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ABSTRACT

This final report describes the accomplishments achieved under NASA Grant

NSG-1232. The first direct nuclear-pumped laser using the 3He(n,p)SH reaction

was developed during the grant period. Lasing took place on the 1.79u Ar I
~transition in a mixture of 3He-Ar at approximately 600 Torr total pressure.
It was found that the eleétrically pulsed aftérglow He-Ar 1laser had the same
concentration profile as the nuclear-pumped laser. Thus, electrical afterglow

lasers could be used to optimize potential nuclear lasers. As a result, nuclear

3

lasing was also achieved in 3He—Xe (2.027y) and “He-Kr (2.52p). Scaling of

laser output with both thermal flux and total pressure as well as minority concen-
tration has been completed. A peak output '(SHe—Ar) of 3.7 watts has been achieved
at a total pressure of 4 atm. Direct nuclear pumping of 3He-Ne has also been

achieved, although the wavelength is not known as yet. Nuclear pumping of a

3He—NF3 mixture was attempted, lasing in FI at ~7000 X, without success, although:

the potential lasing transitions appeared in spontaneous emission. Both NF3 and

8 . .
23 UF6 appear to quench spontaneous emission when they constitute more than 1% of

the gas mixture.



INTRODUCTION

This final report under NASA Grant NSG-1232 will summarize the research
accomplished during the grant period August 1975 to August 1977. Figure 1 shows-
a block diagram of the research carried out during the grant period. Research

results associated within each block will be discussed below.
BASIC LASER AND GASEOQOUS ELEdTRONICS RESEARCH'

Laser researCh at the reactor site is very difficult and costly. Thus, as
much knowledge as possible must be gained in the laboratory before going to the
reactor site. Heavy émphasis has thus been placed on electrically-pulsed'éfterglow
lasers which can easily be studied in the 1aboratory.environment. |

Two separate high-vacuuﬁ s&stems were constructed along with two electrical
pulse modulatérs which could deliver 60 kV at 100 amps in a 0.5 usec electrical
pulse to the laser cell. _The.vacuum systems were capable of 10_6 Torr and research
grade gases were used in all laboratory experiments.

In the work of J.-Guyot,[l] it was demonstrated thaf large concentrations of
helium metastables could be generated in the reacﬁor using a boron-lO coated tube
to excite (a-particles) the helium gas.' This stored energy (helium metastables)
could then be transferred to a minority gas species which would then lase. Thus,
laboratory experiments were cénstructed to demonstréte that high concentrations
of helium metastables could also.be produced in the electrically-pulsed afferglow
at high pressures and thus, this method could be used to study the reaé@or (charged
particle) produced plasma. Figure 2 shows the results of these experiments. The
38898 He—lihe was used té probe the He(ZSS)'densitylwhile the 50168 He-line probed
the He(é;S) density. Absorption measurements were taken 56 ﬁéec after the termi-

nation of the electrical pulse, therefore, we are definitely probing the afterglow
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plasma. Note that with increasing pressure, the leﬁmetastables'rapidly convert
.into 238 metastables. From the measurements, it can be concluded that sufficient
densities of helium metastables exiét late in the afterglow,. and these long-lived
étates might transfer their stored energy to a minority species.

Dielectric laser mirrors were then placed at the ends of the discharge tube
and lasing was achieved in all the noble gases (ekcept He) at ﬁarioUs-wavelengths.
Figure 3 shows typiéai results of lasing under the present laboratory experimental
setup. Note that there are two distinct laser pulses. The first laser output
appears during the voltage pulse and this most probably.corresponds to direct electron
impact excitation of the upper laser level. The second pulse occurs in the afterglow
period and is much longer in duration than the first laser pulse. This secondary
laser bulse; as discussed 1atér, probably corfesponds to Penning ionization of the
minority gas species by the He metastables followed by collisional radiative recom-
bination of the atomic ion and then radiative decay into the upper laser level.
These same results were fouhd for He—Ar,‘He—Kr, and He-Ne. Not all transitions
that lased, lased in th¢ afterglow. Some transitions only lased during the voltage
pulse. Only transitions which lased in the afterglow were.studied further as pos-
sible candidates for nuclear pumping. Laser output as a functionoo{\concentration
was.studied for afterglow lasing with the expectation that the optimum minorify gas
concentration in thé electrical afterglow laser wouid also be optimum in the reactor

created laser plasma.
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The laser transitions studied are listed as follows:

He-Ar 1.79 u ‘ 3d[1/é]$ - 4p[3/2],
1.27 u sa[s/2]9 - 4p'[1/2],
He-Xe 2.026 u 5d[3/2]2 - 6p[3/2],
He-Kr 2.52 u 4a[1/219 - sp[3/2],
2194 4d[3/21) - s5P[3/2],
He-Ne 1.152 u | 451[1/2]? - apl[3/2],
1.1177 u as[3/213 - 3p[5/2],
He-F , (NF ) 0.7129 3p 2991/2 - 38 zpl/z
0.7311 u 3p 2301/2 - 35 2P3/2

All these transitions lase stiohgly in the afterglow except the FI laser where
only weak afterglow lasing was observed. Figure 4 is an éhergy level diagrém of
major lasing transitions. Note that all of the minority species can be>Pénning
ionized by the helium metastables.

The He-F2 laser is of pérticular interest since it lases in the visible
(higher energy photon than. infrared trésitions, thus higher quantum efficiency)
and also 235UF6 could be used as the F donor . ‘Future nuclear pumped lasers
| could be pumped by the 235U(n,f)FF reaction and lase on the visiﬁle FI trans-
itions. Figure 5 shows the current pulse, spontaneous emission and laser_output
of FI at 0.7129 u vs. time. Note that if the laser pulse is expanded, lasing
in the afterglow is found although weakly. This laser tendsvto be self-quenching
due to the strong reabsorption of the spontaneous emission from the lower laser

level of the ground state. The reabsorption may expiain the shape of the afterglow

laser pulse as well as why only weak afterglow lasing is observed.
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NUCLEAR PUMPED REACTOR EXPERIMENTS .

A. Nuclear Pumped Lasing Results

A high vacuum andlgas handling system was constructed for use at the reactor
site. This system was capable of 10_6 Torr and research grade gases were used in
all experiments. The complete reactor system is shown in figpré 6. The quartz
laser cell is surrounded by a polyethylene moderator (15.24 cm dia. by 60 cm long)
for thermalizing the fast neutroﬁs from the Aberdeen fast-burst reactor. A sﬁall
portion of the laser intensity was coupled out from the dielectric output laser
mirror and then was absorbed by an InAr detector (1.2 p - 3.5 ﬁ transitions only).
A filter wheel could be used to transmit only one wavelength of interest. The
InAr detector was very insensitive to background gamma and fast-neutron irradiation.

Through the back laser cavity mirror, spectra was taken using an optical Multi-
channel analyzer. The data was plotted and placed on magnetic tape by a HP 9830
computer. Spectra of nearly all nuclear pumped laser discharges was taken in the
range of 4000-8300R. | |

| Volumetric direct nuclear pumped lasing was first achieved in a 3He-Ar

mixture.[z’s]

This was the first nuclear pumped laser to use the 3He(n,p)sﬂ reaction
as the excitation source. A typical oscilloscope trace of laser output during the
thermal neutron pulse is shown in figure 7. Note the sharp laser threshold charac-

teristics of all lasers. Lasing econtinues throughout the thermal neutron pulse.

