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STUDY OF THE NEON-OXYGEN LASER

UNDER HEAVY PARTICLE BOMBARDMENT

Edward L. Seckinger, M.S.*

Department of Electrical Engineering

                        University of Illinois at Urbana-Champaign, 1974

In this thesis experiments are described which explore the possibility

of using a heavy particle external ionization source as the energy input or

"pump" for the Ne-02 laser.  Also described are the electrically excited

Ne-02 laser and the theory behind its operation and the theory behind the

"heavy particle bombarded" excited laser.

The heavy particles consist of the alpha and lithium particles pro-

duced by the reaction of thermal neutrons on a boron-10 coating surrounding
*

1 1 5

the plasma.  Theoretical studies show that with the neutron flux that can

be obtained in the TRIGA reactor these particles should cause lasing in

the gas mixture if an optical cavity exists.  No conclusive evidence was

obtained, though, that showed lasing, but in a few instances possible

lasing was suggested by indirect measurements.

Gain-measurement experiments were attempted at the laser wavelength,
0

8446 A, to see if a population inversion did exist.  However, it was found

that the gain, if it exists, is too small to be measured by the technique

employed where a light beam was sent in a single pan through the irradiated

gas.

Thus a second technique was attempted.  It consisted of measuring the

output of the discharge tube in an optical cavity and repeating the

'         measurement with the back mirror blocked.  The ratio of these two outputs,

.



called the unblocked-to-blocked ratio, can be used to calculate the gain

coefficient.  Presently, this technique is only approximate, but the re-
*

sults suggest a positive gain in the Ne-02 case although it may be less

than that needed for lasing.

.
Difficulties were encountered in operating with a sealed discharge

tube.  The oxygen is probably absorbed in the walls of the discharge tube

and  in the metal cylinders  that were coated with boron-10.' Therefore,   it

is suggested that in future work the tube should be connected to a vacuum

system and an Ne-02 gas supply so that the gas mixture can be changed after

each irradiation of the laser tube.

a
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I.  INTRODUCTION.,

In order for a laser to operate, a population inversion must exist

between two optically connected quantum states of a molecule or atom.

Creating a population inversion requires an input of energy to the system

which is accomplished by an interchange of energy between particles.  One

method for injecting energy into the system is to apply an electric field

across the system causing electrons to accelerate and gain energy and then

collide with atoms or molecules imparting part of their energy to the atom

or molecule.  A second method is to produce high-energy heavy particles,

alpha particles, or fission fragments, from nuclear reactions.  As in the

first case, the system gains energy through collisions.  Lasers that are

excited utilizing nuclear reactions are called nuclear pumped lasers.

Although a nuclear pumped laser has not been operated successfully

yet, it has many potential advantages that make it a worthwhile goal to

pursue.  Nuclear 'pumped lasers have the potential of high-power outputs

because of the high-power density inherent to nuclear reactions and high-

pressure gas mixtures, which increase the density of excited atoms or

molecules, that can be used.  Nuclear pumped lasers may also have a higher

efficiency as compared to electrically operated lasers because the nuclear

energy does not have to be converted to electrical ehergy first.  Finally,

this unique pumping technique may offer unique characteristics such as new

lasing transitions.' A more complete discussion on the advantages of

nuclear pumped lasers can be found in a paper by T. Ganley, J. C. Guyot,

G. H. Miley, and J. T. VerdeyenCJ) and in a paper by K. Thom and R. T.

                         Schneider. (2)

.
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There are about four different schemes for building a nuclear pumped

laser. (D     The most investigated scheme   and   the   one  used  at the University

of Illinois employs a laser tube covered on the inside with a coating of

-           10 235 210        10      235B,U , or Po .  The B and U coatings emit either alpha particles

210
or fission fragments when bombarded by neutrons, and the Po c8ating

emits heavy particles by radioactive decay. A second method  mixek   the

lasing gas with another gas such as He3 or UF6 which serves as a spurce of

heavy particles under neutron bombardment.  The third method uses a volume

source, uranium, at high temperatures.  In each of the three cases above,

heavy particles are generated having high energies, and they excite or

"pump"  the gas through collisions. The fourth method consists of studying

the effects of the above processes by stimulating nuclear interactions by

bombarding the lasing material with high-energy electron or ion beams.

Of the four methods suggested for obtaining nuclear pumped lasers,

the first two have been the most widely investigated.  Various gas mixtures

have been studied, but the CO2-N2-He, Ne-02' and He-Ne gas mixtures are the

most popular.  The history of nuclear pumped lasers can be found in the

(1)                    (2)papers by Ganley, et al., - and Thom, et al. -  Although research on

nuclear pumped lasers covers almost a decade, so far none of the

experiments undertaken have demonstrated unambiguously lasing action by

nuclear pumping.  These experiments have shown, though, enhancement of

electrically-pulsed laser output caused by interaction of heavy particles

with the plasma.

Although none of the experiments have completely succeeded, the

(3)
Ne-02 gas mixture  shows considerable promise.  The Northrop Laboratories -
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reported that lasing might have been obtained using Ne-02 in a laser tube

10     235
coated on the inside with either B or U , because their results indi-

cated that strong emission occurred during irradiation in a nuclear reactor

pulse.  Also theoretical studies show that it is possible to obtain lasing

in a Ne-02 gas mixture above a certain neutron flux, which can be attained

and surpassed at the University of Illinois' TRIGA reactor.

This report focuses on the nuclear pumping of the Ne-02 laser in a

static (non-flowing) situation.  The gas is contained in a cavity having

10
aluminum cylinders coated on the inside with B  .  The tube is then placed

next to the core in the TRIGA reactor which is pulsed producing a high

10
neutron flux in the region of the tube.  Neutrons striking the B Will

produce alpha and lithium particles having energy in the MeV region.

These particles collide with the gas atoms and molecules exciting them.

While the tube was being bombarded by neutrons, the light output was

examined using an RCA C31034 photomultiplier.  In one experiment mirrors

were placed at both ends of the tube to form a laser cavity.  In another

experiment no mirrors were used, and the light output was studied at various

wave lengths.  A third experiment consisted of applying electrical pulses

to the tube during a reactor pulse.  In a final experiment light having the

same wave length as that of the laser was passed through the tube during a

reactor pulse, and this light was examined to see if its intensity changed

or not.  The goal of the above experiments was to either successfully

operate a nuclear pumped Ne-02 laser or to gather evidence that the nuclear

pumped Ne-02 laser is feasible.
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II.  THE ELECTRICAL Ne-02 LASER

A.  Introduction

The first neon-oxygen laser was built in 1962 by W. R. Bennett. (41

A low-pressure rf discharge containing neon gas with. varying amounts of

oxygen impurity was used by him, and continuous laser oscillation was ob-

tained on the 33P2 - 33Sl fine structure transition of atomic oxygen at
0

8446 A.  The power output of the laser was approximately two milliwatts.

Since 1962 only a relatively few people have studied the Ne-02 laser,

probably because of the popularity of the helium-neon and carbon dioxide

lasers.  Therefore many parts of the theory on the excitation and de-

excitation mechanism involved have not been sufficiently verified, but

enough is known to give at least an overall picture.

B. Theory: Excitation and De-excitation Mechanisms

The neon-oxygen laser is a dissociative laser because the dominant

mechanism by which radiative excited states of atomic oxygen are produced

involves the transfer of energy from the neon metastable to the repulsive,

(4)
neutral excited state of the oxygen molecule. - This unstable oxygen mole-

cule then dissociates providing a ground state atom and an excited atom

which can act as the upper state of the laser transition.

Figure 1 shows the energy level diagram of molecular and atomic

oxygen drawn with respect to the ground state of the oxygen molecule, which

lies 5.09 eV below the ground state of atomic oxygen. f-  Also shown are the

lS metastable levels of neon. The arrows indicate excitation and

de-excitation mechanism, and Paschen notation is used.  The four metastable
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levels   (3P2'   3pl,   3po,   and  ].pl in order of increasing energy)   of  neon  are

denoted by the superscript M.  The dashed vertical lines enclose the region

over which the Franck-Condon principle would predict excitation from the

ground-state oxygen molecule to be probable.

The lifetime of the upper laser level is primarily determined by
0

radiative transitions at 8446 A to the lower laser level, and that of the

lower laser level is determined primarily by radiative transitions at
0

1300 A to the ground state of atomic oxygen.  The lifetime of the upper

laser level 3P3P2 and the lower laser level 353Sl are thirty nanoseconds

(5)and two nanoseconds, respectively. - Since the lower laser level is

connected to the ground state of atomic oxygen through the strongly allowed
0

vacuum ultraviolet 1300 A transition, the oxygen pressure must be low

enough to prevent a longer relaxation time for the lower laser level due to

excitation of atoms from the ground state of atomic oxygen to the lower
0

-          laser level and the trapping of the 1300 A radiation.  This'will be

·                                                                                       33

detrimental for obtaining laser action on the 3p P + 35 S transitions, es-

pecially for continuous operation.  The ground state of atomic oxygen is a

metastable state which recombines with another oxygen atom to form an

oxygen molecule, and at low pressure the oxygen ground state lifetime is

governed by diffusion to the walls where recombination takes place.

