vector are (O,sin(9r),-cos(9r)). The square of the distance 

between these points is 

distance2 = sin2(4>) + cos 2(*) - 2cos(4>)sin(9 r) + sin2(9r) + cos2(9r) 
distance = 2-2cos(4>)sin(9r), B-13 

which, by the law of cosines, is 

distance2 = 1 + 1 - 2x1x1xcos(J3). 

Substitution yields 

cos(J3) = cos(4>)sin(9r.J· 

Using Snell's Law from B-1 0 to eliminate the 9r.e term gives 

cos(J3) = cos(4>)cos(9)/n0(9,4>). 

After substituting the B-16 expression for cos(J3) into B-7, 

solving for Dc(9.4>) results in the expression 

nc(9,4>) = nc[l +cos2(9)cos2( 4> )In/ - cos2(9)cos2( 4> )/n0
2] 

Remembering that J3 is a function of 9 and 4>, direct 

substitution of B-11, B-12, and B-17 into B-8 gives the final 
expression for the relative retardation () as 

f
Dc[1 +(cos29cos24>)/n/ - (cos29cos24>)/n/] 

O=T 
[1-(cos29sin24>)/n/- (cos29cos24>)/n 0

2] 112 
;.. 

B-14 

B-15 

B-16 

B-17 



67 

Appendix C 

Optical Alignment of the LNA Laser 

LNA lases strongly and easily, facilitating alignment of the laser. The strong 

thermal lensing exhibited by LNA presents a problem that can be alleviated with 

suitable placement of the lens.[Metcalf et al., 1987] The resonator configuration 

described here is not the only one possible, but does provide satisfactory results. 

The approximate placement of components is shown in Figure C-1. This set up 

procedure should be used only with those LNA crystals not having a high reflection 

coating. All optics should be cleaned thoroughly before being placed in the laser. 

1. Set argon ion laser for low-power (-100 mW) single-line operation 
at 514.5 nm. 

2. Place the final pump steering mirror in a suitable location and 
adjust prior mirrors so that the pump beam strikes the final mirror at 
2" above the table. It is convenient to align the pump beam parallel to 
the table directly over a line of holes. 

3. Adjust the final pump steering mirror so that the 514.5 nm beam is 
incident at 22.5° and that the reflected beam passes directly over a 
(diagonal) line of holes 2" above the table. 

4. Place the input dichroic mirror in the pump beam, also at an angle 
of incidence of 22.5°, as shown in Figure C-2. (It is again convenient 
to position this mirror so that the pump beam passes through the 
coated surface directly over a hole on the table.) 

5. Position a mirror -50 em beyond the input dichroic mirror as 
indicated in Figure C-2, and set it to retro-reflect the pump beam. 

6. Put a target (note cards taped to finger clamps work well) -1-1.5 m 
from the input dichroic mirror to image the pump light reflected first 
from the retro-reflecting mirror and then the dichroic mirror, as is 
shown in Figure C-2. 

7. Adjust the input dichroic mirror so that the retro-reflected beam is 
parallel to the table directly over a line of holes, and strikes the top of 
the target 2" above the table. 

8. Re-adjust pump steering mirror as in (3) above, and repeat 7. 

9. Remove the retro-reflecting mirror positioned in step (5). Locate 
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Figure C-1. Layout of complete stabilized, single-mode LNA laser 
showing placement of optical components. 
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Figure C-2. Placement of optical components for alignment steps (4) 
through (8). 
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the 3" focal length plano-convex lens as shown in Figure C-3, with the 
curved side facing toward the pump beam. Adjust the lens so that the 
reflections from its two surfaces (Although round, they will be large, 
fuzzy, and different in size.) are concentric with the incoming pump 
beam. For this step, it may be convenient to increase pump laser 
power to -1 W. Affix lens to table. Place a target -50 em past the 
lens, as in Figure C-3, and rotate the Z-axis adjust lever on the lens 
mount. The spot on the note card should expand and contract, but its 
center point should not move. Re-adjust the lens until this is so. Set 
the Z-axis adjust lever at the middle of its range. 

