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ABSTRACT 

OPTICAL PUMPING STUDIES IN HE4 

WITH A TUNABLE COLOR CENTER LASER 

by 

KARL WILLÂRD GIBERSON 

Optical pumping is a very useful technique for the production of 

spin polarized Helium ions and metastables. The optical pumping 

process requires a source of near infrared radiation resonant with the 

3 3 
2 S*2 P transitions, such as can be provided by a high power rf Helium 

discharge. 

This thesis describes the development of a tunable infrared color 

center laser which is ideally suited to study the optical pumping 

process in Helium. The laser, which uses the color center in 

NaF, is based on a novel cavity design which allows for operation in 

either a linear configuration or a ring configuration. An analysis of 

the stability considerations relevant to this dual configuration 

approach is presented. 

An experiment in which the laser was used to measure the spin 

polarization of an optically pumped Helium discharge is described in 

detail. Additional optical pumping experiments are also outlined. 
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INTRODUCTION 

This research was initiatèd in an effort to extend as well as 

analyze the optical pumping capabilities of the atomic physics 

laboratory at Rice University. 

Optical pumping, as it is employed here, is a technique for the 

3 1 
production of spin-polarized Helium 2 S metastables. Additional 

information concerning many atomic and nuclear interaction processes 

can be obtained if one, or more, of the particles involved is 

polarized. Many such experiments have involved, either directly or 

indirectly, polarized He(2 S) metastable atoms, i.e., 2 S atoms in 

which the electron spins are aligned relative to some quantization 

axis. As will be described, this polarization is achieved by optical 

3 3 
pumping using circularly polarized 1.08 ym 2 S>2 P resonance 

3 
radiation. Polarized He(2 S) atoms have been used to study spin 

2 
conservation in Penning ionization, and are being used to study 

surface magnetism through metastable deexcitation 

spectroscopy. Polarized He ions, also useful in the study of surface 

magnetism, can be obtained from polarized He metastables in an 

electrical discharge; polarized electrons are also obtainable in this 

way.^ In addition, optical pumping has been used to provide a source 

of polarized He nuclei for use in nuclear scattering experiments.^ 

In order to maximize the signals due to polarization effects it 

is necessary to optimize the optical pumping process to achieve the 

highest He(2 S) polarization. Such optimization has been hampered 

both by the lack of a reliable technique with which to measure the 

metastable polarization and by the limited amount of 1.08 ym resonance 

1 
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radiation available from existing high power helium lamps. However, 

with the recent advent of narrow-linewidth, tunable color-center 

lasers that operate at 1.08 ym it is now possible both to monitor the 

He(2 S) polarization and to obtain a more intense source of pumping 

radiation.^ The color center lasers are particularly attractive in 

this region as they exhibit substantially higher reliability than the 

O 

few dye lasers which operate in the near infrared. Furthermore, the 

single mode cw powers that are obtainable make the color center lasers 

9 
superior to either the optical parametric oscillators or the diode 

lasers*® which operate in this region. 

The first section of this thesis will deal with the development 

of an (Fj+)* color center laser which is ideally suited to study the 

optical pumping process in Helium. The second section will give the 

results of one such study and outline several other experiments which 

should also be possible. 



CHAPTER ONE 

PHYSICS OF (F2+) COLOR CENTERS 
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F-CENTER 

Figure 1. The F-center consists of an electron trapped at the 
potential well formed by an anion vacancy. The four 
step optical pumping cycle consists of (1) absorption, 
(2) relaxation, (3) emission, and (4) relaxation back 
to the ground state. 

The (F2+) color center laser is one of a family of lasers that is 

based on the various F centers in certain of the alkali halide 

crystals.Such centers can be produced by subjecting the crystal to 

high energy radiation, either Y~rays or, more commonly, an e-beam. 

The most basic of the numerous color centers is the simple F center 

which consists of a single electron trapped at an anion vacancy. The 

optical properties of the various color centers depend, in a rather 

complicated way, upon the specific characteristics of the host 

crystal, the nature of the crystal in the immediate vicinity of the 

center, the presence of impurities (the so-called "doping”) and 

several other factors. A detailed discussion of this topic is beyond 

the scope of this thesis; all that will be presented here is a simple 

model describing the type of center used in this work. 

The (F2+) center is closely related to the (F2+) center, from 

3 
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which it is obtained. In fact, the physical mechanism that transforms 

The most successful model for describing the (F^^) center is that 

of the R^+ molecular ion imbedded in a dielectric continuum. Recall 

that the basic F center is a single electron trapped at an anion 

vacancy. The (Fj) center is two such centers, adjacent to each other; 

the (Fj-O center is simply the (Fj) center with one electron removed. 

It thus consists of a single electron shared by two positive (anion) 

vacancies. In this respect the (Fj*) center is analagous to the Hj+ 

ion. The presence of the lattice around the center can be accounted 

for theoretically by imbedding the H2+ ion in a dielectric continuum. 

12 The Schroedinger equation for such a system is 

(F2+) centers into (F2+) centers is not understood. However, the 

(Fj*) center can be discussed by reference to the (Fj+) center which, 

12 fortunately, has been studied both theoretically and 

experimentally•* ^ 

Figure 2. The Fj+ center consists 
of an electron shared by 
two adjacent anion vacan- 
cies# 

F| - CENTER • 

V
2

IH-2/K (1/r + 1/r, - 0 (1) o a b 

where ra, r^ are shown in figure 2. The eigenvalues are 
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E(r , j K ) - (1/K 2)E'(R) (2) 
aD o o 

where K is the dielectric constant of the host material, r . is the 

separation of the anion vacancies, and E' is the energy of the 11^+ 

molecular ion in free space# The relevant structure for the (F^) 

center can thus be qualitatively described by the following partial 

term diagram# 

zpiV 

3 4TT9 

2s 0*9 

340*9 

2po; 

1»CTf ' " ■ 
NORMAL 

CONFIGURATION 

2pO*y 

I 
\ 

 * 1l <T9 

RELAXED 
CONFIGURATION 

Figure 3. Partial energy level diagram for the F^+ center. The 
2pau-»lsag is the useful laser transition. 

The transitions involved in the laser action are the lsog^2pou 

(normal) and the lscrg-*2pcru (relaxed) which have a quantum efficiency 

near unity. The small difference between the level separations is due 

to some as yet undetermined mechanism involving non-radiative 

transitions. The Stokes shift of this transition is almost ideal for 

laser action; the emission band is sufficiently removed to prevent 

reabsorption but close enough to assure a very high conversion 
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efficiency. 