In a low-pressure neon discharge there is very efficient production of
-4

long-lived (approximately 10 sec.) ls states, and so a relatively high

population density of atoms in the metastable levels result.  The total

destruction cross sections for all the metastable states of neon in two-body

collisions with ground-state oxygen molecules are of the order of
-15 2 (4)                                          02 x 10 cm . - Time-dependence data of the 8446 A transition and other
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oxygen transitions in an oxygen-neon discharge indicate that under conditions
0

of pressure and discharge optimum for laser action at 8446 A, the decay of
0

the 8446 A transition is essentially exponential in form (see Fig. 2) and is

identical with the decay rate of the neon lS3pl and lS3P  levels.  Also the

decay times decrease with oxygen pressure linearly which indicate that a

significant fraction of the Ne ls 3po .and Ne ls3P, atoms lose their energy
1

in inelastic collisions with oxygen molecules.leading to the selective

excitation of the 3p3P and 3psP states of oxygen.  This can be written as:

NeM(ls3pl, 153po) + 02 + 0(3p3P, 3psp) + 0(2p3P2) + Ne (II-11

According to Bennett and· Patel (4-'f)   the  Ne ls3p2 metastable atoms  are  re-

sponsible for the preferential excitation of oxygen atoms to the lower laser

level along with a number of other oxygen levels, as indicated in the

following reactions which are both energetically possible:

NeM(153p21 + 02 + 0(2p3P) + 0(3s3S, 3ssS) + Ne (II-2)

and/or

NeM(ls3p2) + 02 + 0(21D) + 0(353S, 3ssS) + Ne (II-3)

-10   3
Reaction (II-1) has a higher destructive frequency [(2.0 + 0.5) x 10 Cm /

sec. at 300'K] than the total destructive frequency of reactions (II-2) and

-10   3(II-3) [(0.6 + 0.3) x 10    cm /sec. at 300'K].     However, Kolpakova and

Redko Cfl have presented evidence that the Ne ls3P2 level may also be

responsible for the selective excitation of the upper laser level.  They

pointed out that the ls 3Po,1,2 levels of neon are very close together in

energy, and that for energy transfer in atom-molecule collisions the
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requirements on the energy discrepancy from exact resonances are considera-

bly less rigorous than for atom-atom collisions.  Also the population of

the Ne ls3P2 level in the discharge is greater than the population of the

neon ls3P  and ls3pl levels because when oxygen was added to a neon

discharge, the concentration of atoms in the neon ls 3Po,1,2 levels changed

in precisely the same way.  Also when the relative concentration of neon

atoms in each of the three levels was compared with either the discharge
0

current or line intensity at 8446 A, all three levels behaved in the same

way.

Excitation of the lower and upper laser level can occur due to

collisions of ground state and excited oxygen atoms with electrons.  In a

low-pressure oxygen discharge, the important excitation processes are:

02+(e+KE)+0*+0+e (II-4)

I

0(2 F2) + (e + Ke) + 0(n3S, n3D) + e (II-5)

where n>2 and the notation 0* indicates an excited state of oxygen.  The

upper laser level cannot be populated by electron impact upon the ground

state of the atom because it is not optically connected to the ground state

and so this transition is forbidden.  The lower laser level is, however,

connected optically to the ground state.  Similarly, the 3SS and 35P

53populations cannot be inverted because the 3 S+2 P transitions is forbid-

den to the first order.  Indirect two-step excitation processes can result

in excitation of atoms to the upper laser level.  The first two excited

states of oxygen (21D, 21S), which can be produced in reaction (II-4), are

metastable and do not have large exchange cross sections for electron

1
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excitation of the 0(33P) state, however. (1) Process  (II-4)  can also produce

oxygen atoms in the upper laser level, but since the cross section for this

-18   2
reaction is of the order of 10 cm , this reaction has only a minor in-

fluence. Reaction (II-5) can also be minimized if the oxygen pressure is

-          low enough, and so the 0(2P3P2) density is not very high because the

0(2P3P2) atoms recombine quickly to form oxygen molecules.  Therefore the

lifetime of this state is governed by diffusion.

Other possible excitation processes include several recombination

mechanisms.  In certain cases these processes are important, and they may

result in selective excitation of atoms to the upper laser level.  One

excitation process occurs because the neon ls metastable atoms have suffi-

+4
cient energy to excite the oxygen molecule to the 02( A) state which then

combines with an electron to form a ground-state atom and an atom in the

upper laser level:

02 + NeM(ls) + 02( #) + Ne +
e (II-6)

+4

+4
02( A) +e + 0(3p3P) + 0(2p3P) (II-7)

Both reactions (II-6) and (II-7) are energetically possible and can proceed

quite rapidly because the recombination process described in (II-7) has a

-3   -3    -1
recombination coefficient of 10 cm sec  .  However, the process

described in (II-6) is not very effective because of the absence of the

first negative bands belong to the 02 system.

Another recombination process which is energetically capable of

selective population of the upper laser level is:
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0+ + 0- -* 0(2P3P) + 0(3p3P) (II-8)

But this process has a low probability because there is no resonant process
in the oxygen-neon discharge capable of dissociating the oxygen molecule

-          into 0  and 0- ions.

Although some of the processes described previously are energetically

possible, they play only a minor part in the selective population of the

upper laser level of oxygen.  The most important excitation process is the

transfer of energy from the neon metastable to the oxygen molecule which

then dissociates into a ground-state atom and an atom in the upper laser

level.

C.  Observations

Bennett (1) and Patel (5) obtained lasing action  in a neon-oxygen laser
by using an rf discharge.  For a 7-mm i.d. quartz discharge tube they found

optimum pressure4 of 0.014 mm Hg of 02 and 0.35 mm Hg of Ne, and the optical

gain was approximately three percent per meter.  They also observed that

the gain at optimum conditions varied roughly as the reciprocal of the

tube diameter.

1.  Experimental Set-up

In the laboratory lasing action was obtained with a mixture of 96. 4%

neon and a 3. 6% oxygen up to a total pressure of 12 torr using a pulsed

discharge.  The overall experimental set-up is shown in Fig. 3.

The discharge tubes used were made of pyrem except for the windows

which were made of quartz and were placed at the brewster angle.  The

discharge tube was connected to a vacuum system which consisted of a
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mechanical vacuum pump, an oil diffusion pump, and pressurized containers

of gases.  Two discharge tubes were used:  one with an inside diameter of

2 mm and a length of about one meter; and one with an inside diameter of

1.30 cm. and a length of 82 cm.  In some cases the larger diameter tube

contained aluminum cylinders having an inside coating of boron-10 with

glass spacers between them.  This gave the tube an effective inside

diameter  of  1.05  cm. The mirrors that formed .the optical cavity  are  made
0

of a quartz substrate and had reflectivities of 99% and 99.7% at 8446 A.

The·electrical circuit used to pulse the discharge tube is shown in

Fig. 4.  With the transformer, voltage pulses up to 50 kV were available,

and these voltage pulses were about a few microseconds long.  Once in a

while this circuit was replaced by a neon-sign transformer which applied an

alternating sixty-cycle voltage across the electrodes of the discharge tube.

The photomultiplier used is a 2-inch diameter QUANTACON head-on type,

RCA type No. C31034.  It has a Ga-As photocathode with an electrostatic

focus, in-line dynode system.  The photocathode has a spectral range that
0

extends from about 2000 to 9300 A (see Fig. 5).
0

The 8450 A filter, which was placed between the discharge tube and the
0

photomultiplier, has a 51.5% transmissivity at 8450 A and a full-width at
0

half-maximum (FWHM) of 100 A.  The spectral response of the filter can be

seen in Fig. 6.

The value of the shunt resistance was determined by weighing the

amount of gain needed versus the time constant of the circuit needed.  The

photomultiplier acts like a constant current source, and so the voltage

measured across its output is directly proportional to the effective

resistance the photomultiplier sees.  The cable used to connect the
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photomultiplier output to the oscilloscope input is a 50 9 cable having a

capacitance of 33 pf/ft.  So if no shunt resistance is used and the cable

is six feet long, the time constant T of the circuit is:

6                    -12
T = RC = (1 x 10 ) x (6 ft. x 33 x 10 f/ft)   '

= 198 x 10-6 seconds                   ' (II-9)

= 198 microseconds

where R is the effective resistance across the output of the photomulti-

plier and f is the symbol for farads.  In this case R is the input of the

oscilloscope which is one megohm.  This gives a time constant of 198

microseconds which is too large for looking dt one or two microsecond laser

pulses.  Thus in most cases a shunt resistance of ten kilohms was used

which gave a time constant of around two microseconds.  Figure 7 gives the

time constants for three values of shunt resistance and various lengths of

cable.

2.  Experimental Results

To determine whether or not the discharge tube was operating as a

laser, three criteria were used:  the relative output of the photomulti-

plier, the shape of the pulse, and the amount the output of the

photomultiplier dropped when the back mirror (see Fig. 3) was removed.

With a resistance of 10 kn across the output and at a supply voltage of

1500 V, the photomultiplier had an output of 4 to 25 volts (or a current

output of 0.4 to 2.5 mA) if the discharge tube was lasing.  Otherwise, for

a non-laser input pulse the photomultiplier output was less than half a
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volt.  Secondly, the laser pulse rose almost vertically to its peak and then

decayed exponentially, while the non-laser pulse (called the spontaneous

emission output since there is no stimulated emission) had a more

"rounded" shape. This difference between the laser  and the spontaneous

emission pulse is shown in Fig. 8.  Finally, for a laser pulse the output

of the photomultiplier decreased at least two orders of magnitude if a

non-transparent object, such as a piece of cardboard, was placed between

the discharge tube and the back mirror.  For non-lasing conditions the

output dropped only by 25 - 33%. During lasing conditions the ratio of the

output of the photomultiplier for the laser pulse to the output of the

photomultiplier when the back mirror was blocked was approximately 150.

Otherwise, for non-lasing conditions this ratio varied between 1.1 and

1.5 with the most common value 1.3.

The output power of the laser was not measured directly, but it is

(4)estimated to be -100 mwatts peak per pulse.  Bennett - reported a power

output of 2 mwatts for an r.f. cw Ne-02 laser.