10. Reduce ion laser power to -100 mW. Referring to Figure C-4, 
affix mounted LNA crystal at the focus of pump beam, with the 
exiting pump beam waist near the edge of the LNA crystal. Attach an 
MM2 base to the table against the side of the base of the LNA mount, 
and loosen the screws holding the LNA mount. Verify that the LNA 
crystal holder slides easily against the MM2 base, and that the motion 
is perpendicular to the pump laser. Adjust the angle of the LNA 
crystal so that the pump light reflected from its surfaces makes a 10° 
angle with the incoming light, with the pump light exiting the crystal 
at the most distant edge from the lens. After verifying that the crystal 
cooling jacket is working properly, increase pump laser power to 
-sw. 
11. Insert into the retro-reflected beam first a visible
reflecting/infrared transmitting mirror followed by a piece of RG830 
visible blocking/infrared passing filter glass between the input dichroic 
and the target positioned in (6), as is indicated in Figure C-5. While 
looking at that target through an infrared viewer, slide the LNA crystal 
mount against the MM2 base to focus the infrared fluorescence onto 
the target. When the smallest focused spot is obtained, slide the LNA 
crystal -2 mm closer to the lens until the fluorescence spot is -5 mm 
in diameter. The spot should be 2" directly over a line of holes, and 
will probably be composed of several concentric light and dark rings. 

12. Place a high-power high reflector as near as possible to the exit 
face of the LNA as is shown in Figure C-6, and adjust this mirror so 
that the reflected fluorescent spot is focused at the center of the 
fluorescent spot obtained in (11). This second spot will be very dim. 

13. Remove the mirror and filter glass positioned in (11). Mount the 
output coupler (R=90-95%) in an MM2 and anchor it to the table 30 
em from the input dichroic mirror. Beyond it, place a piece of RG830 
filter glass at Brewster's angle. Adjust the output coupler for retro
reflection. The LNA laser should be lasing; if it is not then adjust the 
output coupler until it is. Optimize power without using the power 
meter, then take a break. Leave the ion laser on and let the LNA 
thermalize. The laser should appear as in Figure C-7. 

14. Install the chopper and power meter and maximize laser power, 
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Figure C-3. Placement of optical components for alignment step (9). 
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Figure C-4. Placement of optical components for alignment step (10). 
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Figure C-5. Placement of optical components for alignment step (11). 
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Figure C-6. Placement of optical components for alignment step (12). 
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Figure C-7. Placement of optical components for alignment step (13). 
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adjusting primarily the pump steering mirror (very sensitive) and the 
output coupler, but also adjusting the lens (all three axes), and the high 
power end mirror. The input mirror will not need adjustment. It will 
help to move the LNA crystal as close as possible to the end mirror. 
Output power of the LNA laser should be -300 mW. 

15. Slide the birefringent filter into the position indicated in Figure 
C-1. Adjust the angle of incidence and slide the birefringent filter 
across the laser to obtain maximum power. The output coupler will 
also need adjusting. Continue iterating until maximum power is 
obtained. 

16. Ignite the helium discharge and place the discharge bulb into 
output laser beam. Tune the laser onto the strongest line in the bulb 
(the 23S1 H 23P1.z transitions as opposed to the 23S1 H 23P0 line) using 
the birefringent filter. 

17. Continue iterations of steps (15) and (16). Keep the birefringent 
filter as close as possible to the input mirror. It should be possible to 
obtain -250 mW from the laser at the transition wavelength. 

18. Install the ultra-thin etalon in the position indicated in Figure C-1 
and use it to tune the laser onto the transition. It is possible to find a 
location on the etalon where there is negligible insertion loss. The 
same output power as obtained in (17) should be obtained. 

19. Install the pickoff beam splitter and spectrum analyzer, and adjust 
it to obtain a frequency spectrum on the oscilloscope. 

20. With drive current off, position the thick etalon in the laser in 
accordance with Figure C-1, and adjust it for normal incidence. The 
spectrum analyzer output will become stationary with respect to the 
etalon angle, and the spectrum will become very unstable when the 
etalon is normal to the laser beam. 

21. Rotate the thick etalon away from normal, passing beyond the 
first time the laser excites the transition in the bulb, and onto the 
second. Maximize the brightness of the line in the bulb at this second 
order and fix the etalon mount to the table. Laser power will be down 
substantially (50-100 mW). 

22. Mount the Brewster plate in the laser, maximizing output power. 
There should be no insertion loss. 
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23. Remove the output coupler from the MM2, remove the MM2 from the 
table, mount the output coupler in the piezo drive, and mount the piezo drive 
on the table. Recover lasing, taking care that the output beam passes through 
the center of the piezo mount. 

24. Maximize laser power. Single mode operation should be 



attainable by adjusting (electronically) the thick etalon, and more than 
50 m W output power should be available. 

25. Adjust the variable beam splitter so that the reflection from the 
coated side is slightly brighter than the reflection from the uncoated 
side, and optimize spectrum analyzer signal. 

26. Install the second beam splitter as indicated in Figure C-1. Set it 
to split the beam approximately evenly. 

27. Place the reference cavity steering mirror as shown in Figure C-1, 
and mount the reference cavity behind it. Connect a slow high-voltage 
ramp generator to it, and optimize transmitted beam shape and 
maximum-to-minimum brightness ratio. Install the photodiode into the 
reference cavity. 

