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ABSTRACT

«\
"“After an initial discussion of the importance of phonon

processes in optical maser research, a brief survey of photon
and phonon transitions occurring as a conseqence ‘ the
optical excitation of the F.center is presented., The existence
of metastable excited F-states is postulated to account for a
longer than predicted lifetime of the excited F-state, Infrared
quenching, photoconductivity and absorption modulation exper-
iments are outlined for the purpose of testing the metastable
state hypothesis,
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I. INTRODUCTION

Multi-level optical masers were first demonstrated by Maiman
using optical pumping in ruby (Ref, 1). A detailed analysis of the
levels involved in the spontaneous downward transitions has shown the
existence of two sets of doublets separated by v = 29 cm™! in the upper
bottleneck (due to the long lifetime of the spontaneous radiative tran-
sition with the wave number v = 14,000 cm™! or X\ = 6,940 A°).
Furthermore, two sets of doublets separated by v =1 em} are

observed close to the ground state (Ref. 2).

The understanding of the pumping transition (v = 26,000 cm™!) and
the fluorescence transition (v = 14, 000) is fairly complete., The
opposite is true with respect to the radiationless relaxations designated
as 2 -3, v=29cm™ and v =1 cm™! (Fig. 1) which take place as a
consequence of the interaction of the excited electronic states with the
lattice. These interactions are of fundamental significance in under-
standing parameters such as collision-broadened line widths and shapes
in solids. On the other hand, the line widths of radiative transitions are
an important factor in obtaining a coherent output of an optical maser
oscillator operating at a high power level, The simultaneous frequency
and amplitude modulation of a ruby optical maser has been measured
recently by several investigators (Refs. 3, 4) and was found to be in
agreement with the predictions made by the theoretical analyses,

The purpose of the investigation proposed herein is to analyze,
both theoretically and experimentally, the details of the transitions
which occur in a basic four level optical maser just before the
spontaneous radiative downward transition. However, instead of a
substitutional Cr3+ impurity of the ruby, the study of an electron
trapped in a negative ion vacancy is suggested. Because of a much
simpler structure, this defect can be treated to a much higher degree
of approximation than the complicated paramagnetic ion.

1I. THE F-CENTER OPTICAL MASER

Recently, Markham and Mergerian (Refs. 5, 6) proposed a maser
scheme in which an electron trapped in a negative ion vacancy is
optically excited into a higher state, The electron returns to the
ground state through three consecutive transitions, two of which are
radiationless while the third emits a photon of about half the pumping
energy (Fig. 2). The computed lifetime of the spontaneous radiative
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decay is of the order of 10~% sec. This computation is based on the
assumption that the spontaneous radiative decay is adequately described
by an electric dipole transition (Ref. 7). The two non-radiative relax-
ation processes which complete the four-level scheme are assumed to
have lifetimes of the order of 1072 sec. each. However, experimental
measurements performed by Swank in F. C. Brown's laboratory
indicate that for a typical F-center, the cumulative lifetimes for both
the first non-radiative relaxation and the radiative transition are of

the order of 107 sec. (Refs., 8,9). The assumption was made here

that a phonon bottleneck does not exist following the radiative downward
transition. Since the defects and the processes are relatively simple,
the present discrepancy between theory and experiment is rather
startling. Two explanations have been advanced thus far to account for
this discrepancy:

(1) The radiative downward transition cannot be interpreted
in terms of a classical oscillator having the strength of approximately
unity (Ref, 10), Smakula used this assumption in deriving the
absorption coefficient for the absorption process 1 -2 (Fig. 2) (Ref. 11).

{2) The relaxation of the excited F-state involves the forma-
tion of metastable states which decay through a many-phonon process
(Ref. 12). The lifetimes of these metastable states are longer than

assumed by Markham for a direct phonon relaxation process 2 - 3
(Fig. 2) (Ref. 7).

The answer to this discrepancy must be found before the F-center
excited to ground state transitions can be understood.