Lasing was obtained in the pulse discharge only the peak voltage

across the electrodes was in the neighborhood of 4 kV, and this value was

independent of tube diameter or pressure.  This corresponds to an electric

field (E) of about 40 V/cm for the 2/mm i.d. tube and 50 V/cm for the

1.05 and 1.3 cm i.d. tubes.  Since the electric field remains constant,

the E/P ratio, which is proportional to E/N where P is pressure and N is

the number density of the gas particles, decreases as the pressure

ihcreases.  This causes the energy gained by the electron between

collisions to decrease, the electron temperature to drop, and the electron

density to increase.
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Figures 9 and 10 show how the voltage across the electrodes, the cur-

rent, and laser signal varied with time.  They also show that voltage and

-          current pulse shapes were not always alike although they reached the same

peak values.                       1

Since the input energy to the discharge tube remained almost constant,

the power output of the laser was almost independent of the pressure in

the 2 mm i.d. tube and the 1.05 cm or 1.3 cm i.d. tube if it remained below

1.5 and 8-10 torr, respectively.  The laser power output was also only

slightly dependent on the tube diameter.  In most cases the photomultiplier

output changed less than two volts (-25%) while the pressure and/or tube

diameter varied, but if the pressure exceeded the above limits, the output

decreased rapidly and ceased when the pressure reached 2 and 10 - 12 torr

in the 2 mm i.d. and 1.05 or 1.3 cm i.d. tube, respectively.

Although the laser output varied little with respect to pressure, the

output appeared to have a maximum at a pressure of 1.0 - 1.3 and 5-8 torr

in the 2 mm i.d. and 1.05 or 1.3 cm i.d. tubes, respectively.  The larger

diameter tubes also exhibited a higher output than the smaller tube.  In

all three tubes at optimum lasing conditions, the ratio of the pressure to

the inside radius of the discharge·tube (P/R) was approximately 1 torr-mm-1,

and lasing died out when this ratio reached two.

As the tube diameter increased, the maximum number of pulses per

'

second that could produce stable lasing action, i.e., such.that each in-

put voltage pulse produced a laser pulse having the same output, decreased.

A frequency of at least 60 pulses per second could be applied to the

-          2 mm i.d. discharge tube, but a frequency no greater than 18 - 20 and 2

pulses per second could be applied  to  the  1.05  cm  and  1.3  cm i.d. tubes,
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respectively.  Since the recombination rate of the oxygen atoms depended on

diffusion, this result was expected.

If a 60-cycle alternating voltage was applied across the electrodes of

the discharge tube, the output had sharp spikes in it immediately after the

voltage passed zero (see Fig. 11).  But whether or not these spikes indi-

cate lasing action is not conclusive.

In all experiments the neon-oxygen laser always died out.  The output

would remain constant for a while and then slowly diminish, and during this

time the color of the discharge changed from an orange to a bluish-red

color.  Once the lasing action ended, the original laser signal could not

be recovered even if the tube was set aside for several hours.  Lasing

action could be obtained again, but it lasted less than one minute; and the

only way the original output could again be obtained was- to replace the gas

mixture with a fresh supply.

The amount of the time that lapsed before the laser ceased varied

between several minutes and an hour and depended on several conditions.

Running a pure oxygen discharge in the tube before putting a neon-oxygen

gas mixture in it generally extended the time limit, putting aluminum

cylinders in the discharge tube greatly decreased the amount of time the

laser could operate, and finally, decreasing the repetition rate of the

pulses lengthened this time.

The inability to obtain long-term operation of the Ne-02 laser in

sealed-off tubes is probably due to the removal of oxygen because of

absorption in the walls of the tube and in the electrodes.  This explana-

tion would account for the inability of bringing the laser back to life

once it has expired and the effects of the oxygen discharge and aluminum
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cylinders.  Running an oxygen discharge in the tube helps to saturate the

walls with oxygen and decrease absorption, and the insertion of aluminum

cylinders in the tube causes a rapid removal of oxygen because of the

natural affinity between oxygen and any metal.  This explanation is also

substantiated by the fact that the intensity of the spontaneous emission
0                                         '

output of the upper laser level (8446 A) decreased with time.  Bennett,

et al., and Patel also reported a diminishing·Ne-02 laser output and

attributed it to the removal of oxygen by absorption.

I
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III. NUCLEAR PUMPING THEORY

A.  Introduction

In these experiments the Ne-02 gas mixture is excited by a and Li7

particles and by the secondary electrons produced as the result of

ionization of the gas atoms or molecules due to collisions with these

7                           10         7ions.  The a and Li  ions are produced in the B (n,a  )L i reaction which

liberates 2.79 MeV of energy.  The amount of energy pumped into the gas

is directly proportional to the neutron flux, and if the required thres-

hold population inversion can be determined, the necessary neutron flux

can be determined.  Therefore, if the minimum neutron flux can be attained,

then, theoretically, the gas mixture should become a laser.

10        7
B.  The B  (n, a)Li  Reaction

The source of energy for the nuclear laser is the nuclear reaction of

neutrons on Boron-10:

10      4      7
ni + B + He  +  Li  + 2.79 MeV (III-1)0 5 2 3

However, in 92% of the reactions, only Q = 2.35 MeV is available to the

products of the reaction because the 3Li7-ion nucleus is left in an excited

state which lies 0.44 MeV above the ground state.  The a-particle and

7Li -ion share the energy according to the conservation of momentum

principle.  The amount of kinetic energy available to them along with the

frequency of production of each ion is summarized in Table 1.
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Table 1

Frequency of Production and Initial Kinetic Energy  7
of the Heavy-Charged Particles from the 810 (n, a)Li

Reaction

7
R(% of reactions) a-particle kinetic Li -ion kinetic

energy (MeV) energy (MeV)

92                     1.495       ·            0.855
8 1.780 1.015
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The number of a given particle born per unit volume per second, with

(7)
initial kinetic energy T , is given by - :

00

S(TO) = NBRe  O 0-(E)6(E)dE (III-2)

           where

23               3
N  = 1.38 x 10 Boron-atoms/cm ,B

R = frequency of reaction,

e = 0.96 (enrichment in Boron-10),

4 (E) = average neutron flux at energy E over
the length of the tube,

a(E) = microscopic cross section for neutrons
of Energy E for the 810(n, a)Li7 reaction.

The neutron flux can be considered to be spatially uniform throughout the

coating since it only suffers about 12% attenuation in passing through the

coating.  (8) The neutron flux from the core of the TRIGA reactor is

assumed to have a Maxwellian-energy distribution, and so the cross section

has a 1/v or 1/E variation.1/2
It  can be shown  that (D :

00                                                                      a
KT

o F(E)0 (E)dE = 1( K GKT  = 1.1284 = al:114 (III-3)

where

2
4 = average neutron flux in n/cm  sec,

G _ -24   2- cross section at 293'K = 3840 10 cm ,KT

0   _
th - average thermal cross section.

Equation (III-2) now becomes:

S(TO) = NBRe ath4  = 450.7 R¢(reactions/cm3 sec). (III-4)
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C.  Rate of Energy Deposition in the Gas

If the kinetic energy of the heavy ions is small compared to their

(9)rest-mass energy, then the stopping power of the gas is given by - :

2 4        2dE   4z e n 2mv
-32 =    2       Iln - (III-5)

mv

where

z = charge of the ion
-10

e = charge of the electron = 4.803 · 10    e.s.u.,

-28
m = mass of the electron = 9.108 ' 10 gm.,

v = velocity of the ion

n = number of electrons per unit volume of
stopping gas

= NZ where Z is the atomic number of the
stopping gas and N is the number of atoms
per unit volume

(N = 0.966 · 1019   atoms/cm3 where P is
the partial pressure in torr and T is the

temperature in 'K),

I = effective ionization potential of the atom
-120 eV for Ne.

The negative sign shows that energy is lost by the heavy ion.

Equation (III-5) shows that the rate of energy loss continually decreases

as the energy of the ion increases.

At low pressures and over short distances, the rate of energy loss

experienced by the ion escaping from the B coating in the gas is fairly
10

47constant.  Therefore, if the average energy of the He  and Li  ions

escaping from the coating is known, then dE/dx can be calculated using

these values.             '

2
The coating thickness is 0.4 mg/cm , and the range of the ions in the

1

(8)coating are given in Table 2- .
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Table 2

47
Ranges of He  and Li  Ions in Boron

Initial Kinetic Range

2
Ion Energy (MeV) mg/ cm cm

4                                                       -4He 1.495 0.85 3.7 x 10
4

He 1.780 1.012 4.4 x 10-4,
7

Li 0.855 0.235 1.02 x 10

Li 1.015 0.267 1.16 x 10-4
7
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Using equations developed by Guyot <·    and the above  data,  it  can  be
10shown that for every two reactions, approximately one ion from the B

disintegration will enter the gas, the average exit energy being 1.2 MeV.

Table 3 gives the breakdown on the number of particles entering the gas

per reaction according to ion, initial kinetic energy, and the average

energy of the particle leaving the coating.

At the kinetic energies of the ions escaping into the gas, the

charges, Z, are 1.8 and 2.5 for the a particle and Li7 ion, respectively.

The stopping power of the ions in neon and oxygen are given in Table 4.