As is clear from equation 2 the energy separations of the levels 

is a strong function of the dielectric constant of the host crystal. 

For this reason the basic (F£+) center can provide laser action over a 

remarkably broad wavelength region depending on which host crystal is 

used. The absorption and luminescence bands for several cases are 

shown in figure 4. 

Figure 4. Absorption and luminescence bands for the F.+ center 
in several of the common alkali-halides. 

The specific properties of a particular (Fj+) center depend, not 

only upon the host crystal, but also upon the presence of impurities 

and local defects in the crystal. For a variety of reasons, many of 

which are not understood and all of which are beyond the scope of this 
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thesis, the stability and optical properties of the (F^+J centers can 

be altered by the presence of impurities and/or defects in the 

crystal. The (Fj+)* color center in NaF, upon which the present work 

is based, is formed from an (F^+) center which is allowed to sit in 

the dark for a few days at room temperature. The transformation that 

takes place has two important effects: (1) the primary absorption 

band for the center is moved from 750 nm to 870 nm; there is a 

concomitant shift in the emission band as well. This is illustrated 

in figure 4. (2) The centers become room temperature stable. The 

ordinary (F^+) centers have a shelf life of several hours at room 

temperature; it is thus imperative that they be kept in constant 

refrigeration until they are ready to be used. This is a considerable 

practical inconvenience for a user who does not have the facilities to 

produce the color center crystals. The (F^+J* center, on the other 

hand, has a shelf life of several months at room temperature, greatly 

facilitating the shipment of crystals from source to user. 

Absorption and polarization studies indicate that the (Fj+)* 

center is probably just the (Fj+) center with some unknown local 

perturbation producing the energy shifts.^ Although the exact nature 

of this perturbation is as yet unspecified, it is strongly suspected 

that it is due to radiation damage rather than the presence of an 

impurity. 

The absorption and emission curves for the (Fj+)* center in NaF 

are shown in figure 5. It is clear that, for application in optical 

pumping of Helium, this center is an ideal candidate: the absorption 

band is centered at the maximum output of a readily available dye 
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laser; the emission band is centered at the wavelength of the 

transitions involved in the optical pumping process. 

Figure 5. Absorption and luminescence bands for the (F0+f center 
in NaF. 2 

On this note the discussion will shift from the physics of color 

centers to the actual color center laser upon which this work is 

based 



CHAPTER TWO 

DEVELOPMENT OF THE (F2+)* COLOR CENTER LASER 

The development of the (F2+)* color center laser used in this work 

has concentrated on two main areas: (1) An analysis of the laser 

cavity which allows for operation in either a linear configuration or 

a ring configuration; and (2) the single mode tuning characteristics 

of the ring configuration* 

In this section both of these areas will be discussed with 

emphasis placed on the underlying physics in each case. 

a. Laser Cavity Design 

The color center laser is based on a four mirror» folded cavity 

designed around a compact laser head developed in Hannover» West 

14 
Germany. A striking feature of this cavity is that it allows for 

operation in either a linear configuration or a ring 

configuration.^ For a variety of reasons» both practical and 

theoretical» this dual configuration approach is very useful. 

The two configurations are shown in figure 6. The input mirror» 

Ml» and the output mirror» M4» are both plane; the folding» or 

focussing, mirrors, M2 and M3, have equal focal lengths, fa3.75 cms. 

The angle 20 is approximately 15°. As is clear from the figure the 

linear configuration (a) and the ring configuration (b) differ only in 

the orientation of the plane mirrors. The practical advantage of this 

novel design is the relative simplicity with which M2, M3, the 

crystal, and the pump beam can be initially aligned when using the 

9 
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linear configuration. Once the initial alignment has been completed 

in the linear configuration, operation in the ring mode can be 

achieved by a simple rotation of Ml and M4. This approach provides a 

very convenient method for setting up and aligning a ring laser, 

especially an infrared laser where alignment is complicated by the 

fact that the fluorescence cannot be viewed directly. 

(b) 
d23=2f+6 

CRYSTAL 

Figure 6. Schematic of the laser cavity configurations, 

b. Stability considerations 

In order for an optical cavity to sustain continuous laser 

operation with minimal losses it must be stable.^ Physically this 

means that the optical path must reproduce itself after some finite 

number of trips through the cavity. Mathematically the stability 

condition can be expressed in the following way: 
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-2<A+D<2 (3) 

where A+D is the trace of the round trip Jones matrix. This condition 

can generally be satisfied in a given laser cavity over some small 

range of focussing mirror separations, called the stability range of 

the cavity. In the present design the stabilization of the cavity 

consists of adjusting the separation of the folding mirrors to within 

some tolerance 6, called the stability parameter, where 6md^-2f. The 

range of allowed values for <S is called the stability range of the 

cavity. It is a remarkable feature of the present design that, for 

any reasonable values of the various mirror separations, the stability 

ranges for the two configurations overlap. 

Figure 7. Unfolded equivalent transmission line for the linear 
cavity configuration. 

Figure 6 shows a schematic of the two cavities, with the 

stability parameter 6 as shown. The most direct approach for the 

determination of the stability range is to unfold the cavity into a 

series of optical elements the so-called "transmission line". The 

unfolded equivalent linear cavity is shown in figure 7 where the 

elements are labelled exactly as in figure 6. The round trip matrix 



12 

(called the ABCD matrix) is then simply the product of the Jones 

matrices for the individual elements. 

The ABCD matrix is then: 

1 d 

Imposition of the stability criterion of equation 3 reveals that 

if <*34^12 t*iere are two stability regions defined by 

0<6<f2/(d12-f) (4a) 

f2/(d12"f)<6<f2/(d12"f) + f2/(d34”f) (4b) 

This is illustrated in figure 7 where (A+D)/2 is plotted as a 

function of d^. The shaded areas represent the regions of stability. 

Note that if there is only an infinitesimal discontinuity in 

the range of allowed values for 5. 



13 

Figure 8. Plot showing the stability regions for the 
linear laser cavity* The shaded areas represent 

the regions of stability. 