III. METASTABLE EXCITED F-STATES

The following approach is proposed to demonstrate the existence
of metastable excited F-states and to evaluate their lifetimes.

The first metastable excited F-state in KCl lies energetically
0.08eV and 0, 14eV below the conduction band for additively and
X-ray colored crystals, respectively, The electron is placed into
this state immediately after the adiabatic transition from the ground
state which occurs upon the absorption of one 2, leV pumping photon.
The energy level of this metastable state was determined by measuring
the activation energy of the thermal ejection of the electron into the
conduction band (Refs. 13, 14). The Franck-Condon process of the
lattice relaxation follows,during which time the local mode phonouns are
created. The average energy expended in both local phonon processes
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given by transition 2 - 3 and 4 - 1 is greater or equal to the difference
between the energy absorbed in the transitionl - 2 and re-emitted in
the transition 3 - 4 (Fig. 2), depending upon the quantum efficiency of
fluorescence, At low temperatures, the quantum efficiency of
fluorescence is known to be unity., Therefore, about leV energy is
dissipated in the localized phonon modes during a complete excitation
cycle of the F-center. If it is assumed that this energy is equally
distributed among both 2 - 3 and 4 - 1 phonon transitions, the lowest
metastable excited state is about 0,65eV below the conduction band.
On the other haund, the frequencies of the normal phonon modes can be
inferred from the Reststrahlen wavelength of the order of 100 microns,
corresponding to hv, ~ 107%2eV, The existence of the local phonon
modes can be ascribed to the fact that a heavy negative ion has been
replaced by an electron. This should shift the loca! nhonon mode
frequency to a higher value as compared with the normal phonon mode

by a factor certainly less than Y/Mi/mg ~ 2+ 10%,

The upper value for the energy of a localized phonon, obtained
from the above crude estimate, is most likely much too large. This
leads to the assumption that the excited F-state-lattice relaxation
occurs through a multiphonon process (15) involving the creation of
many localized phonons. The energy contained within the localized
modes subsequently is dissipated throughout the entire lattice through
the coupling between the local and the normal phonon modes. To
investigate these assumptions, the following experiments, utilizing
the double optical excitation technique, are proposed.

IV, LIFETIMES OF METASTABLE EXCITED F-STATES
BY DOUBLE OPTICAL EXCITATION

Three experimental techniques can be suggested to determine the
detailed structure of the metastable F-states (the F*-states): (a) the
infrared quenching of luminescence, (b) the photoconductivity at low
temperatures, (c) the modulation of infrared absorption by the F-center
excitation. All three are based on the double optical excitation technique
which depends on the following two consecutive optically induced tran-
sitions to higher energy states. First, the absorption of a pumping
photon of the F-F* energy induces metastable F* states. Subsequently,
their excitation by the infrared radiation of a syitable energy below
0.5eV ejects the electron into the conduction band or inte a higher
metastable state. (To avoid the thermal excitation of the metastable
states, the double oplical excitatiou experiments should be performed
at temperatures below 100°K),



The ejection of a carrier into the conduction band can be
determined by the photoconductivity measurements. At the same
time, the luminescence quenching will occur because of the decrease
in quantum efficiency, Furthermore, the absorption of an infrared
photon in the second excitation process will affect the IR absorption
coefficient, Of all these three effects, at least the luminescence
quenching has been observed before. In fact, the existence of this
quenching delayed the experimental demonstration of luminescence
for a nuniber of years (Refs. 16,17).

V. CONCLUDING REMARKS

The brief discussion presented above did not take into account
the existence of the conversion and the aggregate color centers in
alkali halides.