The rate of energy loss in oxygen was calculated by assuming that

ln(2mV2/INe) -
ln(2mV2/I02)

(III-6)

This gives as the ratio of the stopping powers of 02 to Ne:

(dE/dx)02 - Z02
(dE/dx)     Z

--= 3.2 (III-7)
Ne .Ne

The average stopping power of Ne and 02 can be calculated from Tables

3 and 4 and are:

dE- -   = 1240 P eV/cm (III-8)dx Ne Ne

and

dE

- ax 02 = 4000 PO2
eV/cm (III-9)

where PNe and P 2 are the partial pressure of Ne and 02' respectively.
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Table 3

Number of He4 and Li7 Ions and Their Average Energy
10Entering  the  Gas  per  B    (n,  a) Li7 Reaction

Ion Initial Kinetic Average Energy of Ion Number of Ions
Energy (MeV) Escaping from Coating (MeV) Entering the Gas

Per Reaction

He 1.495 1.24 0.41
4

4
He 1.780 1.54 0.048

7
Li 0.855 0.328 0.041

Li7 1.015 0.394 0.0048

l
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Table 4

7
Rate of Energy Loss of Particles and Li  Ions

In Ne and 02

Ion Kinetic Energy Rate of Energy Loss (eV/cm-torr)

(MeV) Ne              0
2

a 1.24 1190 3810

a 1.54 1110 3550

Li 0.328 1750 5600
7

Li7 0.394 3040 9630

I
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The total stopping power of the gas is

dE

- dx = 1240 PNe + 4000 PO2
eV/cm (III-10)

For a gas mixture of 96.
4% Ne and 3.6% 02'

dE- -= 1195 P + 144 P -- 1340 PeV/cm
dx                                              (III-11)

where P is the total pressure.  For P = 50 torr,

dE
- dx = 67 keV/cm (III-12)

This value corresponds fairly closely to that given by Guyot (8).  He obtained

a value of 71 keV/cm in pure Ne.at 50 torr.

10
From  Eq.    (I I I -4) the number of reactions occurring   in   the B coating

is

S = 450.7 ¢ reactions/cm3 sec (III-13)

So the number of disintegrations per unit area of tube and unit time is:

F = ST = 0.0785 4 reactions/cm2 sec (III-14)

where T is the coating thickness (1.71 x 10-4 cm).  Since only one particle

out of every two reactions enters the gas, the number of particles entering

the gas is:

N =  F = 0.0393 0 particles/cm2 sec (III-15)

The energy deposited per unit volume of gas per second is:

-                                                                                                                                      3p  =N dE
eV/cm sec (III-16)G   d IEY<3>
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where

< d> = average distance traveled by the particle
in the gas

d = tube diameter

At low pressures the tube diameter is much less than the range of the

particles in the filling gas.  So the average path length is approximately

equal to the tube diameter and Eq. (III-16) becomes

dE       3
P =N- eV/cm sec /   (III-17)G     dx

For a gas mixture of 96.
4% Ne and 3.6% 02'

PG = 52.7 P$ eV/cm3
sec (III-18)

and at a total pressure of 50 torr,

PG = 2.64 0 keV/cm3
sec (III-19)i

The amount of energy deposited in the neon at 50 torr is

PG = 47.2 P$ = 2.36 $ keV/cm3
sec (III-20)

D.  Plasma Kinetics

1.  Neon Metastable Densities

Since approximately 95% of heavy particle interactions with gas atoms

result in ionization  and  only 5% result in excited atoms (A), the latter  5%

can be neglected.  The interactions of the  -particles and Li7 ions with 02

will also be neglected because the gas is only 3.6% 02.  It will be assumed

then that the interactions of the ions with the gas result only in ioniza-

tion of Ne:
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1

(He4, Li7) + Ne + (He4, Li7) + Ne+ + e- (III-21)

Ne ions can also be created by collisions with secondary electrons produced

by reaction (III-21):

e- + Ne + Ne  + 2e- (III-22)

The Ne  ion can.be converted into·the molecular ion Ne2 by a three-

body collision:

Ne  + Ne + Ne 4 Ne  + Ne (III-23)2

Both ions, Ne  and Ne2, will disappear either by diffusion to the walls or

by recombination:

Ne  + e- + Ne* + hv (III-24)

1

Ne2 + e-   Ne* + Ne (III-25)

where Ne* is an excited state.

Reaction (III-23) is much faster than (III-24) because at pressures

over 10-3 atmospheres the three-body reaction becomes very rapid and takes

-2                              (3)place within one microsecond (at p = 10   atm) after Ne  is created. -

The recombination of an electron·with an Ne2 ion, reaction (III-25), also

takes place within microseconds.  The Ne2 molecule is unstable, and so it

dissociates into an excited atom and a ground-state atom.

The rate equations for the electron density ne and the ion densities

Ne  and Ne2 are:
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6Ne+    +2  +
-Et=DV N e  - YNe2Ne+ +S e (III-26)

6Ne+
-Et- = D292Ne2 + YNe2Ne+ - bneNe2 (III-27)

+ +
n  = Ne + Ne (III-28)e 2

where

+ +
D , D2 are the ambipolar diffusion coefficients,

where D  = 85.5/P(am2/sec) and

02 = 136/P(cm2/sec),
Y = three-body collision rate coefficient
22

(YNe  = 59.4 P )

b = recombination rate for Ne  = 2.2 · 10-7 cm3/sec,

Se = source term for Ne+,

Ne = neon ground-state density

_          From Eq. (III-20)

S  = 47.2P¢   -3    -1cm sec
e    36.8

where the factor 36.8 is the energy in eV necessary to create an ion pair

in neon.  If the first fundamental mode of diffusion prevails then

02=--2 (III-29)
   62     D+

6x      Q

, and

+
+6    22D

D 2-2= - -26x      n
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.

where

2  121     2.405                    -2
=          +  -  = 20.9 cm

A2    D/2      L

for a cylinder with D = 1.05 cm and L = 82 cm.

The time derivative can be set to zero since the time scale tof the

reactor pulse (milliseconds) is much larger than that for any phenomena

taking place in the plasma.  At pressures greater than 10 torr:

Ne+ 1 0.0216
  (III-30)

and Ne2 is found. by solving the following equation:

10+2 4   1.29 x 10
6 Pt =[Ne21  + [o·0216 ·F+ ]Ne2 - 5.77 x 10 0 (III-31)P

Figure 12 shows how th6 Ne , Ne2, and e- densities vary with the neutron

flux at a pressure of 50 torr.

The excited neon atom produced by the recombination of an electron

with an ion de-excites by either emitting a photon or through collisions via

the following reactions:

Ne* * Ne + h (III-32)

Ne* + Ne + Ne + Ne (III-33a)

Ne* +e+N e+e* (III-33b)

Ne* + NeM + hV                        (III-34)
M

where Ne  denotes a neon atom lying in one of four lS metastable levels.
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Reaction (III-31), in which an excited neon atom de-excites to the

ground state with the emission of a photon, is completely reversible.  At

-4
pressures above 10 atmospheres the photon is immediately reabsorbed due

to the abundance of ground-state neon atoms.  This effect is often called

-           "trapping" and so this reaction can be neglected.

Of the remaining de-excitation processes, the most important one is

the formation of the Ne lS metastable levels.. It has been calculated by

Guyot   that a neon metastable is formed for every 80 eV deposited in the

gas by the ions.  It is assumed that the probability of forming any of the

four Ne lS metastable levels is equal and so the rate of formation for any

of the metastables is:

S  = 47.2 P0 cm-3 sec-1 (III-35)m   4 · 80

where P is the total pressure in torr.

The important metastable destruction terms are:

1.  Diffusion to the container walls

2.  De-excitation by three-body collisions

NeM + Ne + Ne 4 Ne + Ne + Ne + KE

3.  De-excitation by two-body collisions

NeM+Nes Ne +Ne+KE

4.  Superelhstic collisions

NeM + e  (slow) 4 Ne + e (fast)
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5.  Electron collisional ionization

NeM + e-   Ne+ + 2e-

6.  Metastable-Metastable collisional de-excitation

+           -          
         iNe +N e+e                   1

NeM + NeM g
or

Ne+ + e-
2

7.  Radiative decay (only the 1S4 and 1S2 levels are involved)

NeM(1S4' 1S2) + Ne + hv

8.  Collisional conversion to another metastable state

6a-b
NeM(lsa) +

e-
NeM(lsb) + e-

or

Ea-b ./

NeM(lsa) +
Ne

NeM(lsb) + Ne

9.  Metastable-oxygen collisions

ri
NeM(1Ss, 1S4' 1S3) + 02    0(3p3P, 3PSP) +0(2p3P2) + Ne

NeM(1Ss) + 02 r2 0(2p3P, 210) + 0(3S3S, 3SSS) + Ne

The symbols above the arrows represent the destruction rate coefficient

for that process.
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At pressures greater than a few torr, the radiative decay process can

be neglected because the photon is immediately absorbed by a neutral atom.

These two states act as metastables because the emitted photon is

"trapped". -

The electron collisional ionization process can also be neglected

because the average energy of the electrons is too low in a nuclear

13     2
pumped gas.  At a neutron flux of 10 n/cm  sec, the electron temperature

was only about   1000  K (81,   and at these electron temperatures   B  is  much
-11 3 (10)less than 10 cm /sec - .

The rate equations for the neon metastable states are:

,dNe
S

dt 2 = Sm +
Dmv2Nes

-

6Ne2s
- ENeNe - m Ne   -

s        es2222

0NemNes2   -   62neNes2  +   62ne (Nem   -  Nes2)   -, E NeNes 
(III-36)

,+ £2Ne(Nem - Nes2)

dNe
S

dt      m    ms          .s         s3=S+D 172Ne  - 6Ne2Ne  - ENeNe  - TrneNes -3333

o'NemNes  - 63neNes  + 63ne (Nem - Nes ) - I NeNes  +    (III -37)
3            3                     3              3

E Ne(Nem - Nes ) - rl Nes 0233

A
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dNe
S
4             2            2=S +D V N e - 6Ne Ne - ENeNe - An Nedt  m m s    s    s  e s4444

aNemNes  - 6 neNes  + 64ne(Nem - Nes ) - I.NeNe (III-38)
4            4                    4             4

4          S

+ £4Ne(Nem - Nes ) - rl Nes 0244

dNe
S
5              2             2=S +D V N e - 6Ne Ne - ENeNe - Th Ne - aNe Ne

dt      m    m    s          s         s      e s m s5·5 5  5   4

6 neNes  + 65ne(Nem - Nes ) - I NeNes  + E Ne(Nem - Nes )(III-39)
5                     5              5                     5

,         - rl Ne 0  -·r2 Ne 0
s 2 s   25 5

dNem           2         2                           2- 4S + D V Ne - 6Ne Ne - €NeNe - Trn Ne - aNe  -
dt     m   m    m         m        m     e  m      m

(III-40)

rl 02(Nem - Nes ) - r2 Nes 022 5

Ne = Ne + Ne + Ne + Ne (III-41)m s s s s2 3 4 5
where

Ne  . Nes ' Nes ' Nes  = density of the Ne 1S2' 1S3' 1S4' 1S5 levels,
52.    3     4     5

respectively

n   0   Ne  = electron, oxygen, and total neon metastable
e'  2'   m

\
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6a' Fa = total destructive collisional conversion
rate from level "a" by collisions with
electrons .and neutral neon atoms , respec-
tively

6  E = rate of formation of level "a" by
+ +
a'  a

collisional conversion from other states
due to electron and neutral neon atom
collisions, respectively.

