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Abstract
Research is described that lead to the discovery of three nuclear-
pumped lasers (NPLs) using mixtures of HE-NE, He-Hg, and He or Ne with
Co0 or Eﬂz. The Ne=N, NPL was the first laser obtained with modest neutron
fluxes from a TRIGA reactor {vs fast burst reactars used elsewhere in such
work), the He-Hg NPL was the first visible nuclear-pumped laser, while the
Ne={( and He-CGz lasers are the first to provide enarqy stugage on a
millisecond time scale. Impartant potential applications of HPLs include
coupling and power transmission from remote power statians such as nuclear

plants in satellites and neutron-feedback operation of inertial confinement

fusion plants.
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Final Report

Approximately 100 technical reports and articles have resulted from
this research. A 1isting is included in sAppendix 4 and individual reports
are referred to in the following discussion according to théir report
number, i.e., COG-2007=xx.

As a rasuit of this work, three nuclear pumped lasers have been
developed. This represents one-quarter of the NPLs discovered to date.

Research under this contract, initiated in January 1969, was concerned
with the development of NPLs. When this work first began, the NPL was
viewed as a technique to directly extract energy from a fission reactor.
However, as the work prograssed, it became apparent that other important
applications might davelop, e.g. neutron-feedback pumping for laser fusion
reactors (see reports COD-Z097-86 through 89).

This ressarch was first designed at gaining a better understanding of
radiation-induced plasmas. This was viewed as a prerequisite for ultimate
devalopment of an NPL. Highlights of this phase of the work in¢lude:

# Theoretical calculations of ionization-excitation rates and
electran energy distributions in radiation-induced plasmas
(COD-2007-3, 6, 17, 25, 2?, 30, 36, and 51).

s Measurements of metastable densities in He-Ne mixtures during
irradiation (C00-2007-4, 6, 11 and 74).

¢ Spectroscopy of radiation-induced plasmas (C00-2007-10, 19, 27,

37, 39, 41, 42, 52, and 53).

A second phase of the work concentrated on the effect of radiation
superimposed on electrically operated lasers (C00-2007-7, 8, 9, 13, 44, 53,
54, 56, and 65). Also gain measurements were made in various mixtures
including He-Ha, He-He-ﬂz, and He-Hg (C00-2007-20, 45, ?E, 85, and 500).

Experience and understanding gained thyrough this work wltimately resulted

in the development of three NPLs. These are:



* Ne-N, (C00-2007-57, 66, 72, 76P)

s He-Hg (CO0-2007-78, 503)

¢ He or Ne with CO or CDE (COD-2007-506, 95, 91, 90}

The achipvement of these lasers is considered to be an important accomplishment
for several reasons. First this represents one-guarter of tha dozen NPLs
reported to date. The He-Hg laser was the first visible NPL, and even now

the only other NPL in this wavelength range is He-Ne which appears quite
restrictive in application. The mixtures with CO and Eﬂz, which lase on

the same atomi¢ carbonm line, exhibit & time delay of orders of milliseconds,
suggesting that they have an important energy storage capability.

Ancther aspect of this accomplishment is that, with one excepticn
(Ha-Ha), all other HPLs have been developed using fast burst reactors [vs
the TRIGA employed in the present work). The fast burst reactor gives
other experimenters an order of magnitude advantage in flux and rise time.
51111, for witimate applications, the fluxes achieved with the TRIGA seem
more realistic, although more demanding on the experimenter.

This work is put into perspective in & recent review paper'on HPLs
written by one of the principal i;vestigatﬂrs {CHM} and reproduced here
as Appendix B. This appendix also indicates the present status and some
ogtential applications of NPLs.

Several applications of MPLs have been considered in a very preliminary
fashion [CO0-2007-84}. A very interesting and promising potentizl appli-
cation involves neutron-feedback fusion, and some concepiual studies of
this approach to inertial confinement have been explored (C00-2007-85, 87,
88, 89, 92)

Finally, it should be noted that this project, in addition to

technical contributions, has provided research experience for over




30 graduate students. Ten received Ph.Ds in Nuclear or Electrical
Enginearing, two did MS theses, and the remzinder either perfnrmed R/A
duties or are still involved in Ph.D. research A compiete listing of
students who have, at various times, been associated with the projact

is included as Appendir .
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Listing of Reports Listed Under COQ-2007 Series



C00-2007-1

c00-2007-2

C00-2007-3

C00-2007-4

CO0-2007-5

C00-20G7-5

CO0-2007-7

C00-2007-8

C00-2007-9

CO0-2007-10

LISTING OF COO-2007- REPORTS

"Advanced Methods for Muclear Reactor Gas Laser Coupling”

(J. ¥erdeyen and G. H. Miley, Progress Report, Jan. 1,
1969 - Dac. 31, 1969]). :

“On Gas Laser Pumping V¥ia Muclear Radiations”

(G. Guyot, G. H. Miley, J. T. Verdeyen, and T. Ganley,
Res, om U, Plagmas, pp. 359-368).

"Calculations of Ionization-Excitation Source Ratas in
Gaseous Media Irradiated by Fission Fragments and Alpha
Particles"

{P. Thiess, Rez. on U. Plasmas and Their Technolegical
Applications, NASA SP-236 {1971), pp. 369-96).

"Measurement of Atomic Metastable Densities in a Plasma
Created by Nuclear Radiations

{J. Guyot, G. H. Miley, J. T. Verdeyen, and T. Ganley,
Frans. Am. Wue. See., 12, 77, July 1970).

"Advanced Methods for Huciear Reactor-Gas Laser Coupling”

{G. Miley and J. T. Verdeyen, Progress Report, Jan. 1,
1971 - Dec. 31, 1971}.

"Calculated and Measured Atomic Metastable Densities in
Koble-Gas Plasmas Induced by Nuclear Radiations"

{J. Guyot, G. H, Miley, and J. T. Yerdeyen, Trams. dm.
Nuc. Soc., 14, 136, 1971).

"Enhancement of EUE Laser Power and Efficiency by Neutren
Irradiation”

{J. T. Verdeyen and G. Miley, Fundamental Huclear Energy
Res. Rept.)

"Effect of Huclear Radiation on Operating Characteristics
of a Eﬂz Laser"

(T. Ganley, J. T. ¥Yerdeyen, and G. K. Miley, Trans. Anm.
Nucl. Sec., 14, 133, 1971).

"The Effect of an Applied Electric Field of Qptical Line
Intensities in a Cylindrical Radiation Plasma Device"

(P. Thiess and G. K. Miley, Trans. Am. Nuc. Soc., (1971)
not published).

"Optical Emission from Noble Gas Plasmas Created by
Alpha Particles"

{P. Thiess and G. M. Miley, Trams. Am. Nucl., Soc., 11,
171, 1971).



CGG-2007-11

CO0-2007-12

C00-2007-13

€0C-2007-14

CO0-2007-15%

CO0-2007-16

C00-2007-17

C00-2007-18

C00-2007-19

C00-2007-20

"Meacurement of Atomic Metastable Densities in Noble Gas
Plasmas Created by Nuciear Radiations"

(J. Guyot, Ph.D. Thesis, Hucl. Eng., . of Il11., 1971).
“Pumping of Lasers Via Heavy lon Beams"
{(G. Miley, J. T. Yerdeyen, 7. Ganley, J. Guyot, and

P. Thiess, Proceedings, 1ith Symp. on Electron, lon,
and Laser Beam Tech., U. of Colorade, May 1971).

"Enhancement of EGZ Laser Power Efficiency by Heufron
Irradiation”

{T. Ganley, J. T. Verdeyen, and G. Miley, APL, 18,
569, 1971},

"Metastable Densities in Noble-Gas Plasmas Created by
Nuclear Radiations"

(J. Guyot, G. H. Miley and J. T. Yerdeyen. J. Appl.
Phys., Hov. 1971).

“Complete paper corresponding to abstract, C00-2007-12"
(G, Miley, J. T. Yerdeyen, T. Ganley, J. Guyot, and
P. Thiess, Proceedings, 11th Symp., on Electron, lon,
and Laser Beam Tech., U. of Colorade, May 1971},

"Nuclear Radiation Effects on (0, Laser Output"”

{(J. Verdeyen, J. T. Ganley, and G. H. Miley, JZEE
Dgvice Res. Conf., 1971).

"Rpplication of a Two-Region Heavy Charged Particle
Model to Noble-Gas Plasmas Induced by Nuclear Radiations"

(J. Guyot, G. H.'Miley, and J. T. Verdeyen, fue. Teckh. ).

"The Effect of an Applied Electric Field on Qptical
Emission from a Radiation Plasma Device"

{P. Thiess and G. H. Miley, Trans. 4m, Nue. Soc., 14,
435, Qct. 1971},

"Spectroscopic and Probe Measurements of Excited State
and Electron Densities in Radiation-Induced Plasmas"

(P, Thiess and G. H. Miley, Proc. Znd Symposium on
Urantum Plasmzs, Georgia Tech. (Mov. 19??3 Fp S0-99.

“Pumping and Enhancement of Gas Lasers via Huclear
Radiation" :

{G. H. Miley, J. T. Verdeyen, J. C. Guyot and T. Ganley,

Proc, 2nd Symposiwm on Uranium Plgsmze, Georgia Tech.
(Now. 1371) pp. 39-44.




C00-2007-21

C00-2007-22
C00-2007-23

C00-2007-24

CO0~2007-25

{00-2007-2b

Co0-2007-27

cH0-2007-28

C00-2067-29

C00~2007-30

C0-2007-31--34

"Muclear Radiation Effects on Gas Lasers"

{G. H. Mitey, faser iﬂteructian ard Related Plasma
Phenomena, Plenum Press, 1971).

"Pragress Report - Jan. 1972 - Dec. 1972"

"Enhancement of Pulsed Low- and High-Fressure EEE Laser
Operation Using Muclear Radiation"

{J. T. Verdeyen and G. H. Miley, HEC, Fundamental
fuclear Energy Research, 1972).

"Effects of a Heavy Particie External Ionization Source
on Larbon Dioxide Laser Discharges”

(J. T. Ganley, Ph.D. Thesis, Elec. Eng., U. of 111., 1972).

"Monte Carlo Simulation of Nonlinear Radiation Induced
Plasmas"

{Benjamin Shaw Wang, Ph.D. Thesis, Computer Science,
W, of 11%., 1972).

"Calculation of Electron Energy Flux Distributions in
Noble Gases"

(R, Lo and G. H. Miley, Trans. Am. Mue. See., 14,
581, June 1972).

"“Optical Spectra of High-Pressure Helium [rradiated
by Alpha Particles"

(P, E. Thiess and G. H. Miley, Trans. am. Fuc. Sce.,
15, 706, Nov. 197¥2).

"A High-Vacuum Pure-Gas Alpha Irradiation Facility"

{G. H. Mitey and P. Thiess, U, §. Atomic Energy
Commission, 1972).

"A Gigital Photometer for Studies of Spectra Produced by
Ionizing Radiation”

{Pr £. Thiess, T. A. ¥isel, and P. A. Kwitkowski,
Prans. Am. Nue. Soe., 15, 707, Nov. 1972).

"Monte Carlo Simulation of Radiation-Induced Plasmas"

{B. S. Wang and G. H. Miley, Trans. Am. Nuecl. Sore.,
15, 795, Mov. 1972).

Blank o




C00-2007=-35

CO0-2007-36

CO0-2007-37

C00-2007-32

CO0-2007-29

C00-2007-40

C00-2007-41

C00-2007-42

C00-2007-43

C00-2007-44

"Excited Transfer from 2P Atomic States to Molecular
States in High Pressure Helium"

(P. E. Thiess and G. H. Miley, APS, 25th Annual Gaseous
Electronics Conf., 1972).

"Monte Carlo Simulation of Radiatiun-lnduceﬁ Flasma”

(B. 5. Wang and G. M. Miley, tuel. Sei. and Engr.
s2, 130-141, 1973).

"Optical Spectra of High-Pressure Helium Mixtures lrradiated
by Alpha Particles”

(P. E. Thiess and G. H. Miley, Tranz. Am. Mue. Soc.,
i8, 56, June 1973).

"Technical Prograss Report - Jan. 1973 - Aug. 1973
(J. T. Verdeyen and G. H. Miley}

“Production of Exclied Molecutar Ions by Rare Gas Molecular
Metastables®

(P, E. Thiess and G. H. Miley, Buit. of Am. Phys. Soc.,
Series 11, Yol. 19, 152 {1974).