The physical meaning of this bifurcation of the stability range 

can be understood if the stability calculations are undertaken using 

the more elegant imaging techniques given in Kogelnik's paper "Imaging 

of Optical Modes".^ Essentially this imaging technique involves the 

replacement of a plane mirror /lens (or plane mirror/curved mirror) 

combination by an equivalent curved mirror with identical reflection/ 

focussing characteristics. The cavity is thus distilled into a 2 

mirror empty resonator as shown in figure 9 where: 

dr“d12f/(d34"f) (5a); d2'=d34f/(d34“f) <5b) 

Rj'—f2/(d12-f) (6a); R2'—f2/(d34>f ) (6b) 
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Figure 9* Equivalent "empty” resonator for the linear 
cavity configuration# 

The stability condition for a 2 mirror empty resonator is very 

easily calculated; again using the Jones formalism: 

Using equation 3 above we obtain: 

-2<2-2d/f1-2d/f2+d2/f1f2<2 

or 

0<(d-R1')(d-R2') (7a); dcCR^+Rj') (7b) 

The stability region is thus seen to be: 

0<d<R(smaller) (8a) 



15 

R(larger)<d <R(larger)+R( smal1er) (8b) 

which is physically more transparent than equation 7. 

R?Rj R| Rj 

 v  
(o) 

STABILITY REGION «I 
Figure 10. Regions of stability 

for the two-mirror 
empty resonator. 

Using equation 5 above this result transforms identically into 

equation 7. Equation 8 can be understood by reference to figure 10 

where the two stability regions are clearly demonstrated. For a two 

mirror empty resonator the cavity is clearly stable at zero separation 

of the mirrors-the radiation is effectively trapped by such a system. 

This region of stability extends to the point where the mirror 

separation is equal to the smaller of the radii of curvature of the 

two mirrors. This corresponds to the case where R^ behaves as a plane 

mirror, reflecting the electric field distribution at R^ back onto 

itself. For R^<d<R^ the cavity is unstable. At these separations the 

cavity is too large for R^ to fully focus the beam and too small for 

R^ to focus the beam. As the mirror separation continues to increase, 

the cavity again becomes stable when d^R^. This corresponds to R^ 
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behaving as a plane mirror. This stability region extends to the 

confocal separation of d^R^+R^. For d>R^+Rj the cavity length is too 

large for the mirrors to fully focus the beam making d=R^+R2 the upper 

limit on the stability range of the cavity. 

Analysis of the stability conditions for the ring configuration 

18 (figure 6b) is carried out in a similar manner. The unfolded 

resonator is shown below: 

Figure 11. Unfolded equivalent transmission line for the ring 
laser configuration. 

The round trip ABCD matrix is calculated in the same way as 7 

above; condition 3 yields the following criterion for the stability, 

assuming d12+d34+d41>2f* 

0<6<4f2/(d12+d34+d41-2f) (9b) 

Condition 9b becomes approximately 0< 6 <.53 cms when typical 

values for the present interelement distances are inserted. This 

compares to equation 7a which becomes 0<<5<.42 cms for the same values 

of the The stability ranges given by equations 7a and 8b thus 

have appreciable overlap; this overlap is one of the features that 

allows the laser to be operated in either a linear or a ring 
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configuration. 

c. Alignment Procedure 

The initial alignment of the laser was undertaken using the 

linear configuration (figure 6a) above. The procedure is based on the 

results of the preceding stability calculations. The pump beam, 

provided by a dye laser, is coupled into the cavity via a dichroic 

mirror, Ml, which is coated to transmit at 870 nm (the pump 

wavelength), and reflect at 1080 nm (the lasing wavelength). 

The pump beam is focussed to a stigmatic spot of about m 

diameter at the crystal. M2 was initially adjusted to provide the 

best focus of the pump beam onto the surface of the crystal, as 

observed through an IR viewer. The spot produced at the crystal will 

be essentially at the surface, due to the fact that the crystal has a 

high optical density (-3.0 at 77K), preventing significant penetration 

of the crystal by the pumping radiation. The fluorescent spot, 

localized at the surface of the crystal, forms an object which is 

imaged by M3 into the output arm of the laser. Using Newton's form of 

the lens equation: 

(10) 

where x-^ XQ, and f are labelled in figure 12, the image distance of 

the fluorescent spot at the surface of the crystal can be calculated. 
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Figure 12. Diagram showing the relevant distances involved in 
Newton's form of the lens equation. The object dis¬ 
tance is xQ+f; the image distace is x.+f. 

Stability considerations suggest that the cavity be aligned in 

such a way that 6, the stability parameter, is in the middle of the 

stability range; i.e., <$“.21cms. (See equation 4a.) If the distance 

between M2 and the fluorescent spot is f, then the distance between 

the fluorescent spot and M3 is f+5. If 6, which is the XQ of equation 

10, is .21 cms, then s, which is the image distance, (”f+x^) is 71 

cms. M3 was adjusted so that the fluorescent spot was focussed at 

this distance. 

The next step in the alignment was a fine tuning of M2. The 

fluorescent spot is imaged in the output arm, not only by M3, but also 

by a sequential reflection from M2, Ml, M2, and M3, in that order. If 

M2 is exactly f*3.75 cms from the fluorescent spot at the surface of 

the crystal then both images in the output arm will be identical. If 

the adjustment is not perfect however, the two images will not be 

focussed at the same point and will not have the same dimensions. M2 

was adjusted to compensate for any misalignment in this regard. 
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The two beams in the output arm are then superimposed by 

adjustment of HI and then retroreflected by insertion of the output 

coupler, M4, at normal incidence. At this point lasing generally 

occurred if there was sufficient pump power. Final "tweaking" of all 

the elements, including the crystal, served to optimize the adjustment 

for maximum power. 

Operation in the ring configuration was achieved by simply 

rotating the plane mirrors. (The "simple" rotation is outlined in 

Appendix 1). 

In either configuration operation in the middle of the stability 

range resulted in the primary beamwaist being located < 1 mm behind 

the input face of the crystal. 

d. Pump Lasers 

The (F2+)*center in NaF absorbs very strongly around 870 nm (see 

figure 5). The only available cw lasers which operate in this region 

are the HITC dye lasers and the LiF (Fj+J color center laser. The 

former was chosen as the pump source for practical reasons; the LiF 

laser however, is a more powerful source of 870 nm radiation. 