The diffusion coefficient and the collision frequency for three-body,

two-body, and superelastic, and metastable-metastable collisions are the

(11,12,13,14)same   for   al 1 four states   - - -  -   .

For the fundamental mode, the diffusion loss term is

D

Dm  = - -1!1
A2

where

170 2 (11.12)D    =  -·-    (cm    sec)  - - .m P

The three-body and two-body de-excitation destruction rates are

6=5* .1 0 cm /sec at 3000K -
-34 6 (12)

6Ne2 = 0.518 P2 (sec-1)

-1 (8)ENe = 238 P (sec  ) - .

The cross section for metastable-metastable collisions is

1.4 · 10 cm  - and at 300'K
-14 2(15)

a=7·1 0 cm /sec.
-10   3

The destruction rate for superelastic collisions is

L-
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F=7'1 0 cm /sec - .
-10 3 (16)

The electron collisional conversion coefficients are

6  = 7.0 · 10-8 cm3/sec (8)

-7     3,     (8)6- = 5.0 · 10   cm /sec -3

-7   3
2.0 · 10   cm /sec5

62 = 3.0   10-7 cm3/sec

6 ;, 6 , 62, 6I = 10-7 cm3/sec (assumed) .

The cross sections for the collisional conversion process by colli-

(12)sions with neutral atoms are - :

a (1S4 +   1Ss)  =  5   '  10        cm
-19  .2

Rls3 +   154)  =6  ·  10        cm
-20   2

a(1S3 + 1Ss) =6'1 0 cm .
-20   2

Therefore the rate coefficients are at 300'K:

E- =6 1 0 cm /sec
-15   3

3

£4 = 2.5 · 10 cm /sec
-14   3
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E+            -14   3
5 = 2.8 '

10 cm /sec

f         -15   3= 3 · 10 cm /sec.4

The other collisional conversion processes by neutral atom collisions will

be neglected.

The destructive frequencies for the metastable-oxygen collisions have

already been given in section II-B.  They are

-10   3
ri = 2.0 · 10    cm /sec

r2 = 0.6 ' 10 cm /sec.
-10   3

By using the above values for the coefficients and setting the time

derivative equal to zero, Eqs. (III-36) through (III-41) can be solved.

In pure neon and at P = 50 tort, Nem can be calculated from the

following equati6n which is derived from Eq. (III-40) when the metastable-

oxygen collision loss terms are deleted:

Ne2 + (1.896   1013 + ne)Nem - 3.84 ' 1010 $ =0 (III-42)

At  $ =  4.3   ·   1013  n/cm2  sec,  ne  Z 2·   1010,  and  Ne   2. 9·   1010  cm-3.
10   -3

Under the same conditions Guyot measured 2 ' 10 cm for the sum of Ne
S3

and Nes  (8).
5

When 1.8 torr of 02 is added to 48.2 tort of Ne, the solution of

Eqs. (III-36) through (III-41) shows that the neon metastable density de-

(8)creases by about two orders of magnitude, (see Fig. 13).  When Guyot -

added 2 torr of 02 to 47 torr of Ne, he could no longer measure the Ne 1S3

[_·
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and 1SS metastable populations since their populations had decreased sub-

stantially.

At pressures greater than 10 torr, Eqs. (III-36) through (III-40)

can be reduced to:

\
-60 = 0.1475 P4 - (238 P + 0.518 P2 +. 1.1 , 10

ne)Nes 2
(III-43)

-7+3 ' 10 n Nee m

0 = 0.1475 P$ - (2.324  105 P + 0.518 P2 + 1.3 ' 10-6
ne)Nes3

(III-44)

-7
+ 10 n Nee m

0= 0.1475 P$ - (2.331 ' 105 P+ 0.518 P2 +9. 10-7 ne)Nes4

(III-45)

-7
+ 93 PNe + 10 n Ne

-                      m                                 em

-7

0 = 0.1475 P$ - (3.026 ' 105 P + 0.518 P2 + 8.3 ' 10   ne)Ness

(III-46)

7
+ 868 PNe  +2   10-  nm e

1 The solution. of the above equations at P = 50 torr is shown in Fig. 14.

These equations show, as indicated by experimental evidence, that the

  biggest loss of neon metastables is due to collisions with oxygen.  The

figure also shows that the densities of the three neon metastables that

are involved in the production of the oxygen laser levels are about equal.
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In Fig. 14, the sum of the Ne 1S2' 1S4' and 1SS levels are shown be-

cause these are the neon metastables that interact with the oxygen

molecules to produce the upper laser level.  Let this sum be equal to Neu.

U
At 50 torr, Ne  can be found from the empirical formula:

Neu = 1.9 · 10-6 $ (III-47)

The Ne ISS level is the only one of the four metastables that can

interact with oxygen molecules to form the lower laser level.  From Fig. 14,

the Ne 1SS density can be approximated as

Nels  = Nel = 6.5 ' 10-7$
. (III-48)

5

33
2.  0(3 P) and 0(3 S) Densities

The rate equations for 0(33P).and 0(33S) levels, which are the upper

and lower laser levels, respectively, are:

do                0
-u =Neurl 02- udt

TU

(III-49)

dol               0    0
=    Nel     r2    0       +   -11   -   _172- 2   TU   Tl

where

Ou.= 0(33P) density

01 = 0(33S) density

T  = lifetime of upper laser level = 30 nsec
U

T  = lifetime of lower laser level = 2 nsec
1

rl =2· 10-10 cm3/sec
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-10   3r2=0.6 ' 10 cm /sec

02 = molecular oxygen density in the Ne-02 gas

15               3
mixture = 1.16 ' 10 P molecules/cm  where
P = total pressure.

Letting P = 50 torr, substituting Eqs. (III-47) and (III-48)  into

Eqs.  (III-49) and (III-50), and solving for Ou and 01 at the peak' of the

neutron flux, the rate equations become                           9

d0
-6u=0= 0.66 '1 0 $- 0 (III-51)dt                         u

dO                        0
1                 -9 1    u- =  0=4.48 10 B+ - -0                  (III-52)dt                        lS    1

The solution of Eqs. (III-51) and (III-52) is

Ou = 66 ' 10-8 $ #/cm3 (III-53)

01 = 4.85 ' 10-8 4 #/cm3. (III-54)

E.  Thresh6ld Inversion Density for Laser Oscillation

The minimum inversion necessary for laser oscillation is defined by

(17)
the Schawlow-Townes condition, which is - :

 1              2 2  ot   ,87rh f 1   2 L-N   -N  =                    -                    (III-55)
g2   2     1    £3g(fo) g.2 tp   L

where

g2' gl = statistical weights of the upper and lower
laser levels, respectively(gl/g2 = 3 for the

Ne-02 laser)

N2, Nl = upper and lower laser level densities
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-

h = index of refraction for the gas - 1

C = speed of light

f = frequency of laser light

t2 = spontaneous lifetime of N2

t  = average lifetime of a photon in the laser

g(f ) = frequency distribution of the collision-
broadened line

L' = optical distance between the reflectors

= 100 cm

L = length of the active material = 82 cm.

At pressures greater than 10 torr, the shape of the line is determined

by the Lorentz    line,    and (17)

2    0.637
g (fo) = 7TTf- = Af (III-56)

(17)where  f is width of the line at half power. f is given by -

1/2-7 T
Af  =  7.167   '   10      -·M fo (III-57)

where

M = molecular weight of gas

T = temperature of gas in 'K.

At T = 300 'K and setting M = 16, which is the molecular weight of atomic

oxygen,

Af = 1.11 ' 109 sec-1

and so

g(fo) = 5.79 ·
10 sec.

-10
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. (17)The cavity lifetime of the laser, t , lS -
P

L'
t =- (III-58)
p   cr

where

c = speed of light

r= loss per pass in the cavity = - 1 ln(rlr2)

where rl and r2 are the reflectivities of the
mirrors.

For rl = r2 = 0.99, r = 0.010, and t  = 3.33 · 10-7 sec.

Substituting the above values of g(f ) and t  into Eq. (III-55), the

minimum inversion necessary for the neon-oxygen laser becomes

 2 87Tf 2 L' 7   -3
2    t

N --N = - - =  2.2 2   · 10 cm (III-59)
2       gl     1       £3g (fo)   tp  L

The minimum neutron flux that is needed to produce this inversion is

found by substituting Eqs. (III-53) and (III-54) into (III-59) where

0  = N. and 01 = Nl.  Equation (III-59) becomesU Z

66   '   10-8  4  -   1(4.85   ·   10-8)     =  2.2 2 107. (III-60)

Solution of this equation gives the value of the minimum neutron flux 4 .
min

needed to produce the minimum inversion and is

13     2
4    = 3.45 ' 10 n/cm  sec.min

This is the peak neutron flux attained in a $1.25 pulse at the TRIGA

Reactor (see Fig. 15).