"Excited Kinetics in High Pressure Rare Gas Association
Lasers"

{P. E. Thiess and G. H. Miley, Bult. of Am. Phys. Soe.,
Series 11, Yol. 19, 157 {1974).

"Tonization and Excitation Growth in High Pressure Rare Gases
and Mixtures”

(B, E. Thiess and G. H. Miley, Bult. of Am. Phys. Soe.,
Series 11, Yol. 19, 283 {1974)).

“Wew Near-Infrared and Uitraviolet Gas Proportional
Scintillation Counters"

(P. E. Thiess and G. H. Miley, IEEE Trans. on Nuel.
Sei., NS-21, No. 1, 125-146 (1974},

"An Integrated Circuit Amalyzer-Counter-Ratemeter and
Fosition Device for Nuclear Spectroscopy Studies"

{P. E. Thiess, T. A. Visel, P. A. Kwitkowski,
IEEE Trans. on Nuo. Soc. N5-21, Mo, 1, 826-837 (1974),

"Studies of Nuclear Radiation Enhancement and Pumping of
Noble Gas Lasers"

[R. DeYoung, E. Seckinger, W. E. Wells, and G. H. Miley,
Proc. IEEE Int. Conf. on Dlasma Science (1974)).




C00-2007-45

CO0-2007-46

COD-2007-47

£00-2007-48

C00-2007-49
£00-2007-50

C00-2007-51

C00-2007-52

C00-2007-53

L00-2007-59

"Study of the Neon-Oxygen Laser Under Heavy Particle
Bombardment"

(E. L. Seckinger, M. S, Thesis, U of I, EE. (1974)).

“Studies of Excited States Formed in Neon And Argon by
Ionizing Radiation” ’

(P. E. Thiess and G. H. Miley, Trana. Am. WNue. Soe.,
(1974}).

Technical PFrogress Report - Aug. 31, 1973 - Aug. 31, 1974
(d. T. ¥Yerdeyen, G. H. Miley and W. E. Hells}.

"Pumping and Enhancemant ¢f Nobla Gas Lasers by Nuclear
Radiation"

{R. DeYoung, £. Seckinger, W. E. Wells, and G. H. Miiey,
IEFE Conf. on Quantum Electronics (1974)).

"Lasing in a Terpary Mixture of He-He-lJ2 at Pressures lp
to 200 Torr"

{R. DeYoung, 5. Beckman, W. E. Wells, and G. H. Miley,
APS, 27th Ammucl Casecus Blectronics Comf. {1974}).

"Non-Maxwelilian Electron Excitation in Heljum"

(E. E. Maceda and &G. H. Miley, AR5 27th Awmal COaseous
Electronics Conf. (1974)).

“Callisional Transfer of Excitation and Hon-Metastabie
Perning Ionization of Nitrogen by Neon 2p1"

(P. E. Thiess, G. H. Mitey, J. L. Gorecki, and L.
%inkiewicz, APS 27th Amnual Gaseouz Elecivonics Conf.
18240,

"Experimental Evidence for Two-Step Excitation/Ionization
in High Pressure Rare Gas DC Townsend Discharges"

{P. E. Thiess and G. H. Miley, APS 27th dmnual Gaseous
Electronics Conf. (1974)).

"Enhancement of He-Ne Lasers by Nuclear Radiation"

(R. DeYoung, W. E. Wells, and G. H.1Hi1er= Trang, Am.
Nue. Soe., 18, 66 {1974}




«  C00-2007-55 “Optical Spectra Produced in Neon and Argon Mixtures by
lonizing Radiation"

{P. E. Thiess and G. H. Miley, Trans. 4m. Nuc. Soc.,
19, 64-66, (1974}).

CQO0-2007-56 "Enhanced Output from He-Me Laser by MucTear Preignization"

{R. DeYoung, W. E. Wells, and G. H. Miley, 1974
Int. Electron Devices Mtg., Washington, D. . (1974)).

CO0-2007-57 “A Direct huclear Pumped He-HE Laser"

(R. DeYoung, W. E. Wells, T. J. Verdeyen, and G, H.
Miley, C.L.E.A., Washington, D.C. {1875}}.

CO0-2007-58 "Studies aof Radiation=-Induced Laser Flasmas”
{R. Defoung, M. A. Akerman, W. E. Wells, and G. H.

Milay, Proa, JTEEE Bnd Imt. Conf. on Plasma Soiences,
79CHO987-8-NPS, IEEE, p. ¥9 (1973)).

LG0-2007-59 "Laser-Pajiet Fusion by Enerqy Feedback to a Oirect
Nuclear Pumped Auxiliary Laser”

EH, E.]HEIIS, IEEE 2nd Int. Conf. on Plasma Seignces
1975)]).

C00-2007-60 "Continued Studies of U¥-Visible-Neon IR Gas Proportional
Scintillation Counters”

(P. E. Thiess, FEEE Muol. Sci. Sym., Wash., D. C.,
Dac. 1975)

CO0-2007-61 "Atomic and Molecular Spectra and Excited State Kinetics
of Moble Gas 5cintillation Counters™

{F. E. Thiess and G. H. MiTey, I'EEE Nuecl. Set. Sym., Wash,, 0. C.,
Dec. 1975) N

C00-2007-62 "Gasegus and Quantum Electronics in Nuclear Engineering
Education"

{W. E. Wells, Matil. Topioal Mitg.-Nuclear Engr. Ed.
Fuclear Techmelogy Yol. 27, Sept. 1975.)

CO0-2007-63 Technical Progress Repert - Auqust 31, 1975 - May 20, 1976
C00-2007-64 "Direct Nuclear Pumped Lasers"

(W. E. Wells, APS Gaseous Electronics Conf., 18, 1975)
€00-2007-6% "Nuclear Radiation Enhancement of a Helium-Mercury Laser”

{M. A. Bkerman, M. Konva, W. E. Wells, and G, H.
Miley, Trans. Am. Nue. Soe., 22, 133 (1975}).

CO0-2007-66 "4 HE‘HZ Laser Excited Only by Neutron Reactions"

(R. DeYoung, H. E, Wells, J. 7. Yerdeyen, and G. H.
Miley, Trang. 4m. Nue. Soc., 88, 134 {1978)).




C00-2007-67

L00-2007-68
{00-2007-69
C00-2047-70
C00-2007-71P

C00-2007-72P

C00=-2007-73P

C00~-2007-74P

C00-2007-75P

C00-2007-76F

CO0=-2007-77

C00-2007-78

"Lasing in & Ternary Mixture of HE‘HE-HE at Pressure up to
200 Torr"

{R. DeYoung, W. E. Wells, and G, H. Miley, 7. of dpplied
Physics, 47, 4 (1976}}

{Same as COQ-2007-65)
{Same as €00-2007-66)
{Same as CO0-2007-64)

*Direct Nuclear Pumped {DNP) Lasers"”

(G. H. Miley and . E. ¥eils, 9th Int. Quantum Elec. Conf,
Amsterdam, The Netherland (June 1976))

"Direct Huclear Pumping of & HE-H2 Laser"

(R. DeYoung, W. E. Wells, G. H. Miley, J. T. Yerdeyen,
Applied Physiecs Letters, 28, 9, (1978)])

“"Optical Emission and Kinetics of High Pressure Radiation
Produced Noble Gas Plasmas"”

{P. E. Thiess, Ph.D. Thesis, Muclear Eng., University
of I1linois (1976))

"Energy Distribution of Electrons in Electron Beam
Produced Nitrogen Plasmas"

{D. R. Sukre and J. T. Yerdeyen, Jowrnal of Appi.
Physies, (1976))

"Energy Distributions of Electrons in Eiectron Beam
Produced Nitrogen Plasmas"

(0. R. Suhre, Ph.D. Thesis, Elect. Engr., U. of II1.
{1976} } ‘

“A Direct Nuclear Pumped Neaon-Nitrogen Laser"

{(R. DeYoung, Ph.D. Thesis, Hucl. Engr., U. of I11.
{1976))

"Recombination Pumped Atomic Mitrogen and Carbon After-
glow Lasers”

{Gary W. Cooper, Ph.D. Thesis, Nucl. Engr., U. of I11.,
{1976))

“Demonstration of the First Wavelength Direct Nuclear
Pumped Laser"

(M. A. Akerman, Ph.D. Thasis, Nuc., Engr., U. of Il1.,
(1976))




C00-2007-79

C00-2007-80

C00-2007-8)

Co0-2007-82

£00-2007-83
C00-20047-84

C00-2307-85

{00-2007-86

C00-2007-87

CO0-2007-88

“Study of a Oirect Nuclear Pumped, He-Hg Laser"
(M. A. Akerman, APS-29th Annua?)

"Recant Nuclear Pumped Laser Results”

(G. H. Miley, W. E. Wells, M. A. Akerman, and
J. Anderson, Proc. of the Princeton Uniy. Conf.
on Parttally lonized Plasmas, 102 (1976)}
"The Pumping Machanism for the Neon-MNitrogen Nuclear
Excited Laser”
(G, Cooper, J. T. Verdeyen, W. E. Wells, and G. H.
Miley, Proe. of the Conf. on Partigily Ionized
Plasmas, 91, Princeton, (1976}}
“A Laser-Fusion Concept Using D-0-T Pellets with DNP
Laser Feedback System"
(G, Miley, 5. Sutherland, C. Choi, and J. Glowienka,
1977 IEEE/0SA Conf., Wash., D. C.)

1975-76 Progress Report - August 1975-August 1376

“Scale-Up and Potential Applications of Direct Nuclear
Pumped Lasers"

(G. H. Miley, JEEE Intl., Conf. on Plesma Sciences,
RPI, Troy, NY (1977) No. 3D1-2 Invited, 96}

"Direct Nuclear Pumped Gain at 79458 of HGII in a
Helium-Hercury Mixture"

{A. Akerman, F. Boody, and G. H. Miley, YEEE Intl.
tonf. on Plasma Sciences, RPI, Troy. NY (1977) Ne.

303, 97)
"Energy Feedback by the DNP Laser for & Laser-Fusion

Reactor" .

{G. Miley, S. Sutherland, C. Choi, and J. Glowienka,
IFEE Intl. Conf. own Plasma Sciences, RPI, Troy,

WY {1927} Wo. 3017, 105)
“"A Direct Nuclear Pumped Laser Approaching Feedback
Lasar Fusion Needs"
(M. A. Prelas, J. H. Anderson, F. FP. Boody, and
G. H. Miley, Trans. 4ANS, 27, 63 {1977))
“D-D-T Pellet Laser-Fusion Feedback Concepts"

{G. H. Miley. C. K. Choi, and %. Sutherland, Trans.
ARS, San Francisco, CA {1977}} {Not published)




£00-2007-8%

COQ-2007-90

C00-2007-91

(00-2007-92

CO0-2007-93

C00-2007-94

COD-2007-95

C00-2007-96

CH0-2007-97

"A Self-Sustaining MNuclear Pumped Laser-Fusion Reactor"

(F. P. Boody, C. K. Choi, and G. H. Miley, Trans,
ANS, San Francisco, CA (1977)) (Not published)

"A Nuclear Pumped Laser Using Ne-CO and Ne~CﬂE Mixtures"

(M. A. Prelas, J. H. Anderson, F., P. Boody, 5. J. 5.
Nagalingam and G. H., Miley, 30th Ammual Gaseous
Electronics Conf. of the American Physical Sectety,
Palg Alto, CA, October 18-21, {3977} LA-Z, p. 118

"A Direct Nuclear-Pumped Carbon Laser with Millisecond
Time Delay"”

{M. A. Prelas, M. A. Akerman, F. P. Boody, and G, H.
Hliley. 3ith Annual Gaaeous Electronies Conf. of

the Americen Physiecal Soctety, Palo Alto, CA, October
18-21, 1977}

"NPL-NS - A "Next 5tep" Experiment for Inertial Confinement
Fusian"

{F. P. Boody, A. W. Kruger, D. Lee, C. K. Choi, and
G. H. Miley, Topical Mesting on Inertial Confinement
Fusion, Februyary 7-9, 1978, San Diego, CA.)

"Progress in Nuclear Pumped Lasers®

(F. P, Bopdy, M. A. Prelas, 5. J. 5. Hagalingam and
G. H, Miley, submitted to 3rd ¥454 Conf. on Radigtion
Energy Conversion, Jan 26-28, 1976, Moffet Field, CA.)