28. Behind the high power reflector positioned in (12) place first a 
visible reflecting/infrared transmitting mirror, followed by a piece of 
RG830. Behind them, in the dimly transmitted laser beam, locate the 
power reference photodiode. 
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At this point, the laser is operational and one should proceed to the electronic 

alignment. 
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Appendix D 

Electronic Alignment of the LNA Laser 

This entire procedure will need to be followed only in the most extreme of 

circumstances. Usually, checking the polarity of the servos and optimizing the feed

forwards, as outlined in steps 26 on, is all that should be required to achieve and 

maintain the electronics in good working order. To proceed with the alignment, it is 

necessary first to have a working, single-mode laser. The photodiodes, reference 

cavity, and spectrum analyzer will also need to be working. Also, the low-voltage 

power supplies on each card will need to be set. The positive power supplies are 

adjusted by the potentiometers labeled R102, and the negative supply by those 

denoted R103. The correct power supply voltages are ± 7.5 V for all of the cards 

except the photodiode amplifier, which requires ± 9 V. Finally, the remote control 

must be connected, and all knobs set to the center of their range. The 

SET/FREEZE/LOCK switch must be on SET and the MANUAL/AUTO scan switch 

should be set to MANUAL. Proceed with caution as +1300V is exposed within the 

cage around the high voltage amplifiers and along the top two (separate) traces on 

the extender card. Steps (8) through (12) require that the controller card not be 

connected to the back plane. 

(I) Signal Amplifier and Ratiometer Alignment 

1. With the electronics turned off, remove the signal amplifier card 
from its slot, insert the extender card into that slot, plug the amplifier 
card into the extender card, and tum the power back on. Card slots 
are identified in Figure D-1. 

2. Connect an oscilloscope to the point labeled (A) in Figure D-2. 
Point (A) is the output of the signal photodiode amplifier block. 
Connect a high-voltage ramp generator to the high voltage input of the 
reference cavity, and trigger the oscilloscope from the ramp generator. 
Set the ramp generator to operate at its maximum frequency to provide 
the most stable oscilloscope trace for the following steps. 
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Figure D-1. Crate card slot assignments. 
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Figure D-2. Photodiode amplifier card adjustment points used in 
alignment steps (2) through (5). 
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3. Adjust the reference cavity and its steering mirror to get best 
spectrum on the oscilloscope. Peak height should be maximized, as 
narrow as possible, and symmetrical. Adjust resistor (B), the amplifier 
gain control designated R3 in schematic F-2, for maximum gain 
without clipping. A 2-volt minimum-to-maximum signal is good (the 
minimum should be at OV). The resistor should be at about the center 
of its range. It may be necessary to adjust the beam splitter to keep 
resistor (B) near the center of its range. The oscilloscope trace should 
look like the inset of Figure D-2. 

4. Connect the oscilloscope to the point labeled (C) to measure the 
output of the power reference photodiode amplifier block. Adjust the 
position and angle of power reference photodiode for the largest (DC) 
signal, and set the potentiometer marked (D), the gain control for the 
power reference photodiode amplifier marked R9 in F-2, so that the 
oscilloscope trace indicates 2 V. This signal should go to OV when 
the photodiode is blocked and should be adjustable beyond 2 V. 

5. Connect the oscilloscope to the point labeled (E), the output of the 
divider. Adjust potentiometers (B) and (D) so that the minimum-to
maximum voltage shown on the oscilloscope trace is between 2 and 4 
V. This insures that the divider integrated circuit is working in the 
center of its range. Adjust the potentiometer (F), the offset control 
labeled R24 in F-2, so that zero-crossing is at the point of maximum 
slope. This will be about halfway between the minimum and 
maximum voltages, and will provide the largest possible stable 
correction signal. Again the oscilloscope trace should appear as in the 
inset of Figure D-2, except the trace should cross 0 V. 

6. Turn the power off, and replace the signal amplifier card into its 
slot inside of the cage. Connect the reference cavity high-voltage 
input back to the stabilization electronics, and connect the oscilloscope 
to monitor the spectrum analyzer. 

7. If one of the high voltage amplifier cards has been damaged and 
repaired, its offset nulling may need adjustment. If not, proceed to 
step (12) 

(II) High-Voltage Amplifier Alignment 

8. With the power off, plug the questionable amplifier into its slot via 
the extender card. Connect a high voltage meter to the output on the 
back of the cabinet, and tum on the power. The meter must safely 
handle an input voltage in excess of 1400 V. Pull the controller card 
out of the edge connector in slot 14. This allows the user to adjust the 
input voltage to the amplifier using the bias input control on the 
amplifier card. Turn on the power. 