This profile is typical of both 3He—Ar and 3He—Xe nuclear pumped lasers. Nuclear
pumping'was achieved on both the 1.79 p and 1.27 ArI transitions. The filter
wheel was used for wavelength selection. The laser cavity consisted of a back

mirror (flat), 99.5 percent reflective at 1.7 ﬁ, and an output mirror (2-meter

- radius of curvature) with 1 percent transmission at 1.7 u.
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Nuclear pumped lasing has also been achieved in “He-Xe at 2.026 W41 i
system has the advantage of having the lowest thermal neutron threshold flux of

5 n/cmz—sec). The laser

any volumetric nuclear pumped laser to date (4 x 101
cavity consisted of two 2-meter radius of curvature dielectric coated mirrors
each having 97.5 percent reflectivity at 2 u. |

Figure 8 shows the scaling of 2.026 u Xel laser output, the total pressure
is held constant at either 600 or 400 Torr, as a function of thermal neutron
flux. The solid lines are drawn through the two lower flux data points. If
the laser output is directly proportional to the thermal neutron flux, then the
upper data points should fall near the solid line, as they indeed do. No laser
saturation effects were noted up to the maximum capable thermal flux of 1.5 x 1017
n/cmz—sec.

The output laser mirror was changed from a 1 percent transmission mirror to a
20 percent transmission mirror in order to couple out more laser power. The results
are shown in figprelg. The dashed curve shows laser output at 2.026 u for the
1 percent transmission mirror. When the mirror was changed to 20 percent trans-
mission, the solid curve resulted. With the 20 percent transmission mirror, the
neutron flux threshold was higher but most importantly, there was not a substantial
rise in power output. Thus, it appears that the 1 percent transmission undercoupled
the cavity and the 20 percent transmission mirror overcoupled the laser cavity.
Nevertheless, it can be concluded that :the round-trip gain was greater than 20 percent.

In figureiO, the variation of 3He—Ar and 3He—Xe laser output is shown as a
function of Ar or’Xe concentration. Nuclear pumped lasing is shown by the circle
or square data points and the solid or dashed lines represent the normalized Ar or
Xe laser output from an electrically-pulsed aftergxow71aser:(épproximately‘SO‘Torr
total pressure). There is a very close correlation between electrically-pulsed
afterglow lasing and nuclear pumped lasing. Thus, the major laser pumping processes

must be the same in each case. These processes will be discussed in detail later.
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The peak nuclear pumped laser output is plotted in figure 11 as a function of
total pressure in atmospheres. At the present time, Fhe 3He-Ar system has
produced the greatest'power output (3.7 watts). A thermal flux of 1 x 1017 n/cmz-sec

and an output mirror transmission of 1 percent was used. The 3He-Xe system
had approkimately the same power output for both the 1 percent and.20 percent trans-
mission output mirrors. Peak oﬁtput was 370 mwatts at 4 atmospheres, 1 x 1017
n/cmz—Sec thermal flux.

In order to increase the power output of the 3He—Xe system, 20 percent Ar
was added. From electron beam experiments it has beeA shown thaf the addition of
argon to a He—Xe mixture considerably enhances Xel laser output by the formation
of Arz* wﬁich is in close resonancé to the XeI (2.026 u) upper laser level. Thus,

*

Ar2 can efficiently pump the 2.026 ﬁ laser transition and as shown in figure 11,

indeed increased the pbwer oufput but oﬁiyaat preséures iess fhaﬁ one atméﬁbhéféiﬂ
fAs the total pressure increased, laser.output decreased, eventﬁally becoming zero at
-4 atmospheres. Some other unknown detrimental effect quenches lasing af‘higher
pressures..
In figure 12, the 3He-Ar (1.79 ) lase; output is plottéd a§ a function of
total pressure (circle data points). The solid curve is the calculatéd power

3

deposition (KW/cms) in the gas from the He(n,p)sH reaction. Both curves have

been normalized at 2 atmospheres. Note that laser output follows the power deposited
up to 2 atmospheres total pressure, but then tends to saturate as the pressure

increases probably due to pressure broadening of the laser.transition thus, lowering
the gain. Optimum operation (optimum efficiency) occurs below 2 atmospheres for
.1 percent Ar. ‘

'

The efficiency is defined as the peak laser power output divided by the total

power deposited in the laser cell. This gives an efficiency of 1.2 x 10_3 percent,