"Huclear Pumping of a Neutral Carbon Laser"

{M. A. Prelas, J. H. Anderson, F. P. Boody, §. J. S.
Nagalingam and G. H. Miley, submitted to 3rd N¥ASA Conf.
on Radiation Energy Conversion, Jan. 26-28, 1378,
Moffet Field, Eﬂ}

"Nuclear Pumping of a Keutral Carbon Laser"

(M. A. Prelas, J. M. Anderiﬂn, F. P. Boody, 5. J. S.
Nagalingam and G, H. Miley, Preprint: 3rd ¥a5a Conf.
on Radiation Emergy Comversion, Woffett Field, (A,
January 26-28, 1978)

"Charge Exchange Phencmena in a Huclear Radiation Produced
He-Hg Plasma”

{M. A, Akerman, M. E. Helis, G. H. Miley, ISEF 1876
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NUCLEAR-PIR*ED LASERS*

George 1. Miley
Fusion Studies Laboratory
Nuclear Enpgineetring I'tegram
University of Illinecis

SUMMALRY

Muc lesir=Pomped  Lasers (KPR ) direclly convery the charpged pareinle
encrpy Erom nocloar reactivas inke colherone bight enerpy.  Since they vl
Lthormal processes juul siore excicatiom oo come (rom Lheanghout ¢hie volgmae
af the laser, onelear=munped Laser sysioms e inbeingio ally capable of
proacter of Ficiency oaud Lighers power chan clocorically pomped Lasers.

TweTwe MPLs Lave Bieco denoost cated amd meee aee Bedop actively pursoaed by
soveral university ol national lTab bteeans.  Appilicalions stulics hove Beon
perbormed oo thee degign ol oo Tase borst reaciore based walbi-MJ polsed WL,
on a neutron-leedback nucloar-pumped laser Musien reactor.

k THTRMICT ION

The Mo foes Lrom puelear react ions provide the exeitagion caca gy lor
waebear puowped Tasers, Mecse They shoarl cirenit Lhe conversinn ol o Jear
coorgy Lo beat, heat fo electeioity, amd clevireicity to charged pardiclos
{Lhe resolt of the maclear reactdens ik the Tir<y place) ¥PLs effer Lhe
pert et Jodl of preacer efTiciency From macl mure compact seanrces than con-

ventional lasers.

Three key nuyrclear reactions have been vpilized [or nyelear pumpling

3Hu(n,n}']': jnc +n+T 4+ p+ ﬁf?ﬁ Hey,
]

lul]-{n,i:[]?l,i: ]UH +n -~ ?Ll + i+ Z.3% Me¥, and

235LI lNission: EJGU L TR r[“ + rrE 4+ vn + 165 MoV

Where [he pnerpicd apuer e o rre Tore elorged partacbe releasar, 70 dadicates

et e Ficsston Troagment 5, 0 i Ll v ol meutronsflission, mwl olher

symbals follow sLaodbacd soeoal ion,

*This review, compiled for the ANL-AUA Faculry Institute on Incrtinl Confine-
ment, Arponne, 111 {(June 1278) is larpely extricted from reccnt articles by
the auther (Ref. 23} amnd by F. Boody, H. Prelas, J. Anderson, $. MHagalinganm,
and G. Miley, "Propross in Nuclear-Tumped Lasers,” Proc. 3rd HaSh Conf.
Radiation Energy Conversion, Ames Res. Center, CA, Jan. 197§,
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As il luscraded e Fig. 1, tww brooad celoaswees ol NPLs are passiblo:
Iasers usxing boron or uragium eoaled oibe walts or, aflernalely, doesipgns
using mixtores eonlaining gases such as Mo, BF,, or BF,, sumctimes
veforred to as podien smaewin, The Lateer are best saited Tor larpe
aperture andfor hipl-pressure operation since MoV dons arc produced
throughout the volune of the laser wediom ralhier than having to start ot
outer walls, HNewutrons to deive the reoclions are presently obrtained [rom
high-ftux puland fission reactors alchough plher seurces such as particle
accelerators or lTusion devices, such a5 a plasma [ocus, are possible.

Alehongh the necessitly of combining a neabron spuree with the lascre
may scem to be a himdrance, it in [act represents the major advancape of
the HPL., Jecwse Ly are oncharged, nculcens can penetcate great distances.
This, of course, means a low craction rabe.  owever,  becauze of Che
vory Large amount of cacrgy released per neol ron absoched, a very slow
niegcran artencialicon rate can result i a sebstantlal energy releasc per

unit vnlumc.!

Fle¥ ions sTow down in pases via Doth cxcitation and ionization
collisions. Wigh cperpy socondary clectrons prodoced in ienization cvents
carry of f o mafor portion of the ien's enerpy, and, at Lhe pressures of
interest, the aubgeguent Tonineafion ogwd cxcd bl ion prodicad by Lhese
glaefrons peondde Lhe polme vnevayy Plow efeoee L fRel. 1-5%) Thisz is
Pldustratmd In Fig., 2 whore the naseent {prime} elecpcon enerpgy distribution
as well aw Lhe Tinal sLemdy-state distribulion ig shown For 1-HeV alpha
irradiation of e, Ihe high-rnergy "tall™ on the distribucion is a
distinguishing fealure that can lead o wev-cga bl Chrium creliation, In
Ehvis spnse, NELE st wimilar Lo oleel rep=heam=driven lascrs. {Rol. £}

(e Import ol exeeoption, noted in conpection wich the moleewlar CO WL,

1% Lhal o significont portion of o [issiow Trapment's onocgy can he
tranglerred divrectly Lo vilirational states in molecolrr gases. {lef. ¥=-8)
Some impurdianl fdiffereneon rxist. howover. The engrpy distribution

ascoe (aled willhh Lhe wrcamdaee eleeteosns in NPLs i oot procisoly reprodocad
by proseol eleclron=beam oooviensg, Alap, pulse rise Limes associabodd

with neatenn zonress ave slow compared L clectron beoms, tequiring guasi
steady-sLate fvvarsions.  1he key dilference, (tom 5 practical point of
vicw, €n the puanibility of pmenping lurge vofimee wptng the penetrating

porar of neufyons,

While inversien via e b rapfiad four iy La electrons in the hiph-
energy Lail af Lhe distribotion is gonceivabie ®  the (haracteriscicatly
slow rise time For NELs mokes: thig difT weult.  Uengequently other means
of geleccive e bl Ton are typically souglit.  In Tack, as seecn From Lhe
arxt seeLion, willl tloe o esoepb ion o of Cler 200 NPL, a1t esperimental lagers
achieved o date duve coployed o pas wmixioees te provide salsefive Lrausfor

[rom 2 majocity {hos=t} gas Lo the lasing pas.

Since clectrie ficlds are absent, Lhe ¢legtron temperature in the
NP'L _plasma is characteristicalty low. acarly in cquilibrium wich the pas
*For example, Loversion in pare helion has been predicted, bzesad on bath

caleulatlions and measured 1ine dntensity data.{Refs. ¢,10)

2
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Lemperature. (ReFo 11} Ia this scase the WYL plasma resembles the "aferglow'
regime in gascous dherbarpes nd reerenbingiTon provides another important
mechanism for selective excitalfon. (Ref. 12}

Lasers Dempnstrated

Wiite Lhe coacept of an NPFL Tager virweaily daces hack o the discovery
of the laser iiLselif,! experimentnl verification was not achieved until 1974
when MeArihur and Tolielsrud {Bel. 7} ohtained lasiag in €0 using a uranium-
coated tuhe wilh Liwe Sandia SI'K [ fast=burslL reaclor. Ciosely Lherealter,
Hedmick, ot al. (Ref. 14) achicved direcl pumping of 3 lle-Xe mixture and
BeYoung, ot al. (Re(. 15-16} reported Jasing with ¥e-N,. NPLs reported Lhus
Far are summarized in Table 1 and a move complele discussien is given in

lacer section.

Hillh NPL rescarch only dn its inlfoncy, many lasers beyond the twelwe
reported to dote can walely be anlicipated.  thwever, he necessity to

provide Tor oo legr renctions with volume pumping restricts the possiblc
gases and mixtures.

Although Lhe oulpnt powers obbained i0 experiments to date are small,
typically in the milllwitl to witt rvange, the crucial question is whethee
the«e small caperimenlal devices can be acaled up Lo Jarge volumes and
hlgher pressures.  'vrhaps Lhe most altractive laser lisied Erom a poLential
powctfellicieney polnt of vicew is the molecnlae QO MPL wheve an eoflicicw y
{taser output/ne lear energy ia) of well over 17 is peedicled. (Ref.  42)
Thi=s Is arteilmted o an o boosly loege Leansler of encigy to vibrational
modes in OO via dicecr [ission Teapmonl encounters. (Rel. 8}

Lasiong o the velle pases in the falrarced ronge as been exploived for
twe reasons: 1Y callisiomal trapsfer Trom st el ioe i efficient, and
2) Ehese Laser Lransitions of fer relalively igh galin.  lowever, scale-up
to higher enerpies, vwia highetr tetal pressures does not secm likely.

Ho-Hy laser (Ref. 17=018) represcnts e BirsL NFL wilh wisible oolput.
Galrn, hmwever, has heer reported on Lhe B4bh-A oxypcen iransitien in a
He-Me-0, mixture and has becnr vbserved ac 250 am o in Ar-Xe=NF.  Among oLher
uses, quiput in this canpge appears most attractive for laser-fusicn coupling.

In Lhe aext seafion we will teview HPL siudies reparted Lo date in moare
detall. Frior reviews of nue lear pumping are conlained in #eferences (9-23.

KEVEEW OF NPL EXTLRIMERTS

iLs [irsd decade, oo lear=pamped aser

Afrer cyndving wlowly during
o thix

(ML) resesieh has propressoed rapidly durimg Dhe lase Jour years.
srrtion wiee review the resples of Lhis resocars b,
TThe first wnclassified HPL situdy known to the authors is hy L. Herwig in

1964. (Ref. 13)



http://vibratiori.il

Huclear Keaclors Employed

Experiments have used o types of pulsed reactors: the pulsed P06
and fasé hvesd reaciers developed Trom Lhie original Godivae at LASL.  For
future reference, characceristics of cheso rcoactors are summarized in Tabie

2* L]

The fast Lurst recclors provide coughly ao order of magnitude higher
peak Elus, £ 10'7 newtrons/em’-voe) than Lhe TRICA.  Also, narrower noulrod
pr)se widths i the order of 0.1 msor are posegible, as opposed o ~10 meoc
with the TRICA. On Lthe other band, For rases where TRICA Tluxes are adoipnto,
faster datn pequisition ie possible givece - 20 pitses per B=~hour working day
arc easlly obbtainable as compared Lo ~4 [ar a Fast bursl facility.  (Rel.
24,25)  1n these facilitles, Lbe Lime holween polses is governed by the
time to conl Lhe reaclur and ron approprisle tescs of contrels.  Future
reaclnes desipned ns Iaser dy ivers conld bowve Torced convection cooling Lo
minimize the time between pulses or permic sieady-state eperation ac lower

Elux, levels.

[a addicing ta providing 3 wazimam weal Fon flux!, pulsed operat bon has
Lhe advanlage of mindmizlog aclivation al the Jasee and iLs accessorics.
Hlowever, even Lhe Tast bursl reactor g 3 very slow rise Lime comparcd 1o
typical lager-state lilf¢limes,  Thas, in cownlrast Lo polscd dischavrges ar
clectean bemms, boeul ron=driven welear reactions provide quasl-CH laser
excitation.  There soems biotle progpect Far abtaining a shorter rise Lime
with fis<ipn reactors; this restricts WPLs teo pases suitable [or guasi-CW

operaticu.

Experimentd] Arvangement

& typical experimeatal arrongement used with the Univeesicy of Tllhinnis
TRICA 48 shewn o g 3. Basically the laser Lobe {(or optical resondator
in wain moasyeaincols) i ploved jooa beam pert vest Lo Lhe reactor. The
tacer ouipat i divectod theoogh a hole in the beam-pert pleg {radiation

shield) and Into the detect b equipment .