9. Adjust potentiometer (A) in Figure D-3. The high voltage output 
should change as the potentiometer is turned. If not, the card is 
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Figure D-3. High-voltage amplifier card adjustment points used in 
alignment steps (9) through (11). 
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damaged and needs repair. This potentiometer is called R1 in Figure 
F-9, and it provides an input voltage for testing the card. 

10. Turn the power off and connect a sensitive (1 m V) meter between 
points (B) and (C) in Figure D-3. These connect to pins 5 and 8 on 
IC1 in F-9, the bases of the differential pair. Turn the power on. 
Adjust potentiometer (D), (R8) so that as the high voltage output is 
varied between 100 V and 1000 V by turning potentiometer (A), the 
voltage indicated on the sensitive meter remains less than -1 mV. 
This nulling insures that the output voltage accurately reflects the input 
voltage and minimizes temperature-induced fluctuations in the output 
of the high-voltage amplifier. 

11. Set the potentiometer (A) so that the high voltage output is 600-
650V to minimize loading of the controlling voltage source. Turn off 
the power and replace high voltage amplifier into its slot. The 
controller card may be reinserted into its edge connector. 

(Ill) Current Driver Alignment 

12. If there has recently been a problem with either of the current 
drivers, they should be tested. Tum the power off and remove the 
questionable driver from its slot, then plug it back in using the 
extender card. Disengage the controller card from its edge connector 
in slot 14. Remove the jumper labeled (A) in Figure D-4, 
remembering which two terminals are connected. Connect an ammeter 
across those terminals and set it on a range to measure ±100 rnA. The 
ammeter is now in series with the load. Either connect the output of 
the drive (located on the back panel of the cabinet) to a galvanometer 
actuator or short circuit the driver output to ground to allow a test 
current to flow. A short to ground is not harmful as the output is 
current-limited. Turn the power on, and adjust the potentiometer 
marked (B) in Figure D-4. This potentiometer is R1 in schematic F-
11, and produces an input bias. The current should vary from --100 
rnA to -+100 rnA. Adjust the potentiometer so that the output current 
is zero. Turn the power off, and restore the card, jumper, and wiring 
to the initial condition. The output should be connected to the servo. 
Reinstall the control card in slot 14. 

(IV) Controller Card Alignment 

13. With the power off, remove the controller card from its slot, plug 
the extender card into that slot, and plug the controller card into the 
extender card. Connect all servo actuators to the electronics. All 
systems, including the spectrum analyzer, must be operational before 
proceeding. 

14. Set the potentiometers labeled (B), (C), (D), (E), and (F) in Figure 
D-5 to the middle of their range. Turn the potentiometer labeled (A) 
fully clockwise, and set the meter on the remote to monitor the etalon 
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control voltage. All of these potentiometers appear in schematic F-4 
except (D), which is in F-5. Potentiometer (A), identified as R10, 
sets the etalon feed-forward gain; (B) is R13 and sets the Brewster 
plate feed-forward gain; and (C), marked R16, controls the reference 
cavity feed-forward gain. (D) is labeled R29 and sets the piezo
actuated fast-mirror loop gain; (E), shown as R19, sets the correction 
charge for the thick etalon; and (F), tagged R7, calibrates the change 
in output frequency to change in input voltage ratio. 

15. Turn TUNE clockwise and observe on the spectrum analyzer 
oscilloscope whether the laser frequency increases or decreases. (It is 
possible to determine which direction the peaks move for increasing 
frequency by noting that an etalon tunes to higher frequency as it is 
rotated further away from normal incidence in the laser beam. In the 
case of the SA-8 spectrum analyzer, right corresponds to increasing 
frequency when the driving high-voltage ramp is increasing.) If the 
laser frequency increases, then the 'correct sense' for potentiometer 
(A) is clockwise as set in step 14. If not, then the correct sense is 
counterclockwise. Make sure that potentiometer (A) is turned fully in 
its 'correct sense.' 

16. Turn TUNE fully clockwise then counterclockwise, noting the 
meter readings at the ends of the range. The meter should adjust 
linearly with TUNE throughout that potentiometer's ten-tum range. If 
any anomalous behavior is observed, then fully clockwise and 
counterclockwise refer to the endpoints of the linear behavior. 

17. Turn TUNE clockwise, then counterclockwise, until the meter 
indicates +2.5 and -2.5 V. Count the number of cavity modes that the 
laser tunes as TUNE is adjusted over that range. 

18. Calculate the 'sensitivity' corresponding to (A) by dividing the 
number of cavity modes tuned by the total change in meter voltage 
(5 V). This sensitivity quantifies how much a given input voltage 
change will affect the laser output frequency as determined by the 
thick etalon. Make a note of the sensitivity of (A). 