In particular, the F' and M centers may cause a spurious
infrared absorption which will interfere with the measurements. The
F' center (Ref. 18) can be formed at the temperatures of interest in
this investigation (e.g., below 100°K) if an F-center in the ground
dtate traps the electron ejected by the second optical excitation from
the F*-state into the conduction band. On the other hand, the M-center
concentration will grow if the samples are exposed to light above 100°K
(Ref. 19). However, experimental techniques can be designed which
will suppress or at least delay the formation of the interfering color
centers, These techniques encompass the use of pulsed light sources
for either the F - F* or the F* - conduction band excitation.
Furthermore, at temperatures below 50°K, the free carriers are
scattered predominantly by the ionized impurities instead of the lattice
vibrations. Therefore, the mobility of free carriers is high (Ref. 20),
and even a weak electric field will suffice to sweep them out. Thus,
the formation of F' centers in the optically active region of the sample
can be prevented even at low temperatures. The electrical quenching
of the F-center luminescence is observed only under high electric
fields (Ref. 21), and therefore does not have to be considered at low
sweep-out field intensities,



10.

REFERENCES

Maiman, T. H., Optical and Microwave-Optical Experiments
in Ruby, Phys. Rev. Lett., 4: 564-566, 1960,

Schawlow, A, L., Fine Structure and Properties of Chromium
Fluorescence in Aluminum and Magnesium Oxides, Adv. Quantum
Electrons, 2: 50-61, 1961, J. Singer, ed., Columbia Univ, Press,

Berkley, D. A. and Wolga, G. J., Coherence Studics of Emission
from a Pulsed Ruby Laser, Phys. Rev. Lett., 9: 479-482, 1962,

Hanes, G. R. and Stoicheff, B. P., Time Dependence of the
Frequency and Line Width of the Optical Emission from a Pulsed
Ruby Maser, Nature, 195: 587-589, 1962,

Markham, J. J. and Mergerian, D., Use of a Different Type of
Fluorescent Material as an Optical Maser, Nature, 191: 586-588,
1961.

Markham, J. J. and Mergerian, D., A Stokes Shift Light
Amplifier, Adv. Quantum Electronics, 2: 267-275, 1961, J. Singer,
ed,, Columbia Univ. Press,

Markham, J. J., Einstein's A Coefficient for a Point Imperfec-
tion in a Solid, Bull. Amer. Phys. Soc. II - 7; 197, 1962.

Swank, R. K. and Brown, F. C., Lifetime of the Excited F-Center,
Phys. Rev. Lett., 8: 10-12, 1962.

Swank, R. K., Lifetimes of Excited States in Alkali Halide Crystals
containing F-Centers, Doctoral thesis, University of Illinois,
Urbana, Ill., June 1962,

Dexter, D. L., Univ. of Rochester Institute of Optics, Private
communication; also see Item No. 9.

| ]
Smakula, A., Ueber Erregung und Entfarbung lichtelektrisch
leitender Alkalihalogenide, Zeitschr. f. Physik, 59: 603-614, 1930,



12.

13.

14.

15,

16,

17.

18,

19.

20,

21,

REFERENCES - Concluded.

Shatas, R, A., Phonon and Photon Bottleneck in the F-Center
Luminescence Optical Maser, Lecture presented on 6 March 1962,
Solid State and Nuclear Physics Seminars, Research Laboratory,
U. S. Army Ordnance Missile Command, Redstone Arsenal,
Alabama; also see Item No. 9.

Guerney, R. W. and Mott, N, F,, Conduction in Polar Crystals,
Pt 3: On the Color Centers in Alkali Halide Crystals, Trans,
Faraday Soc., 34: 506-511, 1938,

Mott, N. F., A Nocie on the Theory of Photoconductivity, Proc.
Phys. Soc. Ld., 50: 196-200, 1938.

Markham, J. J., Interaction of Normal Modes with Electron
Traps, Revs, Mod., Phys, 31: 956-989, 1959,

Botden, J. P., van Doorn, C. Z., and Haven, Y., Luminescence
of F-Centers in Alkali Halide Crystals, Philips Res. Rep., 9:
469-477, 1954,

Haven, Y., and van Doorn, C. Z., Absorption and Luminescence
of Color Centers in KC1 and NaCl, Philips Res. Rep, 11: 479-488,
1956,

Pick, H., Ueber den Einfluss der Temperatur auf die Erregung
von Farbzentren, Ann. der Physik, 31: 365-371, 1938.