Experimeuts at Sounlio, Aberdeen (NASA-Langley}. amd LASL use A similar
arrangemcul with =everal imporiand dilFerences. First these reactors,
heing "fast” ncutron reaciors as oppascd 1o the Ythermal® TRIGA, do nec
cmp loy o water moderater with the asspcialed vonceete shield.  Goanscguent ly
amel Lhe lTaser asscmbly can be placed on a scand next
to the core (Fip. 4. Thix provides cosy aceess belween reactor pulses,

A putyclhylene slevvie, 9 ta 10 cm chivk, is placed aroaad Che laser tolw 1o
moelcrane Fhe imprimgmioge peod pons s Thar Lhey e mre clfeeive in cansing
nuclear reactlems. Shictding, cffcclively provided by the reacter boi lding
(e Kiva), is scill necussary o protect Lhe outpot detectors Erom noclear

tadiation.

the reactor Js5 "hare"

1 - fere : "
For perspeclive, Lhic TRIGA com prodoce stegdy-stiabe {loees 10" *nfen’ —vec
whtile tlie Advanecod Tost Reac o in Valwe, a wpeciagl hiph [lux design, can
produce [Juxes btwn ordors of mapndLade bjipher.

i




Sevoral il ferom os hrlween Less rea Lor erperonents and cyploal
boenoir=Lype studies shoald e noted,. Frrese, s already meptioned, the data
acyqursiiton sate is slow due (o Lhe stow pnlse rate.  Hecond, parts of the
Laser aad irs cartiape are aclivdeed daring the experiment so that manual
odrasiment s must b slone quackly o delayed Tor 2 day or more.  Third, with
the complicated arrangement of shielding and with the background noise
induced tn Lostcumeniation hy stray radiation, the measarcoments can he
quite complex.  Consequenity Lhese studies are eypically quite slow compared
to E&D on conventlonal Jasers., This e nnt an absolote neceseity, hovever.
Congidoralbie impravemen! could e envisinned i o dodieaced NP reactor
facility wore built. Mk of the problom comes from sepoelmposing NP
research on [acilitles originally des.goned fer clher purposes.

Electrical-Nuclear lybrid Lascrs

By supuerimposing aoclear raalialion oo an cieeteiciily pumped loser, Lhe
Laser ouvtpol con he enhasced.  lhig hybrid Lechnique was first used to
produce sipmificaul enbancement of a maleaul.r €0, laser, ‘he dinerease in
Loy, Taser poser oulpol was Tound to be muh greater than the power anpot of
the nuelenr vadwvitwon. the mechaniss helioved Lo have coansod this elffect
is the added eadiat ron=lndued ionisavtion allowing the electron discribogion
to shifl Loward lower encipies, thexchy increasing the elecirons' pumping
eflflclioncy (Rel. 28}). Here cffeet appoars, then, bt b quite analegous Eo
the improvidd ootpat obLoaomed vith celecyron-bean sostainer cechngguos.
Similar bybrid technupeys have been appl ted to He=He ol 1. 15p (Rel. 29} and
He-Hg at 0L.&15)1, {Rel. 17} awd in both cascs enhancement was observed.

Lain Mensurements

Tmportant ifalermabion vt the characteristics of particular NPL's
can ke altained Diom gy meaanrements, o minciple Lins can be dong
using a sipglo-pass (e haegque wheee a refecerce Taser beam of known wntensity
Ls directed (loougl The center ol 4 Lesl cavily ronlainlog the active
moedium, The robio of beam fobrasities exiding and enleving the cavity
provides & measwre of Lhe stagle-pass gain, o obtain greater sensilivily
while maintarning simplocity, a telated maltipass Lechnique was developed
at the Mlversity of [Hhinms, Lhys terhpique requites a small chopping
fan, mounLted su o5 Lo provide alcernawe hlocking and unblocking of the hack

in an otherwise couvent tonal Taser uac i1]ator cavity.  The chopped

mirror
The absoluce vdalus

output {sce Fig. 5) (an Lien provide o measoce of gain.
of the unblorkod (0 blocked 1atio, allermitely Lormed L siimelafod
gaigcion rafva, «wm oalsn be gsed o infer Lhe actunl paiie in the lascr
mediam as lndicated win Tige 6o Porthermiare, 15 iilustrated o Tig. 7, Lhe
chopped ouLpul can provide a definiilve demmstration of esclllation.

ohwerved usiog the mulipies mechod 1w o neutron= tducod
Hr_'-l"ilﬂ-{}2 plana oL 0L HAAGD. {Rel. ) Jhe mixture in thla cpse contained
Me which was nsed Je 2 wolime exeitalfon source.  The multipass techninuo
hae alse been vsed te measwe galn in Ue=lg oL 06150, {ReE. 17, L&) BRoth
measurencnis wore made at Lhe University of Jllissis.  lhe He-Hg laser
eventually oscillated wsing Lhe higher Flux available with the Sandia Fase-

Gala s hoon




Burse rooacben . (Rel. 17, T8 An amportant porst Lo make lwere 1~ thal the
gain measw cmenl s al lowed an opoimiroliow ol jas pressures [(pattial and
total) 1n Lhe more accessihle 1RLGA prior to che attempts at lasing aL the

fast burst Eacillty.l

The meltipass metlisd s also been used Lo measurce gainc-in Be-lig ad
0.7%4%u, (Ref. 3Z) Ne-Cr ac 0.940%0 andl. 0697, and mosL significancly in
the XeF?! exclmer at 0.35Ln. {Rel. 33} Sinple pass (W pain was alse re-
cently reported in Re-de ac 0.0h3280. {(Rel. 34) 71he most extensive HPL
Single=pass gawn measuremonl 5 to date were mide on the molecular €O laser

at Sandra. {Eef. 315)

Cescillation

In this surtion Lhe oxisting BPLs whiich baye demonsbrated oscillad ion
are dilvided into twe catreorieg: a2) fhose Tmitaed to soarlace sources and b))
those wlilizing iz buller pas, thorely makoog possible usce of *He for
volume excitatfon.  An cexpandod listing of Lthe KPLs indicared earlier in

Table I is inrludod in Table 3.

Ihe Mirst HPL en osclllaie, the wmodecular GO laser ac 5.1-5.60, used
a 7%y wueface sonen {Hel. 73, lhis lasor opueraled at ?7°K and JO°K av
efficioncies of 1% and 30,032 respectively.  'lhe Me—N, NPL at 0.9393 .md
0.8629 utllirsed 1L warTace sy o. (R, 16 A TBILA rescarch roacboer
was able Lo meet 1his Tiser ' relatively Tow Lhreshold flux cequirement of
“10 %6t em’ e . o vllicvency of Lhe He-N, HI'L appears Lo be Low, ouly
~0 "2, e othoe NPL Llhat s reache the threshold of oscillagion at the
telatively low [hy supploed by Lhe TRIGA resclor by thie noutral carlsan
laser at L.4%r in lle-CU, He=00,, Ne-CO and Ne-10,. (Rel. 36,37) Here the
VW5 euefaue sancce produced oscillation with delsys hetween the laser
gl et and nealron pulae of L ms. (he detay vs Lhwught to be signifacant
slnce the long encigy st e Limes Lhal are wmplied are compatible sach 0
swilching. Mo delay mocurs oo wivtures of He-(8, He-CO,, lle-0Q, and Ie-
M, =C0y bue nat He-tip it is attrabicd te o leng-Hved latermediate slale
that enters the mochanisn theouwgh excited melecular GO,

He-Hy at . &15pn, cthe only visible HPL achieved to date, uwsed a
Inyergion o fure throwph a charge-cxchange
the ex1stence of alter-

sucface source. {Rel. 18
mechani=m, A4l while this [f an officienl prorcess, o
nate energy clownels appoars to result in a lower efficiency {~10 "X)

than for the noble gas lasers.

The mailn advntage of e bl Ter 8005 §s cbe possihiliey of a Yie
valume source extibal e, Hhe Tirst laser syslem to osoillale usigﬁ lie a=
a bufier, the He-Xc WPL ac 3.508p, was originally excited by the u

TFEEEnquH of the sLimofaced emission ralio technigue ta Fast burst readior

cxperiments appears possibile o, due o Lhe noyeew reacler pualseo, roguices
chappgiog from Lhe comple mechankeal chopper Lo an cleecbro-vibrator smh as
a piegecoolecirile diiven muror, Lven i Lhis were done, the pulse rate

per day, noted esaclier, woald Jimit daca acquisition.

i
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surface sontee {Rel. 14)  and subseguent ty oscillated with ‘He volume
c¥citation. {(Rel. 38)  However, ag is rhargcteristic of most of the moble
pas NPLs, Lhe measured oflicienoy was of the order of 0L or less.  NASA-
Langley’s yvescarch proop demonstreated the firsL e volume source MPL with
e ~Ae AL 1,790 and 1.27u. (Rel. 39} Other lle excited NPLs obtaincrd by
NASA-Langiuvy are Tlic=Xe at 2.0261, "He—Kr av 2.52 and 2. 19, ond *He-CL at
1.587p. (Ref. 40, A1} These vesults are especlal ly gignificant in that

they demonstrate high pressure nperation with a wolume goureée.  For ocxample,
several kWfem? has been depn=ited in Mllo-Ar mixtures al “4 alm, giving
lasetr oulpuls of arder ol & watts at 0. L% elficiency [(Rel. 41}.

Wihile thic acutral corban MU' o LLA%S) ia mixtore:s of He-C0 and =GO,
(Rel. 37} usetd a 'R surface seurce, it appears that chey could equally
well employ JHe,

Purping Mechanlsms-Plasma KineLlcs

! , . . ; .

Theeo are me Jeboad besd raperimenial staolics ef Lhe hioclics dnvalved in

the NFLs repovted in Table 3. sy discussion of oochanisms must therelore
lrir speculacive; however, supgested mechanisms Tor the various lasers are

summatized in lahle 4.

Jeveral piaiais shonld bhe ande. WiLth the cxceplion of melecular CO
where chere appears Le be an anomalowsly large direct cnergy transfoer fo
vibraLional lTevels wia Fission=Trapmeut col llsiong, the mechanisms Invelved
arc simllar Lo those that oceur An corcespoding elecericai-discharye

In Tavy, all of 1k NPL Iransiblons ohserved Lo dale can Wglso be

ioscres.
ihe NPL was discoveood

obtaived clectrically.  (Svill, in the case of Hc-N?,
by workers who wore not dvilially nware of IUs s lockrical) oouuterparct.)

This ehservalion shold not be Ltaken Lo foply that there are no dilforoenees
or that NS doo't lave upigque Cealares. e Tacy is, with neclear pamping,
it is posaible b produce vecieation In large volumes at high pressares --
someLhiing Lhae eonnot casily be dupd icaced elececically.  Thus, whileo
pscillacion on the 0,615 Line in He=l); was oblained both with noclear
opatat@d up ta 1 oalm whereas an clecirical dicchacge could noL be obrtained
abowve LOO Torr (Rel. 17, 181, While nther Lypoes ol <ischarges, e.p. a TEA
or an electron=hean pomped design, could cxtend the eloriricatl case to
hipher procsoves, Lhoy appear bn b Limierd nloilmaecly Lo smatlor volumos
than age pougible wicth oo lenr pumping.  In olher words, miclear pumping
repeesenls a means of oblaining largo vojume jonization-excitation with a

chatacLeristle low civrtron Lemperatore {due o the Lk of eleccron lieldsy,

leading (o a reecomnlination-idominated plasma. Sicmationg where chis can be

exploitod appcar unigquely suiled to e Lloar pumping.

Theseetdeal Ty, puchear pamping o b dividid it three key sieps:
Lo Interwation of high-coerpy lone with e Liser med Dum
2. Sccondary-cloctyren energy-gpoctrum and {unteraccions
J. Reaction Kinotics
Stalles of 1 and 2 (Rel. 2%), neded varlier in the fntvedoclion, suggoes!
that secondary-eleciron vollislons (as opposed to direct ien excltation)




play a dominant rele at the pressuzes involved {(Z10 Torr) in all cases
except mnieculae €01 Thus, Lhe excitalion mechanisms in these NPLs ave
eanenidal Ty Lidependont of the typs of fon: {e.p. an alpha Erom 1°e v5. a
triton From *He) funplped ed Lhein ppogina rnepgy.  1he key parameler

is simply the energy deposition per unit volume. (This is discussed in the

next section.)

Simplilfied studies of the kinecins for several NPLs have beeon coported,
but the most chorveuph study appenrs Lo be fer the *He-Ar NPL repocted by
BASA-Langley (Ref. 41).  Sinee Lhis appears to be represcatalive ol the
noble gas losers, il is coasitruclive cto consider the model that evoelved

Ecom their study.

The mxdel indlcares thal moelcar lasing o SBe-Ae at 179 pm is
achicved primorily as g resaic of Pooning fonizal ion by ill:{Z‘E] metasiahboes
andf charpe Lransler frem 1i1':. Tallwwed by collisional=radiacive recombinad jen
of Ar and radiative caseading into Lhe upper Yaser level.,  For Ar con-
contracions freater Uhan 10%, Tormatbon of nrf s ﬁr: becomes an Tmpariant
lows mechanism Moc Av o, Ltliws gquenchiing the laser action.  Alsa, disineiative
recombinalion of Art prefetenlind ly populates the lower iaser level, furlher
desLroying the population inversion.  The modeled laser oubtput as a functien
of AT concentration in lle pives pood ngreement with the experimental

results, lending eredence to its validity.

