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0.005 eV, respectively. They are very narrow well as Rrl and Rzl bands may arise from

as compared with that of the F' band. In two electronic transitions in the identical R

the case of KCI crystals they are also very and R/ centers.

narrow as are those in the KBr crystals. At The F/ type bands corresponding to Nr/

the present stage of investigation, the reason and Nz/ bands were not observed in the

for the narrow band width is not clear. present experiment, because of the short life
Rr and Rz bands always behave similarly times of these centers.

in respect to dichroism and the increase or The detail results on the -Fl type bands

decrease in height. On the other hancl, R'/ will be reportecl in J. Phys. Soc' Japan 17

arld. Rz' bancls also behaved in a similar fashion (1962) No. 9.

with each other. Thus, Rr and Rz bands as
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optical studies are made concerning a centers in KI, KBr, KCl, NaCl and NaF.
position, half width and oscillator strength of a absorption bands, thermal stability

of a centers and fluorescence by a tight absorption and its quantum efficiency are

investigated. The observed fluorescence suffers quite a large Stokes shift in all the

crystals measured. The quantum efficiency of a fluorescence is determined on KCI

by referring to that of 305m7r emission excited by 246mp band in KCI:TI phosphor'

Temperature dependence of the emission spectrum of a fluorescence is found not

remarkable and the quantum efficiency seems to be independent of method of colora-

tion and concentration of a and -F'centers.

I. Introduction NaCl and NaF single crystals' The results

Since the discovery of a band in adclitively together with.brief account of already publish-

colored KIr), the band has been observecl in ed work will be summarized in this report'

RbI, RbBr, NaBrz), KCl, NaCl and NaFs).

When an alkali halicle crystal is exposed to II' Material and Equipment

ionizing radiation at a low temperature or Most of crystals of KBr, KCl, NaCl and

crystal that contains F' centers is bleached NaF usecl were obtained from Harshaw Chemi-

with F light at an appropriate tempefature, cal Company. Some NaCl samples wefe

an absorption bancl due to negative ion va- cleaved out from an old rock salt prism, and

cancies appears in the vicinity of the funda- KI crystals were grolvn in our laboratory.

mental absorption. From several experimental All alkali halides investigated except NaF

evidences it is notv believed that this band, were able to be colored both additively and

a bancl, is clue to an absorption that forms by X-irradiation. A KCt:Tl crystal grown by

excitons around a negative ion vacancy. The Dr. Aoyagi was used as a standard phosphor

negative ion vacancy is then callecl a center. for determining the quantum efficiency of a

In the present study, position, half width fluorescence'

and oscillator strength of this absorption band, Vacuurn spectrophotometer used has been

thermal stability of the center, and fluores- reported separatelya)' In the study of a

cence by a light absorption ancl its quantum fluorescence, emission from sample was obtain-

efficiency were investigated on KI, KBr, KCl, ed through a devised side windorv of the
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.spectrometer and its spectrum was investigated
photographically with a two glass prism
spectrograph and photoelectrically with a
,quartz prism monochromator and a photomul-

X.RAY
TUAE

Fig. 1. Optical arrangement for measurement of
quantum efficiency of a fluorescence. Wr, LiF
window; Wr, Be window; l7g, Sapphire
window; llt'a, Quartz window; Ws, Quartz
window coated with sodium salicylate; E,
Reference crystal; S, Sample crystal; 7, KCI:
Tl as a standard phosphor; F1, Sapphire filter;
F2, Sapphire filter; .F's, Glass filter; .F'a, Resin
filter. Following combinations are used in the
measurement.

tiplier RCA lPZl or 7P28. Heterochromatic
sensitivity calibration for the spectrograms
was made by the use of a color temperature
standard lamp. Below 300 mp in wavelength,
sodium salicylate was used as a standard
phosphor in the calibration because it has been
known to have a fairly constant quantum
efficiency of fluorescence over the wavelength
range from below 10004 to 350045),6).

Optical arrangement for measurement of
the quantum efficiency of a fluorescence is
shown in Fig. 1. Two sapphire plates, one
glass filter and one resin filter are set on a
cylindrical holder made movable around the
sample holder. They were used to eliminate
higher order components in the incident light
from the vacuum monochromator, or to sepa-
rate the incident radiation from the fluorescent
emission. The resin filter used for the latter
purpose had a fairly sharp cut-off characteristics
and a very weak fluorescence, if any. Three
crystals-sample crystal to be measured,
standard phosphor KCI:Tl, and reference
crystal of NaF needed in preventing the effect
of formed deposit in absorbance measurement
at low temperatures-were mounted on a
copper holder attached to a cryostat. The
housing of the photomultiplier tube 1P28 with
two opposing quartz windows is made revolv-
able to allow any one of them to face the
beam of light. One of the windows, coated
with sodium salicylate, was used in measuring
the incident light intensity and the other clear
window in measuring the fluorescent emission.

The sample chamber is provided with a side
window to admit light for bleaching or to
observe the fluorescent emission.