The HITC dye laser provides up to half a watt of cw power in the 

870 nm range when pumped with 5 watts of power from a Kr+ laser, which 

operates primarily at 648 nm and 676 nm. The maximum absorption of 

the dye is around 720 nm which leads to a rather poor conversion 

efficiency (less than 10Z typically); nevertheless, there is 

sufficient power to comfortably pump the (F2+)*color center laser. 
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e. NaF Crystals 

The crystals used in the present work were cleaved from 

a boule of .25% molar Mn++ NaF grown at Cornell Materials Science 

Center. The boule is formed in a cylinder about 2 cms in diameter 

from which the crystals are cut. The crystals measure about 1X1X.3 

cms. The thickness (.3 cms) is the only critical dimension; it is 

chosen to compensate for the astigmatism of the cavity. This is 

discussed below. 

Crystal preparation was carried out as follows: first, the 

crystals were cut from the boule with a thickness of about .33 cms; 

then the disc-shaped slices were squared along the lattice edges and 

sanded with a very fine sandpaper until they were approximately .3 cms 

thick. Next, the crystals were polished with diamond grit of 

increasingly finer dimension until the surface of the crystal 

displayed a perfectly smooth face to the naked eye. The final step 

was to anneal the crystals to remove any stresses produced during the 

preparation. 

The color centers are formed by radiation damage to the lattice; 

in this case the radiation was provided by a 1.5 Mev e-beam at Bell 

Laboratories in Murray Hill N.J. The radiation dosage was "200 

2 
yampmin/cm which, although sufficient, was not critical. 

The irradiation takes place at liquid nitrogen temperatures and 

produces (Fj+) centers which evolve into (Fj+)* centers as the crystal 

is allowed to sit in the dark for a few days. Unlike the (Fj+Î center 
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(which is clearly unstable at room temperature!), the (F2+)*center is 

quite stable at room temperature and has a measured shelf-life of 

several months. This feature of the new center removes the 

considerable inconvenience of shipping the crystals from the 

irradiation source to the user at liquid nitrogen temperatures. 

f. Astigmatic Compensation 

The thickness of the crystal was chosen to compensate for the 

19 
intrinsic astigmatism of the cavity. It is well known that the 

sagittal and tangential components of a light ray are focussed at 

slightly different points when reflected from a focussing mirror at 

non-normal incidence; i.e., 

fx=f/cos9 (11a) 

f -fcose (lib) 
y 

This astigmatic effect can lead to higher internal cavity losses 

and can lower the maximum intensity of the pumping radiation. This 

results in a higher threshold and lower power levels. The astigmatism 

can be compensated however, by choosing the crystal thickness in such 

a way as to correct for the aberration produced by the mirrors. 

A complete analysis of this problem is given in Kogelnik's paper 

20 
"Astigmatically Compensated Cavities for CW Dye Lasers". The crystal 

thickness required for compensation is given by the following 
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equation: 

t®2Rsin6tan0/N (12) 

where the factor of 2, absent in Kogelnik's result, comes from the 

fact that the present cavity has 2 off-angle focussing mirrors, rather 

than one. N is given by eq (13): 

N»(n2-l)\/nT/n4 (13) 

With n-1.34 and Rs7.5, the optimum crystal thickness was determined to 

be about 3.1 mm. In practice however, the precise thickness was not 

found to be a critical parameter. 

g. Tuning the Laser 

Coarse tuning of the laser was accomplished with a biréfringent 

filter which, although it did tune the laser from 1.02 ym to 1.16 ym, 

was somewhat erratic, with occasional gaps and discontinuities in the 

tuning range. This was probably due to a misalignment of the quartz 

plates in the filter. Nevertheless it was in general possible to 

tune smoothly over the region of interest-fortunately a very small 

region centered at 1.08 ym. 

Fine tuning of the laser was accomplished with a 0.5 mm étalon 

(R-30-35Z). In the linear configuration this resulted in operation in 

about 3 longitudinal modes. In the ring configuration the addition of 
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a second uncoated 15 mm étalon forced the laser into single mode 

operation. The étalon thicknesses were selected somewhat arbitrarily 

on the basis of their availability. This fact, coupled with the 

somewhat limited performance of the biréfringent filter, precludes a 

detailed analysis of the precise tuning characteristics of the laser. 

Figure 13. Schematic diagram of the ring laser with the full 
complement of intracavity elements. 

The ring laser would operate in a single longitudinal mode when 

set up as shown in figure 13. Without additional tuning elements 

however, it was not possible to obtain single mode operation in the 

linear configuration. This is not unexpected due to the fact it 

requires a cavity of very high Q to adequately suppress laser 

oscillation in the non-principal modes; this is due to the standing 

wave properties of the electric field within the linear laser cavity. 

Because of this there exist regions of unsaturated gain within the 

pumped volume. A sustained population inversion exists in these 

regions, waiting for any slight perturbation that will permit 

oscillation in another mode at the appropriate frequency to take 



24 

advantage of this available gain. A ring laser, on the other hand, is 

a travelling wave device, capable of sweeping out the entire pumped 

volume in a single pass if the cavity and the pump source are 

sufficiently mode-matched. The ring laser operates inherently in a 

single mode although not always in the same mode. The addition of 

fine tuning elements serves to "lock" the cavity onto a particular 

mode, thus preventing mode hopping and providing sustained single 

frequency operation. For a variety of reasons, which will be 

discussed in Section Two of the thesis, this single frequency 

operation is very useful. 

h. Unidirectional Ring Laser Operation 

One intrinsic problem associated with ring lasers is the fact 

that a travelling wave within the cavity can travel in either 

direction. Without some mechanism to force single direction operation 

the travelling wave in the cavity will shift back and forth in some 

unpredictable fashion, making the laser very inconvenient to use, 

especially when one considers the fact that the outputs from the two 

travelling waves are non-collinear. 

There are two ways to overcome this difficulty. The simplest 

solution is to place an extracavity high reflector at normal incidence 

22 to the undesired output beam. This will reflect that beam back into 

the cavity in the direction of the desired oscillation and bias the 

gain in favor of that particular direction. In practice this 

technique was found to suppress the unwanted oscillation to some 
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degree. It was not possible however, to produce true uni-directional 

operation by this means; the problem seems to be the fact that the 

extracavity reflector couples to the output coupler and forms an 

étalon of very high finesse. The complex interplay between this 

étalon and the cavity apparently allows for some instability in the 

unidirectionality. 

The second, more sophisticated, technique for achieving 

unidirectional operation is through use of the so-called "optical 

23 diode". The optical diode consists of a pair of optically active 

elements which rotate the plane of polarization of an electromagnetic 

wave as it passes through the element. The first element is a Faraday 

rotator which, via the Faraday effect, rotates the plane of 

polarization in accordance with the following equation: 

0 =VHL (14) 

where V is the Verdet constant (4.3°/kGcm), H is the magnetic field, 

and L is the length of the crystal. Notice that this rotation is 

independent of the direction of the travelling wave. The Faraday 

rotator is thus called a non-reciprocal rotator. 