19. Set the potentiometers labeled (A), (C), (D), (E), and (F) in Figure 
D-5 to the middle of their range. Turn the potentiometer labeled (B) 
fully clockwise, and set the meter on the remote to monitor the 
Brewster plate control voltage. 

20. Turn TUNE clockwise and observe on the spectrum analyzer 
oscilloscope whether the laser frequency increases or decreases 
smoothly before discontinuously jumping back. If the laser frequency 
increases then the 'correct sense' for potentiometer (B) is clockwise as 
set in step 19. If not, then the correct sense is counterclockwise. 
Make sure that potentiometer (B) is turned fully in its 'correct sense.' 

21. Tum TUNE fully clockwise then counter clockwise, noting the 
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meter readings at the extrema. The meter should adjust linearly with 
TUNE throughout that potentiometer's ten-turn range. If any 
anomalous behavior is observed, then fully clockwise and 
counterclockwise refer to the endpoints of the linear behavior. 

17. Turn TUNE clockwise, then counterclockwise, until the meter 
indicates +2.5 and -2.5 V. Count the number of cavity modes that the 
laser tunes through as TUNE is adjusted over that range. 

23. Calculate the 'sensitivity' corresponding to (B) by dividing the 
number of cavity modes tuned by the total change in meter voltage 
(5 V). This sensitivity quantifies how much a given input voltage 
change will affect the laser output frequency as determined by the 
Brewster Plate. 

24. Turn whichever potentiometer (A) or (B) that has the least 
sensitivity fully in its correct sense. This sets that smooth tuning 
range as large as possible. 

25. Set the MANUAL/AUTO scan control to AUTO, and observe on 
the spectrum analyzer oscilloscope the cyclic tuning of the laser. 
Adjust the most sensitive potentiometer (A) or (B) so that the 
frequency scan has the fewest discontinuous frequency jumps. This 
calibrates the Brewster plate and thick etalon feed forwards to change 
the laser frequency by the same amount as the input voltage changes. 

26. Connect the second channel of the spectrum analyzer oscilloscope 
to the point labeled (G), the output of the ratiometer board, and adjust 
potentiometer (C), Rl6, reference cavity feed forward gain, so this 
signal oscillates as slow as possible, indicating that the reference 
cavity tuning tracks the thick etalon and Brewster plate. Adjust 
REFERENCE CAVITY ADWST to maximize the DC level of this 
signal, which maximizes the precision of the adjustment by inducing 
the a large amplitude change with small tracking errors, while also 
adjusting (C) to minimize the amplitude of the oscillation. 

27. Set MANUAL/AUTO back to MANUAL. 

28. Connect a second oscilloscope to monitor the PZT and Brewster 
plate servo control voltages. It is convenient to connect the PZT 
monitor voltage to the vertical input and the Brewster plate monitor to 
the horizontal input of the oscilloscope. 

29. Turn TUNE to the center of its range, and turn REFERENCE 
CAVITY ADWST so that the photodiode ratiometer correction signal 
just crosses zero going positive as REFERENCE CAVITY ADWST is 
turned clockwise. This minimizes the frequency shift necessary to 
tune the laser to the reference cavity by tuning the proper edge of the 
reference cavity transmission function as close as possible to the laser 
frequency. 
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30. Set the SET/FREEZE/LOCK switch to LOCK. The laser should 
lock, this situation being indicated by both HIGH and LOW LEDs 
being off, the fast mirror monitor voltage jumping randomly, but 
staying near -600 V, and the Brewster plate control voltage moving 
only occasionally. If the Brewster plate voltage rapidly moves away 
from the center of its range, then the polarity of the signal going to it 
is probably reversed. This problem is remedied by toggling the 
polarity-reversing switch mounted with the Brewster plate and turning 
potentiometer (B) the same magnitude away from center, but in the 
opposite sense, as done in step 25. Toggling the polarity reverses the 
'correct sense.' Steps 24-27 will need to be repeated if the sense is 
reversed. After corrective action, if any, is taken, then the laser should 
lock. 

31. Adjust potentiometer (D), specified as R29 on F-5, fully 
counterclockwise, and then tum it clockwise -10° past the point where 
stable operation commences. This maximizes the fast feedback loop 
gain, insuring that the laser output frequency stability is as good as 
possible. 

32. Calculate the reciprocal of the sensitivity corresponding to 
potentiometer (A) found in step 18. This reciprocal is the voltage 
input required to tune the laser one cavity mode using the thick etalon. 
Connect a voltmeter to point labeled (H), and adjust that voltage to 
read the reciprocal sensitivity using potentiometer (E). When 
capacitors C8 and C11 are charged to this voltage, the charge stored 
within them is sufficient to change the voltage output of the etalon 
integrator, IC18A, R46, and C13, by an amount corresponding to one 
half of a laser cavity FSR, because C13 has twice the capacitance as 
C8 or Cll. 