Finatly, a anique agper{ of Lhe Ne-H? laser should he noted. Expori-
ments show Lhal uigder some conditjons che lager output deponds on absorbod
nicrogen an the surface of che boron coaved cube. (Ref. 15)  This js thought
£ fnvalve 2tomie pilropgen product lon Al the seefaea 36 neeloar partiec les
break Cheowgh from the boron toaling.,  The process appears to be unosually
elficient amd could conceivably be explolted inm some unique laser designs.

EHLRCY DEFOS1ITION CONSINERATLONS

Compatred te electron-bamn-drivon lascrs, NP'Ls hove Tar lower poeak-
power doposition rate=s.  Thewr advantape comes through che abilily to
excite Jarge voluw-s ol gases moee eifficfently and, fnre some appliecations,
the abiliey Lo achieve Inng Lecm steady-#Lale operalion.

Typical Tleposilion Ralcs

An inditaldion of the capabidicy af maeloear puaping can be ohErined
from some typlfoal oxampies of cnvegy andfor peank power deposition {(Tabkis 3).

+‘?I:r= Lot aten of cnomploealy gl eneegy=teoagfepr ta pthwabioned glafen in
Lt fFasboa-fropeent ool iladons (Rel. 30 ot Fo ydevestimetad. LT
Lhis hypothe=sis holds ap ader fature crmipation, bath ecilicient and
unigue vibratioosal-rype HlI'lLs should be possible.




The tases ejled all aszuwe couplng to a [ast burst nuglear reactor
that provides a peak Fast pentron [hax of 10 "nfomt-sec with a pulse FWITH
It is sern Phalt eyperiment- have alreardy achieved depesicions of

~10 Mane .

the order ol kWs per em>. e PPigecoried plate desipn of Sandia Labora-
Lorles {(Rel. 47,43), based on a srraiphiForward extrapolaltion of therr
experimencal lagser design, provides deposition races as high as 20 kWicm

whereas Lorents, et a2]. {Ref. f) envision advanced designs with ~20Q kWiem?

1f steady-state operarion js degired, those rogulks enan be scaled
according 1o Lhe neatren Flox avabiable.  Operation at thermal Eluxes of
the arder of 5x10'"n/em’-aee is Feazibley conscquently, a power depostlion
on the order af 1 kHfem® decms reasanable ko antilcipate in oventual designs.
Thus, to produce 3 MY loccor output with a 12 efficient laser, a 100m?

acLive volure is vequired.

Volume Sources

!
As naLed earlier, three key nuclear ceactions have been ukilized for

miclear pumping:

Me +n » T + p + 0.76 HeV,
You oo T k@ o+ 2,035 MeV, and

P19 4 4 frh + Ffy + 165 MeV,

where the encrgles (0 quoted are (or rhur§vd particle release.  {(When pon-
Fissjour producing neutron absorplion in 21 I js accounted for, the energy

per neutron ahsorbed is ~J41 McV vs. 165 Me¥ per [ission.)

on the hasin of charpged=partlete wmergy reicascd per noutron absorhed,
15y Fraeium is abonl cixty trmes hotlor thoan ]°H{n,n}ILi, which is 1m Lurn
ahaut throee |imes botior Lhan 1Hv{n.p} 1. f§tvwewver, addicilonsl Factors mast
he considered on acemnt for the (rarpion of (has cnergy available Lo Lhe
lacer mediom, i.c., the eneepy release por it laser volume. This will
depend on the fouwm of the sointee, ixe. suclace vs. wvolume spurce, and on

the density of the scurce marcrial in &4 given cdge.

The energy release rate, nt powor por unift volume F¢, is piven by:

P¢ = g

whoere o ls the momlwy ol 1 apemt {eop. T T T pwor il volume, i1 (8
that Lsetope™s thormal neofron cross soation, b s the thermal neution
FMux, aml  is Lthe bevped-porticle enorpy releosed per reaction.  For
volume sources of intercat lwere, the donsity nocon be writlen as

P
n+=1 J
 WF

where PPois Lhe Lotal gag prossime ad fq 1+ |he HL?T;L fraction of the
mixture represented Ly "source” malerial (such as U° 7"} capable of neutron-
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Induced reactions.  “lThus
Il

N
Py i b (6,00

The predoct 0 is specific Lo the souwrece and, as indicated in Table 6, is
ea=ily evalualed. ‘he picture hecomes clouded wien considering the ro-
maining factor, F | however, Twe neow chiacocreristics must now be considered:
the maximum pressure allpwed for practical operation and the maxinum $ourcce
comcentratinn pussibie hwelfore source actoms intericre with Lhe laser kinctics,
These paramclers wiil vary Ffor each Tasce, amd curcently specific valuces

are known only on a limited hasis or noct at all.

When Tooiu cnnqidered He hecones more {HmFQtLtLUU with UF, For
some sysEems such as Ne-10 or HP-,D f_ for He apprrotches nne In
contrast, Tluorcsrenre studics by LorenLe et al. {Rel. 6} indicate a
maximum f For UF_ io XeF#% ol ~10%. Tn nthr lagers, lor gxample noble pas
Systems, il Jaimply cannol e osed ([ () due to Lhe disastrous efilect of

eloctron srauenglng by Tlunrine,

Ta provide same losight into relabtbve valuesr, the Factor £ 00 0=
pvatvated in Table & for the Lhree key valume sources --— 'He, B y (Biving
Ihp reackliaong), ami "Fn fpiving 1 reaclicns).  Tn dedag chis, a rough
ecst kmzbe Tor fg Merr XelP® has Toeen mnde, A ankicipated l.iIFFII gives the
hiphest Factee, teadlng Lo Jdeposilion rates of S20kWcmY Al 5 atm i Lhe
peak fluk of a4 fast burst redctor. Yle offors about hatf of this power
density.  Thiz it higher Lhan might have bheon expecled hased on § values
alone, berause of the Targor neatpon eross scoction compared Lo 2% and
because larger concentrations ol e can be fncorporaled into a Xel* laser.
Thn relatlve pusition of BV 14 strongly dependent on the allewed concen-

gbtlon. Mo data s oavalloble en this In Lthe present case so f was somewhat

ﬂrhitrarily assumced to be ~10F as suggested lor UFg.

Clearly 1the deposition rates of table & only apply Le the specilic
caqe of HeF+*, = tlrLHHLﬂ caclier, UF, simply may not be campatible with
some lasar mixtures, JHe may nob suit nLers. and =m0 on. Consequent 1y fs
is a erucilal waciable In any evaluation of wvalume sources.

Fipally, it slruld he norted Ehar UF, offers Lhe miique possibilicy of
achieving a ceiLical wass, i.¢. & mified laser-nuelear reactor.  Thils
riseenes oere=Lorer roncepl i discossed Torrher in a loker section.  lompared
trn excernally dilven HI'Ls, Lhis approasch appears quite difficule,  Still,
even o sub-ecitical OF -Lype loser would have the unique advantage of
internal ncutron production, making excitation of even larger volumes
conceivable.

Note Lhiak in eases whore source gascs are agl compiatible with Lhe laser
mleture, nuclear pumping can s£i11 be rongidered (0 a coaled plate or
surlace source is uged.  As shown by Lhe coaled piace de<ign of Tahle 3,
pood cnorpy depasictdion is alse possible Lhis way and Large volunes can be
achicewed ysing arrays of Lhin plaltea. Thls introduces more scructural

problems than the volure soutece approacih, however.
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HPL SYSLLH EFFLUTEHCY CONSTDERATIONS

At Lliis early stage, [ is Jdilficail to citrapoiate NP cfficiencies
ta Till=seale systems. Hewever, Trom o comparison of component efficiencies
it appesrs that a seif-contsained fencrpy sowrce plus laser) HFL syztem
should be more efficient than an equivalent elecLrical system, This argumeat
is presented in the first part of Lhias seclion, Eollowed by 4 discussion of
gome measured efliciencied Crom NPL experimentis.

felf ConLalned Laser System

A« Ullustrated in Fig. 8, the overall elliciency of 2 secli-
contained NPL system can be vicwed as the product of three component

efficiencles, i.e.
S IR VY
g™y,
I
whoere n,. s Lhe energy o Fic leney o0 (he aoeclear source Tor production of
coupling "particles,"” pgencraily nealrens; n, is the ronpling efficicncy,
g.g. the elficicocy for converting ncutrons Lo chacged-parcicle coergy
directod jale the loser wmedpomg awd 1 s clee Vaser of Ficicowey, del fned as
the energy emitied as coherent radiation divided by Lhe chacged-pareicle
energy deposlted in the medium.

For commarison, conglider the anafopous of ficiency chain for an eleclrl-
cally-dciven lascr. Following Fig. 8, we have

T = s Moo "ec "

wheere the sohserdpl 17 lias e wddesd Lo sipoily Lhe otecirical caze. The
new companoul ineluded horee 15 Lhie electrical pewecatar ef ficiency n. ..
Sinfe many cxperimenlal lasecs "buy" clectricaty, the energy source .ingd
electrical geucration comporenls, corresponding Lo a witlicty-owned powsr
stativa, are often not considerod in efficwency analyses.  This would he
comparahle Lo assoming in e HPL case Lhat the reaclor used to produre
radlattion s primpiily intended Tor alher purposcs such as pewer production
g0 that the noatrons diverted Lo the taser are "Free™ of any efficiency
penalty. 1o avoid this cvonfusion, it is best Lo think in terms of dfedica ted
or self-ronlained Lanep systews.  Components in one type of electrical
laser mipht Lhen fonsist ol: 2 diesel-geansealnr gset [or the energy Source
and elesirlenal venoration, high-voliope oquolpment along with an eleclron-
heam dinde piug beam entrance "window" fer coupling, and finally the lascr

med lum fLacll.
A numeeical evaluat o of the n's i strungiy dopendene on Lhe speci §fic
conponenls seivetid.  Nowever, a rough comparisen aof he soilMr=contacned NPE

angd aleverleal lager ayoiems con Do made on Lhe fallowing bagsis: asgume
that they age both able to omploy the g laser medlom so that, o Eirue

order, ﬂl - nFI'
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The produet nn . for NPCS fan be quice hinh, Sandia's concaptual
scalu—up al o GO iy driven by n Tast-burst reactor gelivers =202 of Lhe
LoLal nnelear enecrpy in Lhe plale~-Lype laser-driver section, while drivers

amploying UF,  could, in principle, deliver up te ~70%.

For the electrienl casc, Lhe corresponding clficivncy product is
nEﬁ”?E”EF Fox present eleclrical generalors, Mg <40%, while the

roupling ‘efficivacy 1. ranges (rom - 10-504 dnpuﬁﬁing on pulse lempth, pas
pressurc ard other Tidtors. e product of these Lhree efficiencics will
ke of the grder ol 2%, roughly hall of thet For che HPL.  While this
estimate involves many approximetions, Lt appoears Lt in gensral the ¥PL
aan have o factor of T oor 3 advoilage dn ovepall effictency compared to an

electrical lascr.

Whlle wie lave stressed el Ticleneies Llaes Tar, o shueeld e added that
the sysuem ef Ffelency has inmpdarl onby o terms ol s albimabe effect oo
parametoers suyple as system cost, sice, amd weight per unit-oubput. While
tInese pacamcLors peoerally vary in propoartion o efficiency, their relative
imperrLowee depends oo Ul speciTie applical fon involved. Tor example,
although specific weight i cruclal Ie most space applicaflons, It is not
very Important far land-baszced sysiLems.

Expecimental) and Frojected NPL Lificlencics

4. studies Lo date have bern mere sicongiy dicrecied at the achicvement
of new lasecs tlhapn al the oplimfzation of loser elliciency. It is thus
proemature to discuss cffleloncles with greal prerision,

Avaltabie data From experiments reported Loy far are svmmarizoed in

Table ¥, The arhiveement aof 17 effiriency io the OO HI'L is pechaps the

moslL natalile yesll. Sandia workers feel that achievement of 10X efficiconcy

should eventually be feasible with this systom.

The mennpred ofi b fencfes Tor Lhe varions lascrs emplaoying holium oc
peon collisional trovslee are all .17 or less. Oplimizoed officioncics
abowwe )% arce npt ewperew] in Ehose mislures where, compared o CO, cthe
maxImum ggantum efCic jiceney i< tnwer and parasitic {non-lasing} encegy Flow

channels more vumorovg.  lie=lig in part iealar appears to suifer from the

parasitic channel problem.