The other half of the optical diode is a c-axis quartz plate 

which rotates the plane of polarization by a specified angle whose 

sign depends on the direction of the incident radiation. This element 

is called a reciprocal rotator. 

If a reciprocal and a non-reciprocal rotator are combined it is 

clear that the polarization of one of the intra-cavity travelling 
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waves can be changed without affecting the other. The travelling wave 

with the altered polarization direction will experience higher losses 

at the various Brewster surfaces (12 in all) resulting in suppression 

of that oscillation and, consequently, stable unidirectional 

. 24 
operation. 

In practice it was found that the optical diode worked fine 

without the reciprocal rotator. Apparently the other elements in the 

cavity had some (stress induced?) biréfringent properties sufficient 

25 
to provide the necessary reciprocal rotation. 

i. Power Output 

The single mode output power obtained in the 1.08 pm region is 

shown in figure 14 as a function of the pump power incident upon the 

surface of the crystal. With a 5% output coupler the threshold was 

about 80 mw with a slope efficiency of 14Z. When a highly reflective 

output coupler was used the threshold was just under 50 mw. With 

higher transmission output couplers the performance deteriorated so 

the 5Z coupler was selected as optimum. 

In the linear configuration the highest output powers were 

obtained with a 10Z output coupler. This was due, no doubt, to the 

fact that the linear laser has lower intracavity losses since it has 

fewer intracavity elements. Power levels were slightly higher when 

the laser was operated in the linear configuration. 
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Figure 14. Output power of the ring laser as a function of pump 
power for an R~95% output coupler. The inset shows 
the output of a scanning Fabry-Perot étalon (FSR l~GHz) 
used to analyze the mode structure of the output beam. 

j. (Fj+) Center Decay 

A continuing problem when working with the (F^+) centers is the 

irreversible loss of gain in the crystal with sustained 

26 operation. The useful lifetime of a crystal is'thus limited to less 

than a week, especially if the laser is being operated at maximum 

power levels. The decay problem is quite complex as the long term 

behaviour varies from crystal to crystal' and even from one spot to 

another on the same crystal. In all cases however, the crystal 

appeared to slowly "die" until it became almost useless for laser 

operation. The problem was alleviated somewhat by pimping the crystal 
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on the face adjacent to the copper cold finger on which it was 

mounted. This allowed for a more efficient heat transfer; the 

problem was merely reduced however, rather than solved by this method. 

The leading candidate as an explanation for this decay phenomenon 

is that the centers are being lost through reorientation during 2piru 

2p au transitions. A French group, also working with the 

(Fj+Î center, reports that the decay problem is reduced by pumping 

with slightly less energetic photons, lending support for this 

hypothesis* Whatever the cause, the decay problem is more of an 

experimental inconvenience than a barrier to useful application of the 

laser.29 



CHAPTER THREE 

POLARIZATION MEASUREMENT IN OPTICALLY PUMPED HELIUM DISCHARGE 

The laser described in Section One of this thesis was developed 

for application in a variety of experiments involving optically pumped 

3 
He(2 S) atoms. The laser provides a spectrally intense source of 1.08 

ym optical pumping radiation capable, in principle, of producing very 

high spin polarizations in ensembles of He(2 S) atoms. The narrow 

linewidth and tunability of the laser also allow for investigation of 

optical pumping via a selected He(2 S) fine structure level. 

Furthermore, when the laser light is circularly polarized it is 

possible to monitor absorptions from selected 2 S nu sub-levels; this 

enables determination of the relative sub-level populations, providing 

sufficient information to completely determine the spin polarization 

3 
of the He(2 S) atoms. 

3 
The spin polarization, Pz, of an ensemble of He(2 S) atoms is 

defined as the projection along the quantization axis of the total 

spin angular momentum, divided by the maximum possible total spin 

angular momentum of the system. The quantization axis is generally 

defined by a weak externally applied magnetic field. It is this axis 

along which the optical pumping occurs. 

a. Optical Pumping 

Optical pumping, as it is employed here, is a technique for the 

3 
production of spin polarized He(2 S) atoms. These atoms are spin one 

particles with the accompanying triplet spin system. Normally the 

29 
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three magnetic sub-levels, m.--l,0,+l, are equally populated, as 

determined by the Boltzman distribution. When the atoms are optically 

pumped a non-thermal distribution can be achieved; if the 

distribution places more atoms in the m.“+l (-1) level then the atoms 

will have a net spin component parallel (anti-parallel) to the 

quantization axis. Atoms with m.-+l are thus called "spin up" atoms 

and atoms with HK“-1 are called "spin down”. 

m j 

0 

4-1 

0 
-I 

♦2 
♦ I 
0 
-I 
-2 

Figure 15. Partial term diagram 
for Helium showing 
the levels involved 
in the optical pump¬ 
ing process. 

The optical pumping process can be understood by reference to 

figure 15 which shows a partial term diagram for Helium. In the 

absence of optical pumping the three 2 Sj sub-levels are equally 

populated. If the atoms are illuminated with right-hand circularly 

polarized (BHCP) 2 S42 P resonance radiation, incident along the 

quantization axis, then transitions will be excited subject to the 

selection rule m.“+l. This excitation will transfer atoms from the 

3 3 3 
2 Sj nij*0 level, for example, to the 2 P^ m.“+l and 2 P^ m.“+l levels. 
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Subsequent return to the 2^S state proceeds via spontaneous electric 

dipole emission with a transition rate of about 10? sec-*. The 

selection rule for spontaneous emission is Amj.+j^o (Aj=O>mjH)-*mjs0). 

Thus, the net effect is a transfer or "pumping" of some 2% atoms in 

the mj«o to the mj=+l sub-level. Repeated excitation can result in a 

depletion of the 2^s mjs-ipopulations with an accompanying transfer 

of atoms to the 2^S m^a+i level. It is interesting to note that an 

atom in the 2% mj»+i level cannot be "depumped" into a lower mj level 

with RHCP light: transitions to the 2%Q and 2^1 states are 

forbidden (Antj.+i) and transitions to the 2^2 ®j“2 state are followed 

by an immediate (10“^ sec) return to the 2%^ level (Amj»+1, 0). 