33. Tum REFERENCE CAVITY ADJUST until stable operation is 
lost, and the correction signal differs from its nominal value of zero. 
If stabilized operation is quickly recovered, then potentiometer (E) is 
properly set. If, however, the laser tunes some distance in the wrong 
frequency direction before stabilized operation restarts, then the sign of 
the voltage at point (H) needs to be reversed using potentiometer (E). 

34. Set the meter to monitor frequency, and use TUNE to tune the 
laser ±3 GHz. Adjust potentiometer (F) until ±3 V change on the 
meter corresponds to a ±3 GHz change in frequency. This calibrates 
the tuning sensitivity of the laser. 
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At this point, the laser and associated electronics have been aligned, and the 

laser is operational. 
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The output frequency of the stabilized LNA laser is controlled by reference to 

a temperature-stabilized confocal etalon (a Burleigh Instruments Model CFT 25 

having a finesse of -5 and an FSR of -3 GHz). A small fraction of the laser output 

is directed through the reference cavity, and the transmitted power is measured using 

a photodiode. Because transmission through the reference cavity is frequency 

dependent, the laser output frequency can be stabilized by maintaining this 

transmission constant. A second photodiode is used to monitor the laser output 

power, and the ratio of the two photodiode signals provides a signal directly 

proportional to the fractional transmission through the reference cavity. This signal 

is compared to a preset level that corresponds to 50% transmission; and as the ratio 

departs from the preset level, an error signal is generated which is then used to 

control the active elements in the cavity and return the output frequency to the 

desired value. Because the transmission through the reference cavity will increase or 

decrease as the laser output frequency increases or decreases, the sign of the error 

signal indicates the direction in which the active elements must be adjusted. 

There are three actively adjusted elements within the laser cavity, which, 

along with two passive elements, maintain stabilized, single-mode operation. The 

passive elements, a two-element birefringent filter and a thin uncoated etalon (FSR 

= 900 GHz), narrow the laser output linewidth to < -30 GHz when no other tuning 

elements are present, and are sufficiently selective to prevent lasing outside of that 

range. The actively stabilized 1 mm thick etalon has R=50 % coatings on each 

surface, and along with the cavity design, establishes single-mode oscillation. By 
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placing one end mirror very close to the gain medium, the nodes (and antinodes) of 

adjacent longitudinal cavity modes are located essentially in the same places, hence 

adjacent cavity modes compete for the same gain. Thus when one particular cavity 

mode commences lasing, little gain is available to adjacent cavity modes. The 

nearest modes that do have sufficient gain to lase are 3-4 cavity modes away, and 

the thick etalon prevents them from lasing. It is important to realize that the 

selectivity of the thick etalon is insufficient to force single-mode operation, and that 

without the highly asymmetrical cavity geometry, the laser would operate on two 

adjacent longitudinal modes. 

The angle of the thick etalon, hence the center of its passband, is adjusted by 

a lever actuated by the voice coil of a small loudspeaker. The other two stabilized 

elements within the laser cavity are the output coupler, mounted on a piezoelectric 

translator, and a galvanometer-rotated fused-quartz plate inserted nominally at 

Brewster's angle. Together these stabilize the length of the laser cavity against 

vibrations and thermal drift. 

The signals that actuate the servos are derived from the output of the 

photodiode amplifier and ratiometer circuit board. The schematic of this board is 

presented in Figure F-2. Currents from the power reference (PD2) and signal (PDl) 

photodiodes are amplified by variable-gain, bandwidth-limited transimpedance 

amplifiers (!CIA and IClB). The voltage signals are then amplified and ground

referenced by differential amplifiers (IC2A and IC2B) that remove the photodiode 

DC bias (--6.2 V defined by Rl and R2) from the signal. The ratio of the signal 

voltage to power-reference voltage is then performed by a logarithmic conversion 

multiplier/divider integrated circuit (IC3), and the current output is converted to a 

voltage by another transimpedance amplifier (IC4A). The signal at this point is 
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proportional to the transmission of reference etalon and is independent of laser 

output power. A differential amplifier (IC4B) subtracts from the signal a preset 

voltage (determined by R24 and set to 1/2 the maximum-transmission ratiometer 

output voltage), resulting in a bipolar output signal that is sent to the controller card. 

The transmission of the etalon is maintained constant by holding this output 

voltage at zero volts by use of several feedback loops located on the controller card, 

represented schematically in Figure F-5. In stabilized operation, the reference cavity 

is set to have a transmission maximum at -1 GHz higher in frequency than the 

desired operating point. If the wavelength of the laser drifts upward, then the lasing 

frequency decreases, resulting in a lower transmission through the reference cavity. 