Misaing Trom lLible 7 e varicus obeions candidates Tor high of Ficiency
such ng O, and crecilmers.  ALLtwpls To pumpy G0, hawe ot yetk been suctesslul;
the reasgous For thie are <0111 inknow, and Lhe proyspect s Tor achicving a
Cty, MI'L remaio wm Loor . Ao deaerdibed olseowhere, preliminary rossles

2
frlicaLe a gain on e XeFY e lwer Lioe wilh nelear pomping, bul wlieLher

thilzg will wlclmately Tomd Lo oscllLitivn remains Lo be scon. .

Equally eruris) o Futnre developments is Lhe abhjlity Lo achigve
lagsing with a UF, wvolime sovrce io arder to mixinmbze the source cqupling
cfflciency €r %, 17 pessille, Lhis would o principle allaw even helter
overall systes efficicacles than those predicted (Ref. 42,41) for Sandin's

L2
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typo source array.  lhpwever. as ngted caclier, Lhe probilem wilh UFﬁ is
thit the electron "scavenger” astion of the fluorine scemingly limits the

laser cheices to a fow special mixLlures,

WAYELENGTH AVAILABILITY .

To cover a varicty of applications, Lt is desirable that WRLs be
develaped to span 2 broad range of wavelengrhs, As soen Crom Table 7
Mhowever, exiztling NPLs arn mastly in Ehe near infrared (IR) rvegion. Only
ane lascr {lc=fig) has hoon reported with vizible outpot although gain has
been achieved on the 0.630 He=Ne linc. Oscillatinn has not yet been nchieved
In the uvleravioler (DY), but tiw prospeet for o XoF* gxeimer laser seems
good since gain was recenlly chserved on the 1.35p line.

I Ehe preseot seclion we conlipue Lhe roview of NPLS bur now [acus an
specilic laHFrs within each wavelenglh coepgion.

Vigible and Near IR NPLe

Host of Loday's MPL Lechnelogy is conlingd Lo lasers within the visible
and aear IR rogioas.  Fortuvaately some pood high-power NP, candidates exist
wiLthin Lhis groap.  Far dastance, as desoribed in o later sectlen, the
conceptual desipn of 4 Z.1-H) melecular €O MPL utilizing a SPR TIL reactar
haa boen reported. This sysiem 15 unique In that the laser-driver system
oceupics only & m'.  Anelher concept would ause the U0 NPL in a gas-dynamic
conf fporallon with a special reacter section to produce > 100 MI pulzscs or

melt I-BW output.

Vislhle HMs are Lhe Tewest o vwumber of enrrent HPL syscems.  The
cnly wislhle nacillator yet o hioved is the He=llg Jaser at 0.6150p
(Ref. 17, IRY}. “This Jasce Tequired a relatively high fiux of -16'%n/en’ -sce.
Iv is capable of W wscillacion and it has a theoretical quancom cf(diciency
of ~8%, A '"B surface seuriow was uwsed in Lhe experiments although wse of

a ‘He buffcr seems possible ond avcraclive.

Cain has Leen demuostraled in Ne-Ne mizbures at 0.6328y using fquite
Tow fluxes {Kel. 347, Altheogh this system bolds Litlle pessibility For o
high power NFL, $t may provide important insdight into the kipetics involved

in CW NI'L operation.

The molecubar COCRPL a0 2.0 (o 5010 representes, from Lhe peint of view
of extrapolation te Wilgh power agd efCicicoaey, une of Lhe moest inpercant
HI'ls (el 23 The vcxperoweat al 1aaer psied o ]r'li sorfare spuree as oo
mcans nf exeilation, and soahsCicot L3 of volome soucrce=gpases docs ool
appear praccical. A serioms probden aessocTatcd wikhh 1he molecular Gy HPL
{5 that the Sascr wedbn mpal be roeled (2FFPR)Y In order to obLain >3
el flelencles, making high repecition rates dllflcult I7 not lmpossible.

Anather Ni'L whirh hag demonstraLed good pocential. for high power
aperation ls the Mo-Ar taser at L.7%i. (Rel. 1%, 4#L) This laser has
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operated at pressares af % alee wich (.3 % ¢ Tivicney.  This is an important

rosaft in [hal if dwmnuquJLrﬁ tiwe putential Ffor high-pressure cperacion
with a wolume source such as le.

Ocher HPLs in Lhe near 1R range which have demonscraced operation with
2 voluwe snuree toolude: 'NMe-Xe & 2,027 (-1 alm}, 'lNe-Kr @ 2.54 (~1 acn),
"He-Cl @ 1.580 (~0.5 atm), and 'lle-Xe @ 3.508n (~0.% atm). (Ref. 40, 41)

Encrgy storage has been obseryed in Lhe Ne=aculral cacbon and He=
neubtal rarbon MPLs (RBel, 36,37} ot Lhermal FTaxes of 5]x1ﬂ]5nfcm2—5nr.
These lasersz aporaled with o "3 suzface source at 1.2 alm. Since the
cenLorline excitation dencity lalls off at -1 arw willh Lhis sowrce, it iz
possible Fhat eperat don ot mocly bigher proessiuees wourld he possible with
the volume saurce Ne.  The evoergy storage phouomenon in these lasors
appears ta he very importani for certain applications such as laser-fugion.

Uleravielet NI'ls
|

Extension fora bhe BY rappe in an bmportant goal for NPL rescarch.  [IFf,
Eor example, an exdimer lager soch as ¥el'® ean he achivved, the potent ial
For seale-up to a relatively elficivnl high-power laser scoms good. One
veasont le thal, as is discassed laler, XeF% appears compatible with & UK,
volume source which in Lurn promises good energy depositlon rakes.

While 1L is konwn that several groups have toked nucleoar pumping of
¥oF#, wo definiclve yesules hoave yet been pobtished.  Recont gain measurements
at Lhe Universiky of Tllinois appear gqulte promising, bowever. These
EK?Erimtn§H employed Lhe cavity chapping Lechmigoe described earlier, and
a ""n-coated Lube for pumping.,  Unblocked to Bloched ratios of ~10 were
chserved ih XeF* using mixlurces of herefHFj, vaHEfHF1 and KEIHF;.
Maximum ratios were obhiained in hervaF1 mixiores in Ll ratio of &00:3:1L
at a total pressure of 350 Tarr,  NHeulron [luses over skl *nfomi-sec were
necessaty. High ralivs were observed For perlods upr e 50 msec, rerres-
pomding Lo Lhe 1opgest nealren pulse available,  This suggests that CW

eperation should he possible.

LARGL-SCALE SYSTEM DESLGN STUDLES

Me¥ {oos from puclear veartboes provide the exclcat Don for HPLs, (nce
pusslble source is Lhe nmatnral a-decay of radieactive isoLopes such as I'o-
[0 (5=Me¥ alpha rmirter). A Fo=210=-vonted laser fube can be envisioncd,
buc ehe low JTiox of v=particJoes possible i o drowback.,  Ooe might be able
to exclte a low-threshold Iaser sach a5 He-Ne, ot sl a design would he

limited Lo low=power ootjut.

Menlron=driven nuclear reaclions affer 2 more accract ive mechod of
meecing the gnergy—=dengity requirement s for high power NPLs.  The most
ahvious neuLron sources are lisgion and (usfon reantors.  Other ways of
obtaining neutrone include Lhe vatural decay of rodioisolopes {e.g. cali=-
lorniwn}, De«Pn teacLions, or hipleonergy ion=-pholon hombardment of appropri-
ate targets. These latter methods arc complicated, expensive and yield
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unly warginal [luxes. Thas, they are ruled our g% proctical HPL neutron
SOuUrces.

Fusion reaclors, once developed, eounld serve as Allractive neatron
Sources. In fack, seme existiog experimental devices such as the plasma
[ncus affer very Inlenge pulscs of ncuceons. For #2ar-Lerm applications,
howevor, a fizston roasfor gppaars Lo be Lhe most legion! approach forn

hinh-pover applicaffons.

While the added complication of bailding a reactor Lo pump a laser may
appent Lo he a major complication, it must e remembered that any high-
powered laoser requives a bigh poswer andfor Jarpge conerpy source, Viewed in
thir way, the wucicar reaclor 18 nobt too differcut From gther alternative
power supplics.  The added complications of radigactivicy and shielding
must he weiphed apainst Lhe vriques advantages of an BB, system for the
specd Ele applicat bt invelved.  For example, if a reliahle sell-contained
rewer source is roqulreed, as in Lhe case of remobe power statiens and space
applleations, a reactor=-HPL system counld be espreinl)ly avtrackive. {(Ref.
23, 46,47y Anether waigue sitwation invoelves laser—induced fusion. There,
hecause much of the Tuslon onergy reicased is in Lhe form ol nevtrens,
nculron-driven acclear reactl [ons may be especially attractive for powering
the laser in a Tecedhack fashion. {Rel. 1,48-52)

fue to Lhe newness of OPL cvseacch, the scale—up Lo high power has not
yet been considered v preal detail. lNlowever, some initial conceptual
stud tes havre been repoacvied (hob con provide an indication of some of the
nfque capakilities of Lhe BPL, 1t must e stressed, however, that such
studies are very proeliominary seo thar: a) questions abour feasibilicy
remaln open and b) Lhe designs are far Crom opllimized.

Hear-Term Flssion Leaclor Gyscoms

Experimental lasers Lo date hive simply wsed smnl)l, single lascr
cciis. Consequentiy, they have only joterceplod o smali froction of the
toral nevkrons availabhle Feom Ll renlor. L secws quile feasible, bowever,
co dosipgn a refativety Lacge=volume ower syscom Lhat would efficiencily
ptilizo negceons from a fasc=lairst resctor of the type noted earliec. These
roactors (Relf. 25) tvpically consists of a dranfum=allov core In the Form
of a right eylinder of only 30-cm radius and height.  They are capable of
dellvering 6 to 14 M) fn paltses lasting 100 o 200 psoe.  Being palscd,
they do not cequire o sLeady-state cooling =ystem. Thos, the laser med bom
car coveniently be placed aromwl the polire rore, providing a larpe volome

Eilled with an Inteonsge Flox of Fast acatbrons.

Sandia rescarehers (el 42,47 bhave considered a possible N'L system,
ilinsceated in Flg., %, where Ve Tase=bocse reaclor bs ovsol as o primary
HMepbroaad Moam the roaclae onlep a soecognding sebericirnl
wranium repion whirh, in twa, produces Ligsinn fragments Lhat escape inio
and exgite Lo Jazer gas.  The soberitical {Jaser "driver™) region consinls
af Jaminated plates Waviag o thin {~3 micron Lhickness) coating of uranium
metal on neytron-moderator slabs of ~0. 2-em thickness (Fig. 10). These

neukron Ssoarec.

15




These slabs chermalize the acatrons Lo provide o hetesre interaction widh
the wranium; They olse serve a5 o beat sink and previde structural ztrength
For the nranium.  The Uhickness of (he wraniom ¢oating is detetmined by the
canpe of Eission (ragmencs ( L0 micrems in uraniom). With che design
supgested, roughly Lf4 of Lhe Fission [ragments escape Jrom che surfacc.
Balf arc horn with velecities in the improper direction and thus are lost.
Those cmlitted in the proper direccion Jose pbouc half of their encrgy o5
Lhiey traverse Lhe coating., CGonsequently, since about BOZ of the fission
cucrgy goes ince charged pardicles, aboot mme Fifeh of the encrpy produced
by fission in Lhe uranium suhcricical region is deposited in the laser

modd jum.,

The diflference hotween L Lwoe degipgng in Fig, Y involvng bthe way that
the suberltical ewxe itation cvoglon Is coupled Lo the lagser cavicy., IF
motaseable states baving sulTicient Jilfetime are dnvolwed In che lasor
mechaiigm, i1 may bo possible Lo pass pas Liroopls the soberitical reglion as
indicated in Fip.Sa and then Tlow ke into Lhe laser cavley. This de=ipn
has the advaniage= of removing fhe Laser ravily (rom the rvadiacion lield
and providing pood tooling. loweyer, oxcesgive MNow Tates would he required
except For only a fow media that bave qulte long-lived metastable states.