Because of the symmetry of the physical situation optical pumping with 

left hand circularly (LHCP) light (Anu^-i) can analyzed in exactly 

the same way; the result is a preferential population of the 2% 

mj=-l level. 

The quantities generally used to describe the distribution of 

atoms among the 2^S magnetic sublevels are the polarization, Pz, and 

the alignment, Pzz. These are two components of the cartesian 

polarization tensor given by Goldfarb^O and are defined by the 

following equations where n_f n<), and ^ are the respective 

populations of the 2^S m.»_ifo,+l levels. 

Pz - (n+-n_)/(n++n0+n_) (15) 

Pzz « ((n++n_)-2n0}/(n++no+n_) (16) 
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The alignment, Pzz, is a somewhat less physically intuitive 

quantity than the polarization, Pz, which has been discussed above. 

Pzz can be interpreted as an indicator of a thermally unbalanced 

distribution of atoms between the m.*0 level and the sum of the m.#0 
J J 

levels. The polarization makes no comment about this; it remains 

zero even when all of the atoms are pumped into the mjs0 level-a 

highly non-thermal distribution. In general optical pumping with 

circularly polarized light results in an alignment that tends to be 

considerably smaller than the polarization. 

This section of the thesis will describe an experiment in which 

the laser was used to measure the spin polarization of an ensemble of 
3 

He(2 S) metastables contained in an rf excited He discharge cell. 

Section Two will conclude with a discussion of several related optical 

pumping experiments involving the laser, some of which are planned for 

the immediate future. 

b. Pz Measurement in Optically Pumped Static Helium Discharge 

The apparatus involved in this experiment is shown schematically 

in Figure 16 and forms part of a polarized He ion source to be used in 

INS studies of metal surfaces. The Helium atoms are contained in a 

pyrex cell about 8 cms in diameter and excited to 2 S levels via 

collisions driven by a weak electric discharge. The weak discharge 

produces a metastable density of 10^®-»10^ cm-^ at the pressures of 

interest (around 100 mTorr). The metastables are optically pumped as 

3 3 described above using circularly polarized 2 S-»2 P resonance 
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radiation incident along the quantization axis defined by a weak 

external magnetic field of about 5 gauss. The optical pumping 

radiation is supplied by a high power (several hundred watt) rf 

excited He discharge lamp which provides about 5 mw/cm of radiation 

at 1.08 ym. The pumping radiation is selected by combination linear 

polarizer and 1.08 pm pass filter and is circularly polarized by a 

quarter waveplate. 

ION EXTRACTION FILTER/ 

One problem when working with optically pumped He discharges has 

been the lack of a convenient technique by which to precisely measure 

the polarization of the He metastables. A qualitative indication that 

optical pumping is producing a non-thermal distribution can be 

obtained however by measuring the absorption of the optical pumping 

radiation by the discharge. If the radiation produced by each of the 

three optical pumping transitions, the 2 PQ ^ >2 Sj lines, 

respectively labelled the DQ, D^, and D2 lines, have different 

intensities, then the transmission of the radiation through the weak 
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discharge will depend on the population distribution n+:nQ:n_, This 

can be understood by reference to Table 1 which shows the relative 

absorption probabilities for all the transitions involved in the 

optical pumping process. 
3 

The total probability for absorption from a given 2 S ^ 

sub-level is determined by summing the relative probabilities in the 

same row as the sub-level of interest» For example, the absorption of 

3 the 2 S- m.*-l level is 1+3L+2K where L and K are the D0:Dt and D0:DA 1 j 2 12 0 

ratios, respectively. If L=K*1 the sum of the probilities is equal 

for each row, from which it follows that the total absorption will be 

3 
independent of the 2 S sub-level distribution. However, for discharge 

lamps such as those employed here, the relative intensities of the 

are always unequal. 

6Ba6! 

Table 1 Relative absorption probabilities for Am.-*! along z axis 

As a particular example, the transmissison for the optically 

pumped condition (n+>nQ>n_ for RHCP pumping radiation) is different 

from that when the populations of the three magnetic sub-levels are 

equal. The sub-level populations can be equilibrated, even in the 

presence of the optical pumping radiation, by application of an 

appropriate external rf magnetic field. Such a field, when applied at 
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the Larmor frequency, will saturate the magnetic dipole transitions 

( Am.**+1,0, A l *0) and drive the sub-level populations into 

equilibrium. This forced equilibration produces a change in the 

intensity of the transmitted radiation which can be measured and used 

as a qualitative indication that optical pumping is producing a 

non-thermal metastable distribution in the weak discharge. A 

quantitative measure of the polarization is quite difficult using this 

method for several reasons: (1) there is some uncertainty in the 

relative intensities of the D^, lines; (2) the precise 

linewidths of both the discharge and the optical pumping radiation are 

unknown; (3) the transmitted signal depends quite strongly on factors 

such as the pressure and the intensity of the discharge- factors whose 

relation to the polarization have not been completely determined. (4) 

Furthermore, the so-called "optical signal", defined as A I/I where Al 

is the change in the transmitted intensity produced by the forced 

equilibration of the su and 1 is the total transmitted intensity, is 

dependent upon some rather subtle geometrical effects. For example, 

the circular polarization of the optical pumping radiation will be 

degraded as it passes through a surface at non-normal incidence. Near 

the edges of the discharge cell the glass makes an angle of 

40°-*60° with the axis of the-optical pumping radiation. This results 

in alsiost complete reflection of the vertical component of the 

radiation, resulting in a linearly polarized pumping beam. Such a 

beam will be far less sensitive to the changes of interest in the 

discharge. The optical signal will also depend upon the physical size 

of the discharge cell and the orientation of the quantization axis. 
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Suffice to say, the extraction of a quantitative polarization analysis 

from the optical signal, while perhaps not impossible, is certainly 

not straightforward. 

The relative magnetic sublevel populations and hence the 

metastable polarization can be measured directly however, by observing 

the attenuation of the circularly polarized output of the (Fj+J* color 

3 3 center laser tuned to the DQ 2 S-*2 P transition (see figure 15). 