Petroff, S., Photochemical Observations on KCl Crystals,
Zeitschr, f. Physik, 127: 443-454, 1950.

Burnham, D. C., Brown, F. C., and Knox, R, S., Electron
Mobility and Scattering Processes in AgBr at Low Temperatures,
ASTIA AD-236 162, March 1960,

"
Luty, F,, Feldemission aus angeregten Farbzentren, Zeitschr. f,
Physik, 153: 247-256, 1958, ‘



28 February 1963 Report No., RR-TR-63-1

APPROVED:

i S e llon J

J. P. HALLOWES,
Director, Physical Sciences Laboratory



DISTRIBUTION

U. S. Army Missile Command Distribution List A
for Technical Reports, dated 11 March 1962

Physics Department

University of Alabama

P. O. Box 1921

University, Alabama

ATTN: Prof. Dr. R. N. Whitehurst
Prof. Dr. W, G. Moulton
Dr. E. H. Carlson
Dr. R. A. Mann

Ewen-Knight Corporation
East Natick, Massachusetts
ATTN: Dr. J. Copeland

John J. Hopkins Laboratory for Pure and Applied Science

P. O. Box 608
San Diego 12, California
ATTN: Dr. P. H. Miller, Jr.

Philco Corporation

Blue Bell Research Center
Blue Bell, Pennsylvania
ATTN: Dr. J. R. Feldmeir

Department of Physics

Kansas State University
Manhattan, Kansas

ATTN: Dr, C. E. Mandeville

Massachusetts Institute of Techuclogy
Cambridge 39, Massachusetts
ATTN: Laboratory for Insulation Research
Prof. Alexander Smakula
Dr., P. A. Miles

10

Copy

1-94

95
96
97
98

99

100

101

102

103
104



DISTRIBUTION - Continued

U. S. Army Electronics Command
Research and Development Laboratories
Fort Monmouth, New Jersey

ATTN: Dr. Georg J. E. Goubeau

Physics Branch, Ames Research Center
National Aeronautics and Space Administration
Moffet Field, California

ATTN: Dr, Michael Bader

Pierce 231

Division of Engineering and Applied Physics
Harvard University

Cambridge, Massachusetts

ATTN: Prof. N. Bloembergen

Bartol Research Foundation
Swarthmore, Pennsylvania
ATTN: Dr. M. A. Pomerantz

Natural Science Division
College of Liberal Arts
University of South Florida
Tampa, Florida

ATTN: Dr, R, W. Clapp, Jr.

U. S. Army Electronics Command
Evans Signal Laboratory

Fort Monmouth, New Jersey
ATTN: Dr. D, Dobischek

Materials Research Office

U. S. Army Materiel Command
Watertown Arsenal, Massachusetts
ATTN: Dr, D, Weeks

Research Division

Tungsol Electric, Incorporated
Bloomfield, New Jersey
ATTN: Dr., A, M. Skellet

Copy

105

106

107

108

109

112

11



DISTRIBUTION - Continued
Copy

Office, Chief of Research and Development
Department of the Army
Washington 25, D, C. 113

Physics Department

University of Colorado

Boulder, Colorado

ATTN: Prof., W. H. Tantilla 114

Oak Ridge National Laboratory

P. O. Box X-10

Oak Ridge, Tennessee

ATTN: Dr. R. A. Weeks 115
Dr. E. Guth 116
Dr. J. H. Crawford, Jr. 117

Armour Research Foundation of the IIT

10 W. 35th Street

Chicago 16, Illinois

ATTN: Dr. J. J. Markham 118

U. S. Naval Radiological Defense Laboratory
San Francisco 24, Californiz
ATTN: Dr. W. C. Schieve 119

Hughes Aircraft Company

Nucleonics Research Department

Nucleonics Division

Fullerton, California

ATTN: Dr, D. Binder 120

Commanding General
U. S. Army Materiel Cohmmand
Washington 25, D. C.
AMCRD-DE 124

12



DISTRIBUTION - Concluded.