;If, instead of the total laser cell volume, the active mode volume (2 cmz)'is used, the

~efficiency becomes 0.09 percent.
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The 3He’--Kr nuclear pumped laser output is shown in figure 13. This system
has a very high thermal neutron flui laser threshold as noted from the figure. This
is prbbably due to the fact that both the 2.52 p and 2.19 p laser transitions have
the samevlower laser level (see figuré 4), Both these transitions lase in the
reactor plasma, thus populating the léwer laser level whicﬁ quenches further -lasing
(or produces a high laser threshold). No further investigations #ere undertaken on
this system due.to this observation.

Nuclear pumped lasing was also achieved in a mixture of 3He-Ne ¢! percent Ne)
at 400 Torr tétal pressure with a peak thermal flui of 7.6 x 1015 n/cm%-sec. As
yet, we have not determined the lasing wavelength but most probably it is either
the 1.15 y or the 1.1177 u Nel transitions. Further investigation of this system
will pinpoint the lasing wavelength.

Nuclear pumped lasing of FI has been investigated, This system is of particular

interest since it is very compatible with UF The electrically-pulsed FI laser

6"

NF3 or UF6, each simply acts as a fluorine donor.

operates equally well with Fz,

The fluorine in turn is excited to the upper laser level by-direct electron impact
excitation, and, or by excitation transfer from the.high density helium metastables.
A 3He-NF3 mixture (0.14:percent NF3) was used at a total pressure of 570 Torr
for studies at the reactor. The peak thermal neutron flux was approximately
7 x 1016 n/cmz—sec. As shown in figure 14, two distinct spontaneous emission peaks
are noted at 71298 and 7311R 6n the optical multichannel analyzer. These two wave-
lengths correspond to FI lasing wavelengths found in laboratory investigations of
He-NF3 mixtures under electrical excitation. Nuclear pumping was also investigated

for a 1 percent NF, gas fill, but as noted in figure 14, no spontaneous emission

3

was found.
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Nuclear pumped lasing in FI has not been achieved as yet. A range of thermal

17

fluxes as high as 1.2 x 10 n/cmzrsec have been used at total pressures of

600 Torr 3He—NFS. One interesting effect was noted, when the percentage of NF .,
was very low (& 0.008 percent), substantially more total light was»emittéd from
the tube then at 1 percent NF3 (also note same effect on fig.?14).: Thus, it
appears that fluorine effgctively quenches the plasma, probably By absorbing low
energy electrons to form F . This in turn reduces the number of low energy
electronsavailable for recomﬁination with He+, He2+,

concentration is kept low, the formation rate of F~ is low and recombination light

Ar", etc. But if the NF,

résults.

The FI laser is a classic‘three—level'system. Thus, strong reabsorption of |
the spontaneous emission takes pléce between the ground state of F and the lower
laser level, effectively quenching iasing in the eléctrical afterglow. This is
probably the reason that the FI system and similar such systems are not good

candidates for nuclear pumping.
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Another system under active investigation is the He-Xe-NF, system or

3
*
excimer laser XeF (SSSOR). Lasing has not been achieved under electrical
. *
excitation as yet, but the XeF excimer emission has definitely been observed.
. * i . : ' .
Figure 15 shows the XeF emission under nuclear excitation with 1 percent Xe,

*
1 percent NF, and a total pressure (SHe-Xe—NFs) of 2 atmospheres. The XeF

3
excimer emission at 3511 and 3531R% is observed. When a high-Q optical cavity
was placed around the nuclear discharge no°1ésing was noted at a thermal fluk of
6.7 x 1016 n/cmz-sec. This system will be further investigated at the reactor.
B. Nuclear Laser Pumping Processes

To optimize a laser system for makimum power output as well as evaluating
new laser systems, it is important to understand the bésic processées occurring
in the charged particle produced laser plasma. The first system to be extensively
investigated was the 3He—Ar system. Figure 16 shows the major process thought:

' to occur in the nuclear—génerated plasma. Since the méjority of the gas is helium
(& 99 percent), most of the excitation goes into the helium as compared to the argon
minority gas.