This is done by separately probing the n+ and n_ magnetic sublevels 

via their respective absorptions of resonance radiation provided by 

the laser, taking care to use sufficiently low laser power levels so 

that the optical pumping radiation is not overwhelmed by the laser 

probe beam. For typical laser power levels that were used ( .05 mw 

with an estimated linewidth of about a gigahertz) the lifetime of the 

metastables against excitation by the laser is about .1 ms. On 

average the metastables spend about 10 ^ seconds in the beam; this 

result, coupled with the fact that there will also be several 

collisions on average while the metastable is in the beam, make it 

quite unlikely that the laser will appreciably disturb the steady 

.state metastable distribution within the discharge. To further verify 

this caution a series of polarization measurements were performed 

under identical, discharge and optical pumping conditions at several 

2 
laser probe beam intensities in the range 10*100 vw/cm . The 

measurements yielded values for the polarization in essential 

agreement. 

The polarization measurement technique can be understood as 

follows: when the laser is RHCP and tuned to the DQ transition then 
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only 2 S atoms in the m.»-l level can absorb photons from the laser 

beam, if the laser is incident along the quantization axis defined by 

the B-field. In the present case the laser beam was propagating 

anti-parallel to the quantization axis so the selection rule was 

nu^-l, implying that only those atoms in the m.=+l level could 

absorb. Therefore, if it is assumed that the 2 S metastable density 

is approximately constant over the width L of the discharge cell, the 

intensity I(RHCP) of the transmitted beam is: 

I(RHCP)=IQ(RHCP)e-n+°L (18) 

where IQ(RHCP) is the transmitted intensity with the discharge turned 

off (n+=0), and a is the photoabsorption cross section. Equation 6 

can be solved for n+, yielding * 

-, I (RHCP) 
n - — Ln -2  + oL I(RHCP) 

(19) 

if the laser is LHCP, then 

1 I (LHCP) (20) 
n = —;- Ln — . 

crL I (LHCP) 

3 
Since the total 2 S metastable density, n. *n.+n +n , is not tot + o — 

significantly affected by the optical pumping process as it is 

employed here, a measure of n can be obtained by repeating either 

of the above measurements in the absence of the optical pumping 

radiation or in the presence of a magnetic field applied at the Larmor 
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frequency. Under either of these conditions n =n =n *=n /3. 
+ o — tot 

Therefore ntot“3n+ from which it follows, in analogy with 19above, 

n 
tot 

„ I U(RHCP) 
lLn_2  
L IU(RHCP) 

I U(LHCP) o   

IU(LHCP) 
(21) 

3 
where the superscript "u" indicates that the 2 S atoms are unpumped. 

Thus, determination of the transmitted laser probe beam intensities 

under the conditions described above provide a measure of n+, n_, and 

nQ (=ntot“
n
+~

n_)• The polarization parameter of particular interest 

here is Pz which is given in terms of the measured quantities outlined 

above by the following equation: 

Ln[I (RHCP)I(LHCP)/I(RHCP)I (LHCP)] 
Pz 2 2  (22) 

3Ln[I U(RHCP)/IU(RHCP)] 
o 

If the laser probe beam intensity remains constant during a given 

measurement, i.e., Io(RHCP)*Io(LHCP), then Pz can be written: 

Ln[I(LHCP)/I(RHCP) 

3Ln(IQ
U
(RHCP)/I

U
(RHCP)] 

(23) 

or, rearranging: 

Pz - Ln[l + 
I(LHCP) - I(RHCP), 

I(RHCP) J 
(24) 
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If the polarization is small and the discharge is sufficiently 

weak so that the laser beam attenuation is also small, then equation 

11 above can be written: 

Pz * I(LHCP) - I(RHCP) (25) 
3[IQ

U
(RHCP) - I

U
(KHCP)] 

where the approximation ln(l+x)^x, valid for small x, has been used. 

Equation 25 is a particularly convenient form for the 

polarization as it contains only terms representing directly 

measurable quantities. Furthermore, it involves only relative, rather 

than absolute, intensity measurements. The complicated quantities 

like the cross-section and the geometry dependence need not be known. 

The quantity I(LHCP)-I(EHCP) can be obtained directly, using 

lock-in techniques, by modulating the handedness of either the optical 

pumping radiation or the laser probe beam. The quantities Io
U(RHCP) 

and Io(RHCP) must be obtained individually by direct measurements. 

For very low discharge levels it was sometimes possible to modulate 

the discharge by turning it on and off and hence measure this 

difference using lock-in techniques. In general however, the 

discharges of interest must be ignited with the aid of a tesla coil, 

making modulation impossible. In these cases a straightforward dc 

measurement was employed. 

The results of the first experiment are given in Figure 17 where 

the polarization of the metastables as a function of the absorption of 

the pumping radiation is plotted for three different bulb pressures. 

The absorption is determined by the metastable density; the 
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metastable density is determined by the strength of the discharge 

which is varied by changing the power supplied to the discharge from 

the rf oscillator. 

3 Figure 17. Measured He(2 S) polarization as a function of the 
absorption of the probe beam for several helium pres¬ 
sures.—-——00 mTorr; 107 mTorr; 122 mTorr. 

The data display similar consistent trends and indicate that the 

highest polarizations are obtained at the lowest discharge levels. 

This is due to the fact that, at high discharge levels, the 

collisional deexcitation rate is increased, leading to a reduced 

optical pumping time for the metastables. At very high pressures and 

high discharge levels the polarization became negligible, with the 

highest polarizations being obtained at the very threshold of the 

sustained discharge. The polarization measurement yields the average 

polarization across the span of the discharge cell. Effects like the 

spatial dependence of the metastable density and the declining 

intensity of the pumping radiation as it traverses the discharge cell 
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are automatically compensated. In all cases that have been 

encountered thus far it is the average polarization that is of 

interest. 

The 1 absorption of the pumping radiation was determined by a 

direct dc measurement. This dc measurement is the source of most of 

the uncertainty in the data and was due primarily to laser noise. 



CHAPTER FOUR 

FUTURE APPLICATIONS 

a. Optical Pumping of a Helium Metastable Beam 

Another aspect of the surface program in the present laboratory 

involves a beam of optically pumped Helium metastables used for 

Metastable Deexcitation Spectroscopy (MDS) studies of metal surfaces. 

This beam, which has been described in detail elsewhere, is about A 

mm in diameter and travels at thermal velocities (10^ cms/sec, 

typically) across an optical pumping region about 20 cms in length; 

the beam is then intercepted by either a Stern-Gerlach magnet or a 

metal surface, depending on whether it is the beam that is being 

studied or the surface that is being probed. 