A negative voltage is presented to the input of the PZT integrator (R29, C1, and 

IC7B), and the output voltage to the fast mirror high-voltage amplifier increases. 

The output of the high-voltage amplifier increases, causing the piezoelectric element 

holding the output coupler to expand, thus pushing the output coupler into the cavity. 

As the laser cavity is thus shortened, the frequencies of the cavity modes increase, 

and the laser output frequency increases back to the desired operating point. The 

effective bandwidth of this feedback loop is -1 kHz. 

The PZT translator has a limited range of motion (-±1J.1m), and another active 

element is necessary to compensate for larger changes in cavity length. The large 

changes in cavity length are compensated by the galvanometer-mounted fused-silica 

plate, which is adjusted to keep the voltage output of the first integrator at 0 V, thus 

maintaining the DC component of the voltage the PZT at -600 V, the center of its 

operating range. If the lasing wavelength increases, then the PZT integrator voltage 

increases to compensate, thus presenting a positive voltage to the input of the 

Brewster plate integrator (R30, C3, and IC11A). The output voltage from this 
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integrator decreases, decreasing the current drive to the galvanometer, rotating the 

Brewster plate closer to normal incidence and shortening the effective length of the 

laser cavity. The PZT integrator voltage then decreases back to 600 V to 

compensate. Should the cavity length change so much that it is beyond the range of 

the Brewster plate integrator to compensate, then this situation is sensed by the 

window comparator (IC12A and IC12B), which triggers a monostable multivibrator 

(IC13), that in tum closes a switch (IC9C-1) shorting the integrator capacitor. The 

integrator is reset, and stabilized operation on a different longitudinal mode resumes 

when the monostable releases -50 ms later. 

The angle of the thick etalon is not continuously adjusted. The etalon is, 

however, automatically reset should it become detuned due to mechanical shock, 

thermal expansion, or other cause, thus preventing lasing at the desired frequency. If 

the thick etalon is tuned to a frequency more than one half cavity mode lower than 

the operating point of the laser, then the lasing frequency corresponds to a lower

frequency cavity mode. The PZT and Brewster plate integrators will attempt to 

compensate but cannot succeed, and the output of the PZT integrator will increase to 

the positive power supply voltage, thus tripping a comparator (IC14B) which then 

triggers a monostable (IC15). The monostable toggles an integrated commutating 

switch (IC8C) that disconnects a voltage-to-charge converting capacitor (C8) from its 

voltage reference and connects it to the etalon integrator (R46, C13, IC18A). The 

etalon reference voltage is chosen so the charge on the capacitor is sufficient that, 

when injected into the etalon integrator, causes the integrator output to change (in the 

appropriate direction) an amount corresponding to an frequency shift equal to one 

half of the cavity mode spacing. Thus, if the etalon drifts one half of a cavity mode 

spacing, just enough to force lasing on the next mode, the correction charge 
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precisely compensates, and stabilized operation resumes. If, however, the etalon is 

severely detuned, perhaps by a sharp blow to the table, then the injected charge will 

be insufficient to return the etalon to the proper position. In that case, current is 

injected into the etalon integrator through the commutating switch via limiting 

resistors (R37 and R38) until the etalon angle is correct, at which time the 

monostable releases and charge injection ceases. If detuning is in the opposite 

direction, then an analogous circuit performs the correction. 

The various reference voltages are controlled by presets on the controller card 

illustrated in Figure F-4. Also shown on that drawing are the feed forward 

amplifiers that allow smooth tuning of the laser. Two input voltages are buffered 

and added (IClA and IClB), with the sum going to a variable-gain amplifier (IC2A), 

which allows the change-in-output-frequency to change-in-input-voltage response to 

be calibrated. The output of this variable-gain amplifier is sent to three other 

variable gain amplifiers that control the reference cavity amplifier (IC4B) and the 

Brewster plate (IC3B) and etalon (IC3A) integrators. The gain is set so that 

Brewster plate and etalon track the frequency of the reference cavity. When the 

laser is set for stabilized operation, the voltages from the feed forward amplifiers are 

presented to the (virtual ground) summing points of the integrators through blocking 

capacitors (C2 and C12). When the control voltage is changed, the voltage across 

the blocking capacitors changes by the same amount, injecting the correct charge into 

the integrators to change their output voltage by that amount. When the presets are 

properly adjusted, turning the TUNE control causes the active elements to change in 

unison, tracking the reference cavity. 