Helium is first ionized by the secondary electrons produced by the 3He(n,p)sH
reaction charged particles. The He atomic ions can form Hez+ which eventually
decay into atomic He metastables,or the atomic ion can by collisional radiative
recombination recombine to form metastables. Large densities of these metastables
can be obtained as shown by the work of Guyot.[l] The He metastabiesthén collide
with grodnd state argon and ionize it (Penning ionization). Argon ions can also
“be formed by direct electron impact ionization by secondary electrons, but this is
thought to Be of secondary importance as compared to Penning ionization. Once
the atomic ion is formed, it can either recombine by‘collisional radiation fecoﬁ-
bination and then radiatively decay into the upper laser level or it can form,
by association with two ground state Ar's, Ar * molecules. Ar,” has a large |

2 2

dissociative recombination coefficient, thus upon recombination forms a ground
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Collisional Processes in He-Ar DNP Laser
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state Ar and an excited Ar*. The important point is that this excited Ar*
species is below the upper laser level for 300°K plasmas and thus does not
contribute to the 1.79 nu Arl lasing. Formation of Ar2+ is simply considered
as a loss term for Ar' and in turn the upper iasér level density. The con-
centration of Ar must be kept low in order to retard the formation of Ar2+ but
not so low that:an insufficient_upper_laéer lavel population results. - Fo o

A Simple computer program was written to solve the following equation for
the Ar’ density. It is assumed that the upper laser level density will follow

the Ar' density.

+
dAr - +
i [He(m)][Ar]K1 + [e ][Ar]K2 - [Ar ][Ar][He]K3
-12 + + 2
[e-]1°[Ar ]l(4 - [Ar ][Ar] K = 0
A steady-state He(m) (metastable) density of 10 '1 and an electron density

[1]

of 1011 cm-1 is assumed based on the work of J Guyot. The total pressure was held
constant at 400 Torr. The results of the calculation afe shown in figure 17. The
He-Ar (1.79 u) nucleér laser output has been normalized to the Ar’ density ét
0.1 percent Ar concentration. There is a Very close fitting of the experimental
data points by the solution of the above equation which supports the explanation

of the basic processes as given above. Note the étrong decrease in laser output

as the argon.coﬁcentration increases due to the formation of Ar2+.

The basic processes just described can also be used to describe nuclear
pumped lasing in He-Xe Sf 026 u). Of partlcular interest is a recent paper by
Shiu, Blondl and Slpler in which a 20 Torr Xe afterglow plasma (Te = Tg = 300° K)
was created to study the specific atomic states excited after dissociation recom-

bination of Xe,®. These atomic states are shown in figure 18 . When the plasma

2 -
- was SOOOK, the solid line transitions were observed. The thicker the line the

more intense the transition (the more populated the state). Note that very strong
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transitions occurbetween the 6P and 6S atomic levels. The 6P levéls correspond
to the lower laser level of the Xel (2.026 ﬁ) laser transition, thus dissociative
recombination directly feeds the lower laser level which in turn helps quench
lasing. Their e*perimental apparatus will not allow observation of transition
out of the 5d upper laser level which is possibly also being fed by dissociative
recombination. The significant point is that the lower laser level is definitely

being populated by dissociative recombination of Xe2+.

' BASIC STUDIES WITH UF

It would be very advantageous to directly couple the nuclear pumped laser
with the reactor neutron source. This can be accomplished if the neutron source

is a gas-core reactor. Under this concept, the reactor would be some mixture of

helium or argon and 235UF6 gases at high pressurés. The 235UF6 would provide

a se1f—c¥itica1 system and the energy would be coupled out as high-power, direct-
ional laser light. Thus, we have a self-critical direct nuclear pumped laser.