The optical pumping radiation is presently being provided by an 

rf excited He discharge lamp, similar to the one being used in the INS 

apparatus. The proposed experiment involves replacing the lamp with 

the (Fj,+)* color center laser as the source of the optical pumping 

radiation. This is particularly attractive in this instance as the 

optical pumping takes place along an axis transverse to the direction 

of propagation of the beam. This implies an extremely narrow 

absorption linewidth (indicating that most of the radiation from the 

rf lamp is unusable) making the beam an ideal candidate for pumping 

with a narrow linewidth laser. In this particular application the 

single mode ring laser is especially efficient. It should also be 

possible to tune the laser across the optical pumping transitions and 

thus independently investigate optical pumping via all three of the 

42 
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3 3 2 S42 P transitions. 

Calculations indicate that 100% spin polarization of the 

metastable beam should be attainable . The only barrier to achieving 

this is that the unmodified single mode of the ring laser may not have 

sufficient frequency stability to sit continously on the optical 

pumping transition. This problem can be alleviated in part by using a 

linear beam expander (expanding the beam along a single axis) which, 

when slightly detuned, will provide a diverging beam, increasing the 

effective linewidth of the transition due to the resultant Doppler 

broadening. Furthermore, it should also be possible to produce an 

alignment without polarization. For example, if the DQ transition is 

pumped with linearly polarized light, the metastables will be pumped 
3 

from the m.=+l states into the 2 S m.*0 state. 
J J 

b. Pz Measurement in Flowing Helium Afterglow 

Another proposed experiment involves a Pz measurement essentially 

identical to that described above. The optically pumped ensemble of 

He atoms in this case forms part of a flowing He afterglow apparatus 

used in the study of Penning ionization. The flowing metastables 

originate in a weak microwave discharge , are optically pumped by an 

rf lamp, and then interact with a target gas, such as CO^. Free 

electrons which emerge during this interaction are extracted and their 

spin polarization is measured. 

The Pz measurement in this case involves determining the 

metastable polarization just before the interaction region. This 
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measurement is particularly interesting in that it can be directly 

compared to the measurement of the spin polarization of the electrons 

after the interaction* Information about the conservation of the spin 

during the various ionizing collisions should thus be attainable. 

c. Pzz Measurement in Helium Discharge 

A quantity of considerable interest in the INS source is the 

polarization of the extracted He ions. This is a function of the 

metastable polarization, the metastable alignment (Pzz) and the 2*SQ 

population. The metastable polarization is an upper bound for the ion 

polarization, due to the fact that most of the ions are produced in 

spin-conserving metastable-metastable collisions. 
3 

Pzz can be determined if the population of the nQ(2 Sj, m.~0) 

magnetic sublevel is known, providing the polarization has been 

determined. (In actual practice, nQ was not determined in the 

measurement described above: n+-n_ was measured as a single quantity. 

There was thus insufficient information to determine n .) The n o o 

population can be measured quite simply however by using a linearly 

polarized laser probe beam. Linearly polarized light can be viewed as 

being composed of equal parts of (SHOP) and (LHCP) light with no phase 

difference. Thus, linearly polarized radiation will be absorbed with 

equal probability by n+ and n_ atoms. The difference between this 

absorption and the total absorption i.e., 3n+ for SHOP light) is a 

measure of the n^ population. Once Pz and Pzz have been determined 

the n+:n sn^ ratios are completely known, providing complete 
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information about the distribution of He atoms among the 2 Sj magnetic 

sublevels. 

The population can perhaps be determined by measuring the 

absorption of the 2*S^3*Pj transition. This transition can be probed 

with a Coumarin dye laser operating in the vicinity of 5000 A. 

These two measurements should be sufficient to describe the 

relevant distribution of atoms within the discharge. It is assumed 

that ground state atoms play no important role, either in optical 

pumping or in ionization. When all the ion producing collisions are 

taken into account the net ion polarization should be obtainable. 



APPENDIX I 

Conversion of the Linear Laser 

Configuration to the Ring 

The essential problem here is to reflect the fluorescence from 

the output mirror onto the input mirror in such a way that it 

re-enters the cavity collinear with the input beam, i.e., along the 

axis of the cavity. The following technique has proven very useful in 

expediting this conversion. 

First, rotate the output mirror to reflect the fluorescence as 

close as possible to the flourescent spot on the input mirror produced 

by the pump beam. Place a small aperture close to the output mirror 

in the beam reflected from the output mirror. Now block the beam from 

the output mirror and reflect the beam from the input mirror until it 

passes through the aperture. Next, place the aperture near the input 

mirror and repeat the process. In this way the cavity can be iterated 

from the linear configuration to the ring. 

When the beams reflected from both of the mirrors are collinear 

lasing in the ring configuration should be possible if the pump power 

is high enough. As usual some final "tweaking" will probably be 

necessary. 

46 



APPENDIX II 

Crystal Preparation 

As described in the text, crystal preparation begins with an 

approximately cylindrical boule of, in this case, NaF. A slice can be 

cut from the boule by placing a sharp edge, such as a razor blade or a 

small chisel, against the side of the boule and tapping it with a 

small hammer. A flat disk with a remarkably smooth face will 

generally result. 

This disk must then be squared along crystal faces to the desired 

dimensions. If the boule cross-section is not perfectly circular it 

is generally possible to locate the crystal edges; however, if the 

disk is tapped with the corner of the razor blade a flat edge can 

generally be obtained. The other edge, of course, will be 

perpendicular to this edge. 

The crystal can then be sanded with very fine grit sandpaper 

(such as can 'be obtained in any machine shop) to approximately the 

desired thickness. Final polishing is done on a jeweller's lap 

pad-first with 3 ym diamond grit, then with 1 ym grit, and finally 

with just the pad surface itself. In all cases a firm pressure must 

be evenly applied to the crystal as it is being polished. The diamond 

grit can be cleaned from the crystal with a lens paper moistened with 

methanol. Care must be taken to avoid getting moisture on the 

crystal. For this reason it is recommended that rubber gloves be worn 

when handling the crystals, especially during the polishing. The 

polishing is complete when the crystal displays a perfectly smooth 

face to the naked eye. 

The crystals must now be checked for any optical activity. This 

47 
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can be done by placing them between a pair of crossed polarizers and 

checking for a non-zero transmission of, say, a He-Ne beam* If there 

appears to be some optical activity in the crystal, it can generally 

be removed by annealing the crystal. This is accomplished by heating 

the crystal to within 100°C of its melting point (993°C) and allowing 

it to cool down very slowly (overnight). 
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