\
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F.  Gain Coefficient of the Ne-0  Gas
2

1.  Threshold Condition

In each passage through the gas, the intensity of the radiation is

a Lincreased by a factor e where  a is  the gain coefficient of the, gas  and

L is the length of active gas.  If this gas is placed between two mirrors

having reflectivities of rl and r2' then the intensity of the radiation (I)

(17)             iafter it has made one complete round trip is  iven by - :

I =rr I e (III-61)
2aL

1 2 0

-2Y
where I  is the original intensity.  Letting rlr2 -e   , Eq. (III-61)

becomes

2 (aL-y)I=I e                                (III-62)0

When aL is greater than y, oscillations will build up, starting from

spontaneous emission; when aL is less than y, the intensity will die out.

The threshold of laser oscillations is attained when a satisfies the

equation

aL = y. (III-63)

Thus, the laser will operate in the frequency interval in which a(f) is
0

above Y/L.  For rl = r2 = 0.99 at 8446 A and for L = 82 cm, the threshold

condition is satisfied when the gain coefficient of the Ne-02 gas is

1.22   10-4 cm-1 at 8446 A.

2.  Calculating the Gain Coefficient

The gain coefficient of the gas at frequency f  is proportional to the

(17)
population inversion and can be calculated from the equation -
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gla(fo) = Kg(f_) - N.-Nl (III-65)
    2  z

where

K= £2      2

8nh2f02t2 gl 1

0

At the wavelength of 8446 A in the Ne-02 gas

0             -12  1
a(8446 A) = 1.83 10 -N -N- (III-66)

 2  2    1

-4   -1
At the threshold condition where a = 1.22 · 10 cm

N2  -    Nl  =  2.2 2   '   107  cm-3.

This is the same value obtained when the minimum inversion was calculated

from Eq. (III-55).

If the densities of the upper and lower laser levels (N2 and Nl'

respectively) are defined by Eqs. (III-53) and (III-54), then the gain

coefficient is

0             -18     -1a(8446 A) = 3.48 ' 10 0  (cm ) (III-67)

Therefore, the gain coefficient is directly proportional to the neutron

flux.

3.  Measuring the Gain Coefficient

The gain coefficient of the gas can be measured by two methods.  In the

first method the change in intensity of a light signal passing through the

gas is measured.  In the second method the gas medium is put between two

mirrors, and the light output of this configuration at frequency f is
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compared to the output when the back mirror·(the mirror farthese from the

observer) is removed or covered by a non-reflecting medium.  The ratio of

these two outputs will be referred to as the unblock to block ratio.

The gain coefficient can be found more easily by using the first

method.  If a light signal at a certain wavelength passes through the

i

gas and population inversion is present, it should be amplified or

intensified by stimulated emission.  If the light signal is small enough

so that it does not saturate the population inversion, the signal's ampli-

fication is

I(f) - IO(f) aL

Io(f)   =e
-1 (III-68)

where

I (f) = intensity of incident light

I(f) = intensity of signal leavihg the gas.

Solving for the gain coefficient, we get

1

a= r ln(I/Io). (III-69)

Figure 16 shows how a varies with I/I  for L = 82 cm.  At the threshold

condition I/I  = 1.01.

In method one the measured values for the gain coefficient can be

greater than the threshold value, which is defined in section III-F-1, be-

cause no cavity exists in which oscillations can build up which will reduce

the population inversion.  Conversely, in method two where the gas has

been placed between two mirrors, a cavity exists, and once the threshold

value is reached, oscillations will quickly build up.  This will cause

rapid depletion of the upper laser level.  Therefore, the gain, which is

.



59

10-3       1   1 1 1 1 1 1 1 1
1 lili             I

-

E0
-

Cj

Fr
Z
LLI

0  10-4
-

LL
LL
LU00
Z
ae

10-5       1    1  1 1 1 1 1 1        1    1   1 1 1 1 1 1
.001                                        DI                                          .1

I/IO-1
Fig. 16  Gain Coefficient vs. the Ratio of the Intensity

of the Incident to Outgoing Light

L_



60

proportional to the population inversion, will never be much greater than

the threshold value.

If we let the axis of the discharge tube parallel the z axis and re-

strict our attention to the photons moving in the  z and in the -z

directions, then the differential equations governing the variation of

photon densities are:

dI

dz = aII + 7-1 (III-70)

dI

-dz=      -     a I_     .- y_ . (III-71)

where

I   I  = photon density traveling in the  z and -z+,  -
directions, respectively

c2g(fo)       2
a=

87rf2t2  N2 - gl Nl

hfg(fo)      1
Y+ =   t      2   47r   +

N df-dn
-             2                                -

The first term to the right of the equal sign represents the photons

emitted by stimulated emission; the second term represents the photons

emitted spontaneously.

If we.assume that a and y, the gain and spontaneous emission coefi-

ficlent, respectively, remain constant, which is approximately true if

the gain coefficient is less than the threshold condition, then I  and I
+       -

can be found be separating the variables in Eqs. (III-70) and (III-71) and

integrating.  Performing these steps, we get
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.I  = 1·ea(z+Cl) - I (III-71)+        a                                 a

I  =   ea(-z+C2) -  
«        (III-72)

where cl and c2 are constants.  We have assumed that the probability of a

photon emitted in the  z direction is equal to the probability of,it being

emitted in the -z direction.  So dO  = dO_, and y  = y_ = y.      1

The constants are found by applying the boundary conditions.  Since

I    =.I  (0)   at   z   =   0,

Cl   =     ln(aI+(0)   +   y).

At z = L, I_ = I_(L), and

C2 =L. +   ln(aI_(L) + y).

Therefore the solutions for I and I are+ -

az
I   =  e       I (01   +  1    - 1 (III-73)

-az aL
I=e   e   I_(L)+1 -1 (III-74)

Because reflections are present due to the presence of mirrors, the

values of I  and I  are tied together at the ends of the device, that is,+       -

I (0) =r l' I_(0) and I_(I) = r2I (1).  Letting z=l i n Eq. (III-70)

and z =.0 in Eq. (III-71) and applying these boundary conditions, we get

aL             Y
I (L) = e   I+(0) + Ya  - a (III-75)-

6                          .- p



62

1.

I+(0) aL

rl       =  e.      r2I+(L)   +  Ya    -Ya
(III-76)

Since we now have two equations in two unknowns, we can solve for

I (1).  We get

aL             aLe  - 1 1+re

I+(1) =    1- rlr2e2aLl     .           (III-77)

If the back mirror is blocked, rl = 0' and

y  aL
I+(1)  = 5-(e    - 1). (III-78)

Therefore the unblock to block ratio, IR' is obtained by dividing

Eq. (III-77) by (III-78).  So

I (I) (unblock) 1+reaL
1

I  =                =                          (III-79)
R    I  (I) (block) 2aL '

1 - rlr2e

In developing Eq. (III-79) the line shape was ignored.  This could

change the ratio by a factor of two or three.  Another assumption that was

made that could affect the ratio was that there are no cavity losses.  Also

complete coherence of the wave intensity within the cavity was assumed.

(18)
For completely random phases -

-  1 + 0.707 r e
aL

1I- (III-80)R                2aL '
1- 0.5 r r e12

Figure 17 shows how the unblock to block ratio varies with the gain

coefficient according to Eqs. (III-79) and (III-80).

L__
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IV. EXPERIMENTAL SET-UP

A.  The Discharge Tube and Carriage

All discharge tubes used in the nuclear pumping experiments were made

of an 87.6 cm long pyrex tube with an outer diameter (O.D.) of 1.58 cm and

an inner diameter (I.D.) of 1.3 cm.  Quartz windows at the brewster angle

were dpoxyed on each end of the tube.  Between the electrodes, aluminum

10
c$linddrs coated on the inside with B and glass spacers were inserted in

the tube. Each had an I.D. of 1.05 cm. There were two or three aluminum

cylinders for each glass spacer.  The discharge tube is shown in Fig. 18.

The carriage, which is shown in Fig. 19, supported the discharge tube

in the reactor throughport.  It consisted of three 42 1/4 inch long alumi-

num bars connected to four discs. Two outer aluminum discs were used to

support the dielectric coated mirrors.  The two inner discs are plexiglass

and  had  a  "U"  cut  out  of  them that supported  the  tube. The diameter  of  the

carriage is 5 1/4 in. which is slightly less than the diameter of the

throughport.

B.  Basic Set-Up

Every experiment performed at the reactor shared the same basic set-up

which is given in Fig. 20.  As shown in the figure, the basic set-up

consists mainly of a discharge tube lying next to the core of the reactor,

and a photomultiplier.  Since the photomultiplier would receive too much

radiation if it was located directly in front of the throughport, it is

located either to the right or left of the throughport.  A mirror is used

to reflect the output of the tube into the photomultiplier.  Usually a

narrow band filter was located in front of the photomultiplier.

A
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The first step in performing the experiments was to prepare the dis-

charge tube for the reactor.  If any mirrors were to be put on the

carriage, they had to be aligned and locked into position.  For example,

if the mirrors were to form a laser cavity, the discharge tube was

operated electrically and the mirrors were aligned to give the maximum

laser output.  Next, the tube was filled with a gas mixture of 96. 4% Ne

and 3.6% 02 at the desired pressure.  The tube was then sealed off and

placed in the throughport of the reactor next to the core.

In the next step the output of the discharge tube was aligned with
0

the photomultiplier.  This was done by using an He-Ne 6328 A laser

which was located just outside the reactor near one of the throughport

openings.  The alignment laser was positioned so that its laser beam

went into the throughport and down the middle of the discharge tube and

hit the center of any mirrors on the carriage.  When the alignment

mirror was correctly positioned, the transmitted beam formed a perfect

circle, and the angle between the reflected and incident beam was zero.