The other circuit boards in the system are the servo amplifiers that get their 

input from the control board. The high voltage amplifiers that serve the PZT and the 
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reference cavity are identical, and the circuit is shown in Figure F-9. The input 

signal is compared to the divided output signal by a differential pair (IC1B and 

IC1C) that is biased by a .6 rnA current source (IC1A). The active load of the 

differential pair is a trimmed current mirror (IC1D and IC1E). As the input voltage 

increases, IC1C is turned on and IC1B is turned off. The increased current through 

IC1C is mirrored back to IC1B, increasing the voltage to the base resistor of Q1, and 

turning Q1 and Q2 off and turning on the active load transistor (Q3). The output 

voltage increases until the feedback voltage from the divider into the differential pair 

equals the input voltage, turning on IC1B, Q1, and Q2; thus decreasing the bias to 

Q3 and holding the output constant. The output source current is limited to -6 rnA 

by an emitter resistor and zener diode clamp (R18 and D6). As the output source 

current increases beyond 6 rnA, the voltage across the emitter resistor becomes larger 

than the zener voltage, and the load robs Q3 of base current. The power bandwidth 

of this amplifier is -:-200 Hz with a 10 nF load, and the small-signal bandwidth is -5 

kHz. The transfer function is 

Vout=120 vin +640 v. E-1 

The current driver circuits for the etalon and Brewster plate, Figure F-11, are 

virtually identical, with the etalon driver having an additional negative feedback 

capacitor to reduce ringing. The input voltage is compared to a feedback voltage 

with a differential amplifier (IC1A), and the output of that amplifier is buffered with 

a class AB push-pull amplifier. The output current is monitored by a differential 

amplifier across a current-sensing resistor. These six cards together, along with the 

remote control an cabinet power supplies, form the stabilization electronics. 

There are two modes of operation aside from the frequency-stabilized 

(LOCKed) mode. The SET/FREEZE/LOCK switch on the remote control activates 
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electronic switches that enable the FREEZE mode, wherein all servos are frozen at 

their previous position; and the SET mode, used primarily for aligning the 

electronics. In the set mode, the output to the PZT high voltage amplifier is held 

fixed at 0 V, the Brewster plate is adjusted by the feed forwards in the same manner 

as during locked operation except that there is no correction signal to it, and the 

etalon integrator is given a voltage from an error amplifier (IC17 A) that keeps the 

etalon integrator output voltage equal to the etalon feed forward voltage. 

To establish stabilized operation with the widest smooth tuning range, first set 

MANUAL/AUTO to MANUAL, set SET/FREEZE/LOCK to SET, set TIDCK 

ET ALON AD ruST to the center of its range, and tum the meter control knob to 

monitor the thick etalon control voltage. Use TUNE to set this voltage to zero. 

Note the setting of TUNE, and set the meter to monitor the Brewster plate. Use tune 

to set this voltage to zero, switch SET /FREEZE/LOCK to FREEZE, and return 

TUNE to the voltage noted to zero the thick etalon. Switch SET/FREEZE/LOCK to 

SET, and tum the meter select switch to monitor the reference cavity. Set this 

voltage to zero using the REFERENCE CAVITY ADWST knob. While observing 

the spectrum analyzer output on the oscilloscope, set single mode operation using the 

TIDCK ET ALON AD ruST control. Tum the meter control switch to monitor the 

correction signal, and tum REFERENCE CAVITY ADWST to the nearest position 

where the meter crosses zero going positive as REFERENCE CAVITY ADWST is 

turned clockwise. Set SET/FREEZE/LOCK to LOCK. The system laser is now 

locked to the reference cavity, and may be tuned smoothly using TUNE. 
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Schematics of all components of the laser stabilization circuitry are presented 

in this appendix, and a component placement map for each card appears on the page 

following the schematic. Power supply connections are assumed and (usually) not 

shown. All cards have identical power supplies, illustrated in Figure F-1, and the 

power supplies are not shown on the other schematics. Boxed words and numbers 

indicate functional names and pin numbers for connections to the remote control, and 

circled numbers and letters indicate edge connector assignments. Two circles tied 

together indicate a back plane connection between the identified contacts on different 

edge cards. All operational amplifiers except those on the current driver boards are 

part of CA3240AE dual devices. Schematics of several devices not part of the 

locking electronics are also presented in this appendix for convenience. Excellent 

explanations of the building blocks to these circuits (555 timers, operational 

amplifiers, summing and differencing amplifiers, integrators, current mirrors, and 

active loads) can be found in The Art of Electronics by P. Horowitz and W. Hill and 

Integrated Electronics: Analog and Digital Circuits and Systems by J. Millman and 

C. C. Halkias. 
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Figure F-18. Schematic of the Chopper Synchronization Generator 
with Signal Gating. 
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Figure F-19. Schematic of the Crate Low-Voltage Power Supply. 
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