Copy

Commanding General

U. S. Army Missile Command

Redstone Arsenal, Alabama

ATTN: AMSMI-R, Mr. McDaniel 125
AMSMI-XS 126
AMSMI-XGR 127
AMSMI-RE 128
AMSMI-RF 129-131
AMSMI-RFS 132
AMSMI-RM 133-135
AMSMI-RR 136-170
AMSMI-RG 171
AMSMI-RH 172
AMSMI-RT 173
AMSMI-RS o 174
AMSMI-RK 175
AMSMI-RL 176
AMSMI-RBL 177-181
AMSMI-RAP 182

13



e ‘zy
tolBUIIY ‘uollEl§ [{FH W03
-Buriay ‘WISY wolj a[qeurel
-qo satdoD :NOLLAEIYLSId

v Y ‘seaeys ]
neroxa reoudo aquog °S
muﬂﬁmumllﬁ—uuﬂvu hO—OU .v

--SYISVN °€
saaa] ABidugz--SUISVN "2

uoIsUes

*23e38- { PAIIOXd 3yl jO AWIdJI] paidtpaid

ueyy 138uo] € IoJ JUNODDE O} paje[nisod st saleIs- 4
P21I0X3 S[QEISEIAW JO IDUIISIX YL “paiuasaid st
pa3uad- 3yl jo uonEIdxa [eondo Y jo aduanbasuod
e se Suumd>0 uonitsueay uouoyd pue uojoyd jo Laa
-ms jo1q B ‘yoleasas zasew [edonido ur sassadold wou

-oyd jo aoueMOduly 5ij3 jC TWOISMOSID IETIUT WE 1211y

uoday paysse[dun  sniqt
-dd g1 ‘€9 Q24 82 ‘1-€9-UL-¥Y PWD [SW Auuly

seeys v o - (n) YILNAD-3 IHL 40

NOILDVYILINI IDILLVI-ALVYLS ILIOXT FHL
ruleqe|y ‘[EUISIY JUOISPIY

RIUIBNIA T

uoiBursy ‘monreig [{rH wo3
-Burjry ‘YILSV wodlj J[qeutEd
-qo sardo) :NOLLNEMN.LSIa

‘v oy ‘seaeys ]
uo13e3rdxa [esndo a|gnog °S
TOIIeIJIOXY - “SIa3U3D JO[OD .v

uonyIsueI] - -SHISVIN €
s[aAa] ABroug--SYASVIN 2

*a3e3s- § p2IOX2 Y3 Jo duII3fi[ paoipaxd

uey3 138uo] T 0] JUNODDE 01 paje[nisod s1 $IEIS- 4
P2110X2 J[qEISEIDWS JO IDUIISIXI ay] ‘paiuasaid s1
1321uad- § Y Jo woTIeLIIdxXa [ediado Iyl Jjo Iduanbasuod
e se Suwnoso wonisuen wouoyd pue uojoyd jo A3a
-Ins ja11q © ‘Yyoiedsai Jasewr [eondo ul sassadoad uwou
-cyd jo aduepodwll 3yl JO VOTSINOISIP [EHIIUL Te 123]y

uoday payisse(dun  snqt
-dd g1 ‘€9 924 82 ‘I1-€£9-W.L-WY pwD [SW Aury

seaeys v ¥ - (N) YILNID-4 IHL 4O

NOILDVYILNI IDILLVI-ILVLS ILIDXT IHL
eweqe|y ‘[TUasly 2uolspay

wo3Burjry ‘uonielg [[eH uOl
-Buryy ‘Wlsv wodj ajqeured
-qo sardo) :NOLLNEIY1SIA

'V o ‘seieys )