At the present time, it does not appear that the UF6 molecule will lase
on some vibratioha%hor rotational level, neyertheless thg UF6 would be used as
a fluorine -donor. syziémS‘ such as He-F (¢ 70003) or the XeF* (& SSOOR) excimer
became very attraqtivé.

Using a specially designed vacuum system; mixtures of He and,I;2 o; UF6 were

electrically pulsed. Lasing was achieved on both the 71298 and 73118 FI lines in F.

and UF6-m1xtures. Thus, it is possible to use UF6 to achieve lésing, where the UF

6

simply supplies a free fluorine atom to be excited by either the helium metastables

or by direct electron impact excitation.

2
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The effect of UF6 added to a He-Xe (2.026 n) electrically-pulsed afterglow
laser was studied. It was found that as munh as 5 percent UF6 could bebadded to
a He-Xe (0.5 percent Xe) mixture before afterglow lasing would cease. Tnis same
experiment was attempted at the reactor by adding 1 percent then 0.5 percent |

Xe

UF6 to a 3He Xe (1 percen?¥) nuclear laser at a total pressure of 600 Torr. No

Xel huclear lasing was found even for UF6 concentrations of 0.5 percent. Thus,

it may prove very difficult to add even small quantities of UF, to other laser

systems. This result is similar to that found earlier in the “3He-NF, reactor
experiments, where 1 percent NF, quenched the total 1light output. The UFg molecule
or its dissociation products muSt be used directly to achieve lasing as well as
a means of energy deposition.

- -

CALCULATION OF CHARGED PARTICLE ENERGY DEPOSITION

IN He GAS

In order to determine nuclear laser efficiency, the power deposited in the
gas by the 3He(n,p)SH reaction had to be calculated. This has resulted in a.
paper by DeYoung and Winters to be published in the Journal of Applied Physics,

[6] - .
August 1977. Two other papers will soon be released by Wilson and DeYoung

: (7] .
which cover power deposition in He by the 235UF6(n,f)FF reaction as well

as the 3He(n,p)sH[sleaction.

In figure 19 is shown the results of the calculation done by ﬁeYoung and
W1nter£6gf power dep031t10n in 3He for the nuclear pumped lasers described
earlier. The energy dep651ted is made up from the slowing down of both the
proton and tritium ions. The maximumhpperating pressure to date has been about
3000 Torr, but as noted from figure 19 at higher pressure, more power can be
dep9osited. Above 6000 Torr, the power deposition falls due to the high thermal
neutron attenuation; thermal neutronsvcan no longer reach the laser cell center-

line, thus power deposition on the centerline falls. This effect can be ‘overcome

by using smaller diameter laser cells.
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The design conditions (tube radius and JHe pressure) for opfimum power
deposition in 3He are shown in figure 20. Fér each operating pressure, there
is an optimum tube radius fpr makimum power deposition. The upper and lower
10 percent limits describe the region in which at least 90 percent of the

available power is deposited in the gas volume.
CONCLUSIONS

The major accomplishments achieved under NASA 6rant NSG-1232 can be summarized

‘as follows:

1. Volumetric direct nuclear pumping has been achieved using the 3He(n,p)SH.
reaction in »3He—Ar, 3He-Xe, 3He-Kr, and 3He-Ne.

2. Scaling of laser output with thermal neutron flux has shown that output
is directly proportional to flux. |

3. Scaling with 3He pressure up to approximately 4 atmospheres has shown that

laser output follows the power deposited up to 2 atm then tends to saturate.at

~ higher pressures.

4. A maximum laser output power of 3.7 watts has been obtained from 3He—Ar
(1.79 ) at 4 atmospheres total pressure (1 percent Ar).

5. Laboratory results have shown that the electrically-pulsed afterglow laser

can be used to study and optimunize the nuclear or charged particle produced laSéi‘f
6. Nuclear pumped lasing (2.026 u) and spontaneous emission are efficiently
quenched with either small concentratioﬁs of UFg or NF3. UFg can be used és an

F donor for such systems as XeF* or KrF*.
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