To aveld Lhe neod For NTigh MNMaw raLes, the desipgn in Fig., 9b uses a
cavity whieh is direerly supecimposed on Lhe subeeitical ropion.  In this
tase, flow along Lthe cavity axis is cmployed using tubes with a uranium
caallag amd conslruction similar to the plate design.  Performance estimates
for Four such sysglems ave summarized in Table 9 where a molecular CO laser,
similar Lo those tad fn experiments @l Sandia ls assumed.  Based on coupling
with Sandia"a 5PR=-110 Tasi burst reactor,® il is estimaled that in onc
gyslem 21 Ml coald be deposiced in the subeiirlenal region, resulting in an
ultlmavre 2.1 M1 laser. DBue to the high efliecicney Cor energy transfer to
vibrational states lu U0 hy direct fission Fragment {nteraction, it is
anticipated that nver 50X of the enerpy deposived {n the gos can be ex-
tracted as coberent light., Since =20 of the enerpy released in the driver
enters Lhe goas, an offlciency of =10 Tor Lhe driver-lascer is possible.
{Sloce an addicivnal 1 to 3 timey the driver cncegy Is produced in the SPR
LTI coere, the system cfficivivy is ~3.52.) The relatively small size of
this system is ap jwpeortant aspect of WPLe.  lhues, the 2-M) laser-driver
system only vooupfos “fm? while the overald unit (inciuding the reactor) is

approximately double Lhis size.

The pulsae repctitim rate af such a sysiom would be set by covling
requlicements Tor the SPR-TID core. Without Torced-convestion coeling, i.e.
as shown bn Flg. 9, approximacely «m boar fs required belween pulses,
[ﬁperlal deslpos mighi evenlnadly reduee this Lime Lo minules as i1 usicaced
by repeclilve pulse caperimend s wslng a TRIGA reacgoe. {Rel, 44y] 1his
should he adequate For neac-Lerm applicatlons, amd it of Fers the advantage
that Flow vesling of the Ltser woonbd aob e needod cither. For the cases in
Takle 9, for example. the mean comperacure rise of Lhe driver section would
only be &=3°K although the peak (adiabatic) temperaturc in che wranium [oil
*This reactor will prodoce a burst of 130, about twice that of the SPR II
reactor desctibod earller,
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itself could approach BOOK.

At imperlanl aspeel of this concept {5 Lhal near Lerm developmenl
seems quile Feasible,  The hasic reacLor'core uses oxisting technolegy.
The subsritlen) driver sysiem roquices some oow metal lurgical technigues to
assure pood plaLing and proper mxderalor choracteristics, but this serms
cclatively siraighcMvward and similar uranimm Films have alopady boen uvsed
in gxperimental lager stwdics,  The GO lascer-deiver 1s bhased on earlicr
laser experimenks ol Sandia, oand Lhe bvhular design of Fig. 9b L5 essentially
a replica of the experimental device but wlith multiple Lubes.

While chese comrepls coploy urandum coaled cohes, the same basic ar-
rangement could easily br extended Lo a velume source. However, to Ltake
advantage of czigéitay NPL lasce Cechoology, It would he necessary Lo use
e with Lhe nable gis. f= NFL reseaich progresses, however, mora attractive

mixtures such as Ar/Xe/F,/UF, can be envisioned.

Thus ll]ﬂpponrs that, using Lechnelagy at hand, it should be possible
to design and build 4 pulsed MPL capable of delivering © 1 HJ/pulse.
Further, the system wnuld he seillf-rontained and sufficlently compact for

use In satellites or temote sensing stations.

L

Advanced Fission=Driven NPLS

There arc twe pogsible ronces to even highar energy NFLs, namely: 1)
replace the SR reactor wveoad in proevious examplos with yet larper special-
purpose reactors rapakle of driving lavger NFL volumes, ar 2) combine ihe
reactor and laser-driver, l.e, design a critical MNPL driver. Singe the
latter potentially offers Lhe most unigque performance, we will consider

several ecxanples Lherse.

IF plate-type driver unils are Lo be cwployed at higher pulse rope-
tition rales, or Inoa slowly-slake mode, coollng becomes n crucial problem.
Congoquent ly, a gas—dynamic luser ropresents an obvlens approach; a con-
ceptual Jdegign suppesied by Sandla workers {kel. 45%) 2 shown in TFig. 11.
The driver reglon, shown in mare detzil In Fig. 12, employs a laminate
structure similar Lo thot proposed for the SPR driver. llowever, sulficiant
plates ara provided here o create 'a critical reactor which, depending on
the design desired, coeld clither be pulsed or aperaled in o steady-state
moda,  Also, Lhe plaLles are <hoaped Lo provide proper 1w and an expansinm
nezzle reglon. Excepl lor the nuclear veactoer, Lhe sysiem is identicai
to a conventional olosal-cyiic gas—dynamic lizer, 1.e. the reacter vepion
simply repliaces che conventivoal gleetric excltalion region.  Sandia in-
vestigators estimale that the opergliog romdilions ol Table 1O might be
acliievable witlr a4 €0 laser, tnost steady-stote laser powers of ~60 MW are
antlcipated; thus with a 2.5 scc pulse  ~1500 8 could be delivered,

Comparcd co the previows SR desipn, Lhis coucepr is much more spec-
ulative. A Fow of tlhe difficultics to be Faced are possihle damage Lo the
piate strocture, dua to temperacure shocks combined with the high-speed
flow; inhomogeneliy eflects [n thic laser cavity, duo te turbulence; aod
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the complication ¢f fission pridloct contamination throughout the flow

sysLem.

Perhaps the "ullimace” HPL sysiem would be one ju which the Eission
process takes place Jdirectly in the laser medium,  Wieh ~80% of the nuclear
eacegy (165 MeV/Tission) carricd by [issivon fragmenls, Lhis would elficient-
Iy depositc large ammmts of encrgy Lhreoughont the laser wolume. Consider,
for example, a UF -sceded laser driver coupled co a SPR-T1T reactor as
assumed earlier in Fig. 9. For ambiont tomperaluce operation {i.IFE vapor
pressuce =112 Torr), Fip. 12 (Ref. 6} iwdleates o energy Jdeposition of
7 kIflitar. Then, assuming dimensions as in cage 4 of Table 9, an enerpy
deprsicion af 1 M) per palse could be achipoved.  FEven Targer enevgy depuo-
sitions are poseible with highor UF pressares. Thos, with Ubﬁ ar =3 atm
(at 350"K--=see Flg. 14), a drpnqitinn equivalent Lo case & of Table B is

ohtained.

Hith Ur s the deiver, iL hecomes Foagible to congider a eritical

reactor. nJEEd NASA Ivas had an aetive program aimed at Lhe deovelopment
of a UF -fucled gascous-core reactor. (Rel. 46) The distinctive featurce af
such a redacior is Lhnt the Tuel is contained in a "eavity" surcounded by a

thiick moderalmi-rellecliar (ronsequently, U name "ravity reactare' is
someLimes vsed).  Z-MeV [ission neulrens easily Lraverse Lhe low-pressure
gascous—core region, are dhermaljzed jo the sworeundiang mederater, and are
efFiciently rerurned Lo the core 1o cause Lhermal [ission, This provides
operalion wilh & minlest crflical mass despite Lhe relatively lew densily of
the wraniwn core. lhe range of operating condilions projecied for the HASA
cxperimenls (-0.5-m ¢ cavity velume with 48-c¢m thick beryllivm refloctor)

is indicated in Iig. Ta4. With a eritical mass of ~ld-kg 233y, static gas
CARUD™K are planacd wilh power Jevels up to 1 kW, {Such
desipns are most sultable for sLeady-sblate opevation alihowgh a modilicd
pulsed version is conccivable.) Then, by llowing the M, the power level
can be increased o 1KY, Finally, by increasing temperatures to 15007K
powers to 10 KW are eovisioned,  These experiments, planned over a Svycar
period, are intended o prove the Teasibility of UF, reaciors.  Once com-
pleted, yot Jarger volome WF, systems in Lhe mului-MY 0omge are envisioned,
gr alternately a frapsitinn Lo h}phcr temperabere (~5H07K) gaseous-uranium
cares similar e Lhose spachied Foe po Tear mcket propulsion could be
undectaken, [If, in Lthese exomples, oven a few percent of the gutput power
could he converted Lo Jascee oulput, an imporkant class of sell-corLained
mulli-kW Jaserrs wdd e possible.  ‘lhe comaioder of Lhe coac oo power
could s5cil) be used €uc other purposcs, a.g. electrical production.

cxperiments at

The perencial for asing o poaacous e Lor as an WYL evs beon recog—
nized hy MASA workera, (Bef. A0 A7) el conearesd oesearch op ehis 18 in
progress. A key vonsweled goestion at this Lime is whethee UF {or,
altoernccedy, pure UY lisell will lase wnder e lear pomping, or I a mixiure
witl: anaLher lasing piag will worh, Mo definicive Informatien is available

on UF. lasing, but sume cacouraping measucements of galn Ln XeF*, which is
compatible with UF, were noted earlier.
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A vrncial consideration i Lhe ahsorpiion rross section of UF. . As
ghown in Fip., 13, Taging ol wovelesgihs 2600 np js actractive singce the
dhsorption is small in Lhis vegion sme Lo the infraved. Also, as lLeorenmis,
,ek al. (Ref., 6) point out, the window at ~340 nm closely matches important

Ii and XeF* tramsitions.

To investigate Lhe possibility of a NeF*-UF, laser, Lorents et al.
(Ref. &) measured c-beam inducerd fluoreseonce oF XeF% [rom mixtures of
ﬂthefF? with varigus amounts of WP added.  Wich 760 Torr Ar, 40 Torr Xo,
and 4 Torr ¥,, no chapge in XeF* intensity orcorred wlth & Torr U, added
ond the fnLersity ooly Tell by ong-third with 50 Torr added. Meagurcements
at NASA-Langley (Ref. 41) with an electrical laser employing Xe-UF, conficm
that laser nction is unalfected by UF. concenLralions up Lo 3%. Earlicr
measurements (Ref, 47) of omission Jutensicivs from N, (337 and 357 nm) and
Ar (895 1o 772 wm) in UF, mixturcs show strang quenching of the Ny Yines
while several Ar-liogs (330 and 772 om) are only quenched ak >10% UF, .
RBased an Lhese various data, Lhe possibiliry o Tinding a UF, mixture 1hat
lascs scems quite prombsiog, I §s less cereain, bowever, Lhat sofFicient
T.II"'“_r concentration {probably > 1O} can be achlcved Lo attain a high enccgy
density during noulron bombacdment, o to allow a critical mass of wranlum

for cavlty reactor oporation.

Lasec-Turion NVL

Nentrons Fraom a (aser-driven P-T pellet microcxplosian can, in principle,
b employed Lo iy an WPL. Qutpid From che ¥'L cenld drive the next
pellet imploslen in 3 Feedbark Fashion.  Such a0 approach wonld avoid the
loelff{eionl exiernal erergy conveeslon and storapge cquipment required wich
a conventional elecirical ly pamped lascr, Consequenlly, an HPL=driven
Fordback fusion systom conld be quite atlractive.  llowever a numher of
fondameniai probicms most he tackiced before the Feasihilicy of this approach
can be ascertaloed,  Key problems ine lwde e developnent of adequate

energy storape and pulse shapivng Lechnigues Tur the REL,

Several preliminary voncepl desipn stwdics have bhoon careied ont ko
evaluaLe the acLras Liveness of NUL f¢edback Tusion. {Rel. 4B=52]1 A con=
coptaal Feodback fugion reaconr s shown in Fig, 168, Host of this offorl
haz been directed ot the deve Jopment ol desiphs with optimum neutron cconomy.
Requitements for Lelftium bveodiog and restriclions imposed by mateciad

damage comhined with peutron threshold lovels requiced for lasing, place

sovere strainsg on ncutron economy. Results thos [ar scom encouraging.
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CONCLUS LON

Streng interest io nucleac-pumped lasers contlones due Lo their Lwo
unlque characteristics: 1) the cnergy from noulron-driven nuclear reactions
15 generated locally {f.e. velume scurce} rather than heing transportad
from one clectrode Lo another, making it possfible o pump very large volumes;
and 2) this nuclear encrgy i5 then directly couvertod Lo Lipht energy, so
chat Lbe system efficicncy s thie same a5 Lhe laser efficicney.  These
characlervistfcs result b three major pureolinl advanlages For NPLs: 1)
direct scalfng to the MJ level, 2) eompacipess of the rotal laser [ power

source system, and 1) hlgh sysLem eiflicivocy.

Alchomagh BEL experiments are somewhat diffieult, compared to measure-
mentad on elecerically pangual Lasers, sipnilicanl propress has hoen made in
recenl yroara. While NS ore Tar Trom optimized, they hove reached 1he
point where sealiog to a 1 MI laser is possible with erisfing technolugy.