gonetox2 reondo alqroQ S

TONILIDXF - ~HIIIAID I0[0D) “§

wonIsIel] -~ SYISVIN €

52431 A312u3-- YISV "2
saryzad

-oid [zo0dO--SHASYN 1
@IASSVIONN

£ se 3unmod0 wonIsuesy wouoyd pue uoloyd jo Laa
-Ims ja11q € ‘yolrasal 1asew [eondo ut sassadoid uou
-oyd j» adurmodurl Iyl JO UOISSNONP [ENIUT UE 1YY

peday payisseroun Mt
-dd €1 ‘€9 924 82 ‘1-€9-WL-YY pwD [SW Auny

se3eys v Y - {N) ¥ILNAD-4 IHL 40
NOILDVYAINI IDILLVTI-ILVLIS ILIOX3 FHL
Bweqe[y ‘[eUdsly 2UOISPIY

‘AaojeroqeT $a0uadg [EoIsAyg “wmawdoraaag pue
Yoaeasay jo 1L0IAIN(] ‘pUurwwIio) IISSIN Auldy

av

*ON UO1$$320Y

uojBur{iy ‘Uciitig {[eH ucl
~8uiay ‘vILSV woij a[qeurey
-qo satdo) :NOLLNGN1SIa

'V 'Y ‘seieys ]
uo13eltoxa [eotdo ajqnoqg °g
uo13EIIOXNF - ~SIAUID 0[O0 ‘¥

sonrsari] --SYISVIW '€
$[249] AB1auz--SHISYW T

saryrad
-01d [2o1dO--SYASYN °T
dI1dISSVIDONN

sarpad ‘fr03e30qET SaOUaIDG [eOIsAyg ‘Judwdo[aAag pur sotuad ‘A103e10qET Sadualdg [edIsAyy ‘yuawdolaaaqg pue

-oid [eondO--~SHISYN °I yoreaw y jo 2jrI0Wang ‘purwruwro)) Iissty Lundy -o0id 12o1dO--SYASVIN 1 YdIeasay jO 3ILI0IWAIY] ‘purwiwao)) I[IsSI Awry
@EIJISSVIONN T roN uo1ssadoy av IIASSYIONN "ON UOTSSaDOY av
-33e1s~ { P2IIOXa 3yl Jo IWNIY paorpaxd *3ajels- § pIIDXI A JO WAL pardipasd

uey) 138c0] € 30) IWUMODDT O} pale[nisod sT s3ILIS-4 ueyy Ja8uo] T Joj Junodde o3 pajenasod st sAIBIS- J

Pa1IoXa J[qEISLIAUL jO 2DUISIXI Y] -pAjuasaxd st P3lIOX3 I[QEISEIAUT JO IDUIISIXD Y] -paiwasaid st

eraBaip ‘21 123ua0- § a3 Jo wonEIdX2 reondo ay jo aduanbasuod ceraiBanip ‘2] |223wan- 4 ay3 jo woneirdxa [ednido Y3 jo aduanbasuod

¥ se 3uumooo wolirsuen uouoyd pue uoyoyd jo Aaa
-ans jauq e ‘ydIeasal rasew [eondo ul sassadoad uou
-oyd jo adurmodurl Iy JO GOISSNOSIP [E1ITUT QT 13y

woday payisse(dun  smy[t
-dd €1 ‘€9924 82 ‘I-€9-W.L-WY PwD [SW Auury

seaeys v ¥ - () ¥ILNID-4 IHL 40
NOILODVYALNI IDILLVI-ILVLIS Qi>lIDX3 IHL
rweqe[y ‘[Tussly auoispay

‘Asojri0qE] sadaardg redisyy ‘ymawdoraaag pue
YOIeasay JO IILIOIDA(] ‘pULMWOT) I{ISSTH Awly
T -oN uorssaddy av

!

et