The photomultiplier was then placed in the path of the transmitted laser

beam or the reflected laser beam.  The latter was accomplished by using

an He-Ne laser with an output at both ends.  After the photomultiplier

was aligned, a lens and a filter were usually put in front·of it.

The third step consisted of enclosing the photomultiplier with lead

bricks and paraffin blocks to reduce the amount of radiation reaching it.

Radiation passing through the photomultiplier will produce electrons

which are accelerated by the electric field, therefore, lead and paraffin

are put around the photomultiplier to reduce the noise output.
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In the fourth step the size of the reactor pulse was determined.  The

reactor pulse size influenced the amount of time delay and the output sig-

nal of the neutron ion chamber.  The time delay refers to the amount of

time that elapses from when the adjustable transient rod is blown from

the reactor core to the time when the oscilloscope is triggered., The

amount of time that elapses between the start signal and the peak of the

neutron pulse increases as the size of the reactor pulses decreasbs (see

Fig. 21).  Since only the output of the discharge tube near the peak of

the neutron pulse is wanted, a pulse delayer was placed between the

reactor pulse button signal and the input trigger of the oscilloscope.

The neutron ion chamber has a current output that is directly proportional

to the reactor power which is proportional to the neutron flux.  The

relationship between the current output (I ) and the average flux over the

length of the discharge tube (0) is given by the following equation:

IO   1   2.7     '     1 0-1 9    $
(amps). (IV-1)

Therefore, the load resistance will determine the voltage input to the

oscilloscope.

The last step consisted of pulsing the reactor and displaying the

output of the photomultiplier and the neutron chamber on the oscillo-

scope(s).  The display was recorded on film.

Each day nuclear pumping experiments were performed, the noise

 
output of the photomultiplier during a reactor pulse had to be measured

in order to determine the actual output of the discharge tube.  Since this

noise was caused by radiation reaching the photomultiplier, the noise

output was measured by preventing the output of the discharge tube from
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reaching the photomultiplier.  This was usually done by placing a piece of

cardboard in front of the photomultiplier.  The cardboard would block the

light output of the discharge tube but do very little in stopping radia-

tion.

C.  Spontaneous Emission Experiment

The purpose of this experiment was to measure the spontaneous emission
0

output of the upper laser level of oxygen (8446 A).  Also the intensity of

several other wavelengths and the total tube output was measured.  This was
0

accomplished by using the 8450 A filter.

In this experiment no more than one mirror was mounted on the

carriage.  Therefore, no laser cavity was formed, and the output contained

very little stimulated emission.

D.  Spontaneous Emission Enhancement Experiment

The spontaneous emission enhancement experiment was the same as the

spontaneous emission experiment except that the discharge tube was also

electrically pulsed during a reactor pulse.  The electrodes were connected

by wires to a power supply that provided high-voltage pulses (see Fig.4).

The purpose of this experiment was to measure the effect of the

reactor pulse on the output of the discharge tube during an electrical

pulse.  Two voltages were applied to the electrode.  One voltage was just

above that needed to "break  down"  the  gas,  and the other voltage  was

significantly above this minimum voltage.
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E.  Gain Experiment

This experiment was designed to measure the amplification of the
0

Ne-02 gas during a reactor pulse at 8446 A.  This value, which is propor-

tional to the inversion density, could tell us whether or not the nuclear-

pumped Ne-02 laser will work by comparing it to the.minimum value needed

to satisfy the threshold condition, which is calculated in section III-F.

The gain experiment was performed by directing the output of a dc or
0

pulsed electrical Ne-02 discharge, which emits radiation at 8446 A, into

the throughport, through the nuclear-pumped Ne-02 discharge, through an
0

8450 A filter, and into the photomultiplier (see Fig. 22).  If a dc

Ne-02 discharge was used, a chopper, which is a rotating disc containing

slots, was placed between the two discharge tubes; and a resonance filter,

high-pass filter, and a tuned amplifier were connected in series to the

photomultiplier.  The beam from the discharge tube was modulated by the

chopper at a frequency of 2.5 kHz.  The resonance filter was tuned to

the chopping frequency of the light source and acted as a high-output

impedance for the photomultiplier at the chopping frequency.  The

filtering helped to eliminate the signal due to the plasma glow in the

discharge tube during a reactor pulse.  If the light source consisted of a

pulsed Ne-02 discharge, no chopper or electrical filters were used.

The amplification of the nuclear-pumped discharge could then be

determined by comparing the intensity of the light source during a reactor

pulse to its intensity before or after the reactor pulse.  Equation (III-69)

was used to calculate the amplification.
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F.  Laser Experiment

This experiment consisted of observing the output of the nuclear-

pumped discharge under possible lasing conditions.  Two mirrors, each
0

having a reflectivity of 99% at 8446 A, were placed on the carriage to

form a laser cavity.  The mirrors were positioned to give the maximum laser

output while the discharge was electrically pulsed.

In one laser experiment a movable piece of cardboard was mounted to

the carriage.  The cardboard could either be positioned directly between a

mirror and the discharge tube which destroyed the laser cavity or off to

one side which allowed a laser cavity to exist.  The ratio of the unblock

to block outputs was then compared to the ratio obtained during electrical

operation.  This ratio was also substituted into Eq. (III-80) to determine

the gain coefficient.
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V.  EXPERIMENTAL RESULTS

A.  Sources of Error

1.  Introduction

Before the results of the four experiments are discussed, the reader

should be aware of the limitations on the data due to possible sources of

error.  Although several sources of error existed in these experiments, the

two most important ones were radiation noise and reading the display on

the oscilloscope.  These two sources of error were present in every experi-

ment and are discussed in greater detail in the following subsections.

There were other sources of error, but they were not present in every

experiment and are discussed in the results of those experiments in which

they were important.

2.  Radiation Noise

One of the most important sources of error in these experiments was

due to the effect of radiation, specifically, neutrons and gamma radiation,

upon the photomultiplier during a reactor pulse.  Figure 23 shows a

typical output of the photomultiplier during a $3.00 pulse due to radiation

only.  It was determined experimentally that this output was caused only

by radiation.  When the throughport opening was completely plugged by

steel cylinders and paraffin, the peak output of the photomultiplier

during a reactor pulse was reduced to zero.  This output can be best

described by dividing it into two parts.  One part of the output is

proportional to the neutron flux, and its shape is similar to that of the

neutron flux.  The other part consists of sharp spikes which seemed to

appear randomly, but whose height and density increased as the neutron

flux increased.



76

lllllllll
-                                                  -

NEUTRON  
- FLUX                         -

-   PHOTO -

OUTPUT 1i

lllllllI1

TIME, 10 msec/DIV.

Fig. 23  Typical Output of the Photomultiplier
at Maximum Gain During a $3.00 Pulse



77

The output of the photomultiplier due to the radiation, which will be

referred to as the radiation noise output, was reduced by either decreasing

the amount of radiation reaching the photomultiplier or decreasing the gain

of the photomultiplier.  The former suggestion was accomplished by placing

lead bricks and paraffin around the photomultiplier and/or putting it at a

place where the radiation was less intense.  The latter suggestion was only

followed when the maximum gain of the photomultiplier was not needed to

measure the output of the discharge tube.

The radiation noise output varied in intensity for a given neutron

flux on different days even when the photomultiplier was in the same posi-

tion, had the same shielding, and had the same settings.  It seemed to

depend on how much the reactor had been used previous to the experiment.

Although the intensity of the radiation noise varied on a day-to-day

basis, it changed very little during the course of a set of experiments

performed in one day.  This meant that the output of the discharge tube

could be found by subtracting the radiation noise output from the total

output (light output + noise), but that the radiation noise output had

to be experimentally determined for each day a set of experiments was

performed.

3.  Reading the Display on the Oscilloscope

In many instances the oscilloscope display, which was photographed

by a Poloroid camera, of the output of the photomultiplier was not a

sharp line.  Figure 25 gives a typical example.  Because the line usually

had a width of at least several millimeters, measuring the height of the

output at a certain neutron flux was difficult.  It was arbitrarily chosen

to measure the output from the center of the line.  Since the light output
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of the tube was found by subtracting the radiation noise output from the

total output, the measured light output could be in error by as much as

20%.

B.  Spontaneous Emission Output

Typical examples of the total output of the photomultiplier  except

when it was saturated, during a reactor pulse are shown in Figs. 23 and 24.

The main difference between these figures is that in Fig. 24 the gain of

the photomultiplier was lower.  As shown in Fig. 24, when the gain of the

photomultiplier was lowered, the spikes disappeared, and the radiation

noise output was essentially non-existent.  Therefore the output of the

discharge tube was determined by neglecting these spikes because they were

only caused by radiation in these experiments.

The spontaneous emission light output of the tube at any wavelength

the photomultiplier was sensitive to was directly proportional to the
0

neutron flux.  The total light output, the output at 8446 A, the output

0 0

between 4670 A and 6200 A, and the output at wavelengths greater than
0

7100 A were specifically measured.  In each case the shape of the output

resembled the shape of the neutron flux curve.  In Figs. 25 and 26 the

0

output at 8446 A and the total light output, respectively, are plotted

against the neutron flux for a $3.00 pulse for a particular experiment

at 50 torr.

If the photomultiplier was operated at maximum gain and the total

spontaneous emission output of the discharge tube at 50 torr for a $3.00

pulse was measured without the use of filters, the photomultiplier became

saturated (see Fig. 27).  When the gain of the photomultiplier was lowered,

its output looked like Fig. 26.
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C.  Spontaneous Emission Enhancement

In this experiment the discharge tube was also pulsed electrically

during a reactor pulse.  The discharge tube contained an Ne-02 gas mixture
0

at a pressure of 30 torr, and its output at 8446 A was observed.  Also two

voltages were applied to it.  One voltage was just above that required to

break down the gas, and the other was 2.5 times this value.