The Toeus of HI'L rescareh bas shilfted Teom proof-af-principle cxperi-
ments o e f.]t‘vf‘ll’:ll_'llllr\lll al woalmmp=soaric MM s Tor applicvavions. This
develapment efforl is heing guided by the scveral large-scalc systems
studles recenlly perlormcd.

L
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TABLE 1

Summary of NPL's Achieved

ko Date

Mreask
Laser Uavelengih Laser
Power?
He-Hg G. 615 ~1 =i
Co 5.1-5.84 =100 W
e
He=Ar; Krj; Xep CI J.30 vo XA 6 W
NE-NE. €a; GUZ
0.8 to 1.5u 52 oW
He-CO; Gﬂz

1 .
Powers Indicated are Tor small experimeatkal devlces,
order of O.1-1iter wolume.

ko highe

cells seems qulie leaslhle.

TABLE 2

typically of

Az indicated in the btewt, the scale-op
powers by cmploying larper velunmez and a multiplicicy of

Charactoriscice of ReacLers Used [or WNPL Studies

East Bursc

TRIGA
- :
type reactor thormal fast
2 235
core makerlals 35I.I, ZrH U alloy
5 10 mace FIN0 usecr

pulse I'WHH

peak neubeon Flux
|

energy/pulse

rulse rate

“leﬂljnfcmz~52c
30 HWY=-sne

~20 per 8 hour day

-

“Lﬂi}nfcmz-secr
=1 HW-gec

~& per B hour day

JrE['t'er_-wa: thermal (lux affer thermalization in a typical maderatec

succeunding the lascr Labe,

Unmoderated Fasl neuiteon [luxes are an

order of magnitude highur and have a FHIIM ~halkf ef that indicated.




TABLE 3

Nuclear-Tumped Lasers

Thermal
theeshalad Esiimated
NPL Pumping Wavelongth [Lix Efficiency | Research
Reace bon { um) {nfem ~5oc) (%) Group Ref.
Co Z]SU{n,F}l-‘F 5.1-5.4 ~5x10 8 21 Sandia Labs| 7
He-Xe 23 (n, F)FF 3.5 ~3x10'? ~.01 LASL &
U of Fla 14,38
6 7. . o S . =5 L
Ne-N, R{n,a) 1.1 .931936.8629 | ~1x10 ~ 3xI0 ¥ oof (11 16
V. SR Y I — - SR -
Ne-60,Ne-co, | h(n, 031 1.45 ~1x10"? 174 U of 111 16
Hte-CQ, lte~C0, Iﬂufn,ﬂl?hi i.45 -vh:n:r”l ~107% Uof Iit 37
Hie-ar e (o, p)1 .79 & 1.27 | -1x10'® 0.1 NASA 39,41
Langicy
} ENT ' T .
He~Xe le(n,p}T 2.026 ~4%10 0.1 HASA 40,41
Langley
Fle—Hp P ) i 615 ~x10'® 1078 U of (11 LA
_ i __ & Sandia N
*He-Kr 3He(n,p]r 2.52 & 2.19 | ~sxi0'® 0.1 NASA 40,41
" .. _ Langley
Jie-c1 Men, T 1. 587 ~5x10° 20,3 RASA 4l
Langloy o




TABLE 4

4

FPumping Hechauisms in HPLS

lLaser Suggested Mechanism

co Erergy transier to vibrational states

invalving hoth secondary electran and

fission fragment collisions.

He-Hgl Lharge-exchange starting with HE+

He-M Recombinacion, surface formation of atomic

nitrogen invalved.

He-noble gases ftecombinarion dominated wicth possible

He-CO0 etc. contribution from direct electron excitation.

Intermediate vibrational states invalved in

the neutral carben systems.

L



O

Typical Feak Depositlon Rates For

TANLE 5

Sources Coupled to a Fasec Burst Reactor

235

3He and

i}

Situarion Peak Euwer Deposition, Ref.
kWiem

1 3

He-Ar Laser ~1 k¥¥/cm 4l
Experiment at & atm

Yo lume Soutrce
Conceptual reactor ~20 kH!Lmj 62,43
degign, €O at L atm, (~2 kJ/E per pulze)
U-cooted plates
Surface Source

R —
00 Kiiem? 6

Conceptual mixture

with 150 Torr 235&

Yolume Source

{(~9 kJ/E per pulse)

Comparison of Three Mojor Yolume Sources

TABLE 6

lﬂl?nfcmz-sec]

*Ho data available fur BF]; asgumed equivalent Lo UF

He l].F3 UFﬁ
Charged ParlLicle
Lnergy Releasa, « 76 2.35 165
Q (MeV)
NeuLcon cross
|seccion, F{barns) 3330 1840 577

1

Max source gag +*
fraction, fs, ~99 ~ 10+ 10
Eor XeF® (%)
lHElaLivE fBDQ 0.4 0.1 i,0
Fower density, F¢
{kwfcmj; 5 atm at “R 2 ~20

e —r————— . ——

6’

+EstLmate based on measuremenls in operating eflectrical lagets.




TABLE 7

BEL RBCFicivocy Dala

Laser Efficiency, My » ] Theoretical
Quacnctum
‘ Efficiency,
Laser Experimental Frojected A
- T
co 1 ~10 17-30
He-Xe; Ar; Kr, C) 0.1 ~1 I-4
He=N_: CO;
z ?UE ~10 4 ! 3-8
He=-L0; CO
2
-5 .
He-Hg =10 0.1 B

fE[EiclEnry over Lhe 5.1p-5.6p waveleogth bhand 1z 530Q%; efficiency in the

5.1p line Ig 17%.

TABLLE B

Wavolengths af Available NPLs*

Wavelengeh Range Osedllation Gain
Reported Reported
<0, - - . -Yo- .
U¥ (<0, 4u) ) Xe-HFy; Me-Xe-NF;
Ar-Xe-NF, (0.35n)

near LM {ﬁ-au to Il

{>

Visible (M 4dp La 0,.7p)

He=Tg {0.62n)

JHE-He tﬂ.ﬁlu}

Wy—N 5 (.86 G.9%4p)
mwm4MHm2{Ldmu
JHL-ﬁrfﬂlvaer

(1. 23-2.42u)
He-Xe {3,503

G (5.0 - B.A))

le=llg (Q.7%0)
Hchﬂe-ﬂz {0.B5;)
He=CO (D.59&4p; 1.0G7p)

&GN (5.1-5%.0pn)

*Furgther deralls and relecences gliven in Table 3.




TABLE 9

Typlcal Co-Laser, Mriver Chacacteristlcsk
(From HRof, 42)

REFLLCTOR
DRIVER DIMENSIONS GRAPHITE FUEL
Case Inside Outside Helght Thickness GConcentratian
Radiuz Rodius {cm} (cm) 19 3
fem) {cm} 1877 atomsfcm
1 i B5 150 - 5,36
2 30 il 156G 4 1.34
3 30 ! &5 150 a0 5. 36
4 g 130 150 40 5.16
Casze Laser ELH ﬁ“ns EIASER Gas Energy Average Qubpat
Driver {003} (M) {M.I) {M.I'} Denzity (kJfL) | Enorpy Donslty
VYolume {P} {Jfﬂmz}
1 2920 4. 81 0.962 n. 481 .32 43.0
2 2980 7.60 1. 54 D. 769 1.32 63.9
3 2980 1L.75 2.35 1.17 2.01 97.2
& 6la2 21.04 h.2L 2.10 i.68 81.7
L . N . -

*Based on a rcactor burst energy of 13 MJ with pulse duratiom ~100 ysee.

[

TABLE 10

Typiral Operaking Conditions CO Caz-Dynamic NPL (Ref. 45)

LASER POWER ~60 MW

F {CAS) ~600 1fLATER ATM y
FLOW 1.ENGTH ~| METER

FLOW TTMF ~23 MS

AT REACTOR ~36D°K




TABLE 11

Chnrped Parclele Energy Broleage

A= Fraction Of Total Epergy Rzlease

For ticlear Pumped LaserfReacror Comblnations

Laser Excitatlop Fraction of Total FEnergy e
Source Relea=ed as Charged Particles
3"E{n.p]T Volumg ,Gﬂﬁ{Z}
’ (2)
Surface 003
10 7
B{n,} Li (2)
Valume L0L2
Surface .1?(3}
235
I Figslon 1
Yolume .68
{1} HNeutrina enerpy hag beon nepelected in ealeulating total energy since it
egcapes the system and ir not thermalized.
€2} One pumping renellion is assumed For cach lfissien in Ehe neotron fource.
Thieg ix equivalent te a breeding ratie of 1.0 in a fast breeder reactor.
(1) B0X of all fission reartions are assumed tn oecur wilthin the sub-critical

lager volume, with remaining fissions seceurring in econtrol regions.
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Appendix C

Listing of Students Involved in NPL Research
and Respective Thesis Titles.




US ERDA EY-76-5-02-2007 -- 46

22 53 303

DATE AWARDED

NAHE DEGREE &
Guyot, Jean C. PhD =
Thiess, Paul PhD -

Weidenfeld, Danny

Ibrahim, Khalid M. PhO -
Cook, John G. MS =
Lo, Ronnie H=-E PhD =

Orechwa, Yuri

Ganley, James T. M5 -
Engelhardt, Ludwig Ms -
Wang, Benjamin PhD -
Humphreys, Duane A. Ms -
DeYoung, Russell J. FhD -
Miller, Ronald Ms =
Seckinger, Edward L. MS =
Suhre, Dennis PhD -
Akerman, M. Alfred PhD -

Allen, Faul C.

Jan. 1871

Oct. 1975

Oct. 1973

Aug. 1970
Oct. 1972

Aug. 1968
Dct., 1972

1972 (C.5.)
June 1973
Jan. 1976
Feb. 1973
1974 (E.E.)
1976 (E.E.)

Dect. 1976

THESIS TITLE

"Measurement of Atomic Metastable Densities

PRESENT EMPLOYMENT

CGE Research Labs.

in Noble Gas Plasmas Created by MNuclear Radiations" Paris, France

"Optimal Emission and Kinetics of High-
Pressure Radiation Produced Moble Gas Plasmas"

“An Analysis of Non-Equilibrium Thermal
Neutron Fields in the Fourier Frequency

Flane"

"Energy Distributions of Electrons in
Radiation Induced-Helium Plasmas”

- (transferred to E.E. Dept.)

"Monte Carlo Simulation of Nonlinear

Radiation Induced Plasma"

-

"A Direct Nuclear Pumped Neon-Nitrogen Laser"

"Study of the Neon-Oxygen Laser Under Heavy

Particle Bombardment"

"Energy Distributions of Electrons in Electron
Beam Produced Nitrogen Plasmas"

"Demonstration of the First Visible Wavelength
Direct Nuclear Pumped Laser”

Dept. of Mechanical Eng.
Catholic U. of America

Graduate Student
University of I1Tinois

Pakistan Atomic Energy
Commission

I11inois Power Company

U.S. Nuclear Regulatory
Commission

Argonne National Lab

Westinghouse Bettis
Atomic Power Lab

Westinghouse Bettis
Atomic Power Lab

NASA - Langley Research
Center

Graduate Student
University of I1linois

Dak Ridge National Lab



US ERDA E  5-5-02-2007

NAME

Justiss, Stephen R.
Beckman, Stephen A.
Cooper, Gary W.

Konya, Mark J.
Anderson, Jay H.

Prelas, Mary A.
Boody, Frederick

Nagalingam, Samuel

Sutherland, Stephen
Tsang, dJames

Maceda, Edward L.
Lee, Daeshik
Kruger, Anthony W.

Anavim, Eshagh

Oct. 1976 "Recombination Pumped Atomic Nitrogen and
Carbon Afterglow Lasers"

s 22 53 303
DEGREE & DATE AWARDED
M5 May 1974 -
M5 June 1976 =
PhD
M5 Hay 1976 =
MS May 1976 -
MS May 1977 r
MS May 1974 =
PhD

May 1977 "Optical Line Radiation from Uranium Plasmas"

THESIS TITLE

3

page

PRESENT EMPLOYMENT ¢
U.5. Navy =

»

Combustion Engineering

N.E. Department
University of Wisconsin

Aerojet Nuclear Co.

Graduate Student
University of I1linois

Graduate Student
University of I1linois

Graduate Student
University of I11inois

Graduate Student
University of I1linois

Sandia Laboratory

Graduate Student
University of I1linois

Lynchburg Research
Center

Graduate Student
University of I1linois

Graduate Student
Unjversity of I11inois

Graduate Student
University of 11linagis