When the lower voltage was applied across the gas during a $1.18

pulse, no change in the pulse output was measured.  When the higher voltage

was applied during a $1.18 pulse, a small decrease of about 15 to 18% in

the output of the electrical pulse at the peak of the neutron flux was

measured.

When either voltage was applied during a $3.00 pulse, the output

would increase until it reached a maximum of 560% and 135% of its original

value when the lower and higher voltages were applied, respectively.  Then

the output would decrease until it reached a value of about 40% of-its ori-

ginal value for both voltages.  The original value refers to the output

of the discharge tube when the reactor was not pulsed.  Figures 28 and 29

plot the ratio of the output of the electrical pulse during a reactor

pulse to the original output for the lower and higher voltages, respec-

tively, during a $3.00 pulse.

D.  Gain Measurements

The gain experiments did not produce any conclusive results except
0

that the gain or absorption of the 8446 A light signal as it passed

through the discharge tube during a $3.00 reactor pulse was less than 10%.
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Figure 30 shows a typical result of a gain experiment when the dis-

charge tube was pulsed.  No change in the intensity of these pulses

during a $3.00 reactor pulse of any significance could be measured.

E.  Laser Results                                                 '

Figure 31 shows a result of a laser experiment in which lasing might

have been present.  The evidence that indicates lasing is the long narrow

spike at the beginning of the neutron pulse.  This sharp pulse produced a

current output for the photomultiplier of 0.028 mA which is only one order

of magnitude less than the output corresponding to a laser pulse (see

section II-C-2).

While the spikes or sharp pulses were ignored in the other experiments

since they were caused only by radiation, they were important in this

experiment.  When a possible cavity existed, the output of the discharge in

some cases contained some sharp pulses that were longer and narrower than-

the radiation noise output contained.  It is possible, though, that these

sharp pulses were all caused by radiation.  These type of pulses, which

may be laser pulses, usually disappeared after the discharge tube had gone

a few neutron pulses.

By moving a piece of cardboard between the discharge tube and the

back mirror, we could spoil the cavity, and therefore we could measure

the unblocked to blocked ratio and then calculate the gain coefficient

from Eq. (III-79) or (III-80), depending on whether complete coherence or

randomness is assumed.  This ratio was obtained by measuring the peak

output of the discharge (total output-radiation noise output) that had a

, shape similar  to the neutron· flux curve. The height  of the spikes could

1\
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not be obviously used since it is not proven that any of them are laser

pulses.

Three unblocked to block ratios were obtained: 1.75, 2.00, and 5.00.

If complete coherence of the wave is assumed, then' these ratios give all

negative values for the gain coefficient even when the line shape is ac-

counted for.  If complete randomness is assumed, the gain coefficients are

-.0061 cm-1, -.0037 cm-1, and .0016 cm-1, respectively.  The gain coef-

ficients all become positive (.00024, .00085, and .003 cm-1, respectively)

when it is assumed that accounting for the line shape changes the ratio by

a factor of two.

If complete randomness is assumed and line shape is accounted for,

then any unblock to block ratio greater than 1.67 gives positive values for

the gain coefficients.    When ·the discharge  tube was electrically pulsed,

no unblock to block ratio greater than 1.7 was measured when lasing action

'          was not present, and the average value was 1.5.  The ratio had a value of

1000 - 2500 when'lasing was present which is close to what Eqs. (III-79)

and (III-80) predict.  They predict a ratio of infinity when the gain coef-

ficient reaches the threshold value.  In developing these equations it was

assumed that the gain coefficient remained constant which would give

infinite values for the ratio since the depletion of the upper laser level

is not acc6unted for.

/
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VI. CONCLUSION

A.  Comparison Between Theory and Experimental Values

1.  Density of Excited Atoms

The theory developed in section III predicts a neon metastable,

33
0(3 P) and 0(3 S) density that is proportional to the neutron flux.  The

spontaneous emission experiment also verifies this conclusion because the

light output of the discharge tube at the wavelengths measured varied

linearly with the neutron flux.  The number of photons that are emitted

from an excited level per unit time is equal to the density of the atoms

in that level divided by the lifetime.  The constants of porportionality

predicted by the theory could not be verified since the percentage of the

total number of photons emitted reaching the photomultiplier is not known.

2.  Gain Coefficient

The minimum gain coefficient needed for lasing in a gas 82 cm long

between two mirrors each having reflectivities of 99% was calculated to be

-4   -1                                                   13     21.22 10 cm  , which should occur at a neutron flux of 3.45 ' 10 n/cm

sec.  This corresponds to an I/I  ratio of 1.01 which is too small to be

measured using the technique of the gain experiment.  The minimum value of

I/I  that can be measured with this technique is 1.05 which corresponds to

-4   -1
a value of 6 10 cm for the gain.

During a $3.00 pulse the gain coefficient should reach a value of

-3   -1
7.7 ' 10 cm (see Eq. (III-67)) which corresponds to a value of 1.9 for

I/I .  Since this ratio was not seen, then the inversion population is at

least one magnitude of order less than that predicted by the theory and/or
* the. gain coefficient is less than predicted because losses in the cavity

11
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are significant; the gain coefficient had been calculated assuming that the

only losses occurred at the mirrors.

Thus the technique used to measure the gain coefficient in the gain

experiment cannot be used to measure gain coefficients less than six times

the threshold value.  Even if a 50% loss in the cavity is assumed, the

minimum value this experiment can measure is still three times the thres-

hold condition.  Therefore the gain coefficient could be high enough to

produce lasing, but not great enough to be measured.

In order to measure the gain coefficient at these values, it was

necessary to use the technique developed in the laser experiments, that is,

correlating the unblock to block ratio to the gain coefficient.  This

experiment showed that gain coefficient could be measured in the threshold

and even sub-threshold region by this technique.  The only disadvantage of

this experiment was that the theory needs to be developed in greater

detail so that the gain coefficient can be more accurately calculated.

Using the technique developed in the laser experiments to measure the

gain coefficient, the calculated values were all negative when complete

coherence was assumed.  If complete coherence is assumed, the unblock to

block ratio had to be greater than 99.5 before the gain coefficient

became positive.  This is unrealistically too large based on the observa-

tions made on the electrically pulsed laser.

If complete randomness is assumed then the gain becomes positive in

one case:  if accounting for the line shape changes the ratio by a factor

of two, then it became positive in every case.  The maximum values for the

gain for these two cases were .0016 cm-1 and .003 cm-1, respectively.
t

Although these values are above the threshold value of .00012 cm-1

6
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calculated in section III-F-1, they are below the threshold value of.

-1
.00435 cm needed for lasing when completed randomness is assumed.  This

value is probably too large because cavity losses become ten times greater

than mirror losses in this model.  But this assumption does give a

realistic value of about 3.3 for the unblock to block ratio when the

gain is zero.  Therefore, calculating the gain coefficient assuming com-

plete randomness will give realistic values when it is close to zero.  As

it approaches the threshold value the light becomes more and more coherent.

But since the unblock to block ratio was less than five in these experi-

ments, complete randomness could be assumed in calculating the gain.  These

experiments show then that the gas does at least have a positive gain

coefficient even though it is less than the threshold value:

3.  Lasing Results

The theory predicts that lasing should 0-cur for a $1.25 or greater

pulse at a pressure of 50 torr in the discharge tube.  The only evidence

that shows that lasing might have been present was the pulses or spikes that

were longer and narrower than the pulses due only to radiation.  Also,

these questionable pulses occurred only when the neutron flux was above the

threshold value.

The lasing might only occur in pulses because when the population

inversion reaches the necessary value, a rapid depletion of the upper

laser level occurs which produces a sharp spike in the output.  It then

takes some time before the upper laser level can build up again.

On the other hand, no lasing might have occurred because the inpu£

of energy was too slow or the pressure was too high.  This would cause

an increase in tHe density of ground-state oxygen atoms.  Oxygen atoms

d
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in the ground state are depleted mainly by recombining with other atoms to

form molecules, and this loss term is dependent on diffusion which is

inversely proportional to the pressure.  If the density of the ground state

atoms is too great, photons emitted from the atoms in the lower laser

level when they de-excite to the ground level become trapped.  Thus the

effective lifetime of this state is increased which will reduce or

eliminate the population inversion.  This could also explain why lasing did

not occur in pressures over ten torr when it was pulsed electrically.

B.  Suggestions for Future Work

1.  Theoretical Suggestions

Before the technique used in measuring the gain by measuring the un-

block to block ratio can be used further, the theory used h developing the

relationship between the gain coefficient and the unblock to block ratio

needs to be expanded upon in greater detail.  Specifically, the line

shape, the dependence of the gain with time and distance, and the amount

of coherence must be accounted for.

The effect of pressure on the density of atomic oxygen needs to be

studied, and the rate equation for the lower laser level of oxygen should

include a term that depends on this density so that the effect of radiation

trapping can be modeled.  This would have an important effect on the

density of the lower laser level and, subsequently, on the inversion

population.

Finally, the effect of stimulated emission on the upper and lower

laser densities needs to be modeled.  From this study the actual output of

-          the discharge can be predicted during the reactor pulse and might show
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whether or not lasing occurs in pulses.  A computer program will probably

be needed to solve this problem.

2.  Experimental Suggestions

One of the most important improvements that can be made to the exper-

iments is to have a vacuum system attached to the discharge tube while it
1

is in the throughport.  This will allow one to study the effects of

pressure on the output and to look at the output with a fresh sup ly of

gas after each reactor pulse.  In the experiments described in this paper,

the tube was sealed.  This meant that the gas probably suffered deteriora-

tion during the reactor pulses due to the absorption of oxygen.
0

Also the output of the tube at 1300 A can be compared to its output at
0

8446 A which are the photons emitted by the lower and upper laser levels,
0

-          respectively.  This should show whether or not the 1300 A photon is

becoming trapped.
:'

'.
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