III. Absorption

For KCI and NaCl, absorption bands were
studied with additively colored crystals as well
as X-irradiated ones. Coloration for NaF was

0.58

0.54

Measurement of I Filter crvstal i Phgtotub"- wlnoow
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Table I. Position and half width of a band and the energy difference between the first funda-
mental absorption peak and a band in comparison with those calculated by several authors.
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macle successfully only by X-irradiation, and
the study of a centers was made with these
photochemically colored crystals. The position
and half width of the bands are listed in
Table I. a band in KCI was distinctly separated
from p band. Since a and p bands overlapped
each other in NaCl and in NaF, the position
and half width of the bands were determined
from a curve showing the change in absorb-
ance by production of a centers. The position
of a band predicted by theoretical calcula-
tion?),8),s) for KCI and NaCI are not in good

agreement with those observed as seen in
Table I.

IY. Thermal Stability
The thermal stability of a centers in

additively colored crystals was found to
resemble that of .F/ centers. The experiment
was carried out as foliows: a colored crystal
is bleached with F light at a temperature
favorable to a center production until the
growth of a band reaches its saturation, then
cooled down to liquid nitrogen temperature
and the intensity of a band is measured. The
crystal is warmed up to a testing temperature
and is kept there for about 15 min. The
crystal is again cooled down to liquid nitrogen
temperature and the intensity of a band is
measured. Half decay time is determined on
the assumption that the decrease of a band

-t60'c -120 -80 -40 0 40

sec

l02

9876543
yt" po "x

Fig,. 2. Half decay time of a centers as a function
of temperature.

l04

l03
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intensity obeys the rule of bimolecular reaction.
In Fig. 2 the half decay time is plotted as a
function of temperature. This result coincides
almost exactly with Pick's data on thermal
stability of F/ center"tot, which confirms the
conversion mechanism Ftia -lp proposed by
Delbecq et al.1)

Y. Oseillator Strength
With additively colored crystals, oscillator

strength of a bands was determined in
comparison with that of F band by the use
of Smakula's formulall) and the relation
ZFnFtla meaning that two ,F centers are
converted to an F'center and an a center in
optical bleaching process. The values obtained
are given in Table II. Theoretical value of
the oscillator strength of a band in NaCl given
by Dexter 's 1.8912) which is 70% larger than
the experimental value 1.13.

Table II. Oscillator strength of a band.
z means refractive index and / oscillator

strength corresponding to a band or tr'band ac-
cording to the subscript. The value f7 is quoted
from R. H. Silsbee: Phys. Rev. fO3 (1956) 1675

and C. J. Rauch and C. V. Heer: Phys. Rev.
1o5 (1957) 914.

Materiar n& I ", I U* | f, I f,

YI. Fluorescence and its Quantum Efficiency

1. Emissi.on by a excitation
Thomasrs) and also Martienssen2) reported

that a band absorption in KBr causes fluo-
rescence. In the present study similar fluo-
rescence was observed in KI, KCI and NaCl as
well as in KBr, and the excitation and emission
spectra were measured. The excitation spec-
trum of a fluorescence was found to coincide
well with the absorption spectrum in all alkali
halide crystals measured except those samples
in which F band strongly overlapped a band
and absorption in p band reduced the fluorescent
emission on one side of a band.

Emission spectrum of a fluorescence was
determined both photoelectrically and photo-
graphically with fairly consistent results. The
spectra observed on KI, KBr, KCI and NaCl
are shown in Fig. 3. Longer wavelength sides

\
I
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t\ rcl
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\ \
I

\

NaCl I 2.lO 1.56 1.30 0.87 i 1.13

KCr L.0, 1.4e | 1.se 0.85 I 1.18

KBr | ,.rn 1.b6 | 1.31 o.zr I o.os
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Halt width
eV

",c.8
tJ.7

0.8

position hardly but the half width slightly
showed it. The half width seems to become
broader at higher temperatures.

2. Quantum efficiency of a fluorescence
Because of difficulties in measuring directly

the quantum efficiency of a fluorescence in
the vacuum ultraviolet region, the quanturn
efficiency of a fluorescence was determined
relatively to that of 305 mp emission produced
by excitation at 246mp band in thallium
activated potassium chloride crystals, quantum
efficiency of which had been reported to be
0.47'n) and is approximately constant over the
temperature range of our concern according
to a preliminary experiment. Quantum ef-
ficiency of a fluorescence relative to that of
KCI: Tl phosphor can be determined experi-
mentally by the following equation:

qa 
- 

Art_ 
-E" Jy

7iu- A,-'-E;' k
where 4 denotes the quantum efficiency, A
the area of the absorption band expressed in
percentage, ,E the area of the excitation
spectrum and / the effective sensitivity of
the cletector including filters averaged over
the emission band and the subscripts a and
Tl mean the corresponding phosphors. All
quantities in the righthand side are experi-
mentally measurable. The values of ,dl'tlrt.
thus obtained and the absolute values 7,
determined on the assumption that qrt:0.47
are listed in Table IV. One will find that the
a fluorescence is almost as efficient as the
fluorescence of thallium activated phosphor.
Though accuracy of measurement is still
insufficient to draw a definite conclusion, the
quantum efficiency of a fluorescence seems
to be almost independent of the source of
material, method of coloration and concentra-
tion of a and F centers. As for the tempera-
ture dependence, however, it seems to increase
slightly with increasing temperature.

YII. Discussion

Coincidence of peak positions between the
excitation and absorption spectra of a fluo-
rescence shows that the fluorescence is caused
by photons absorbed by a center. As for
the emitting centers, their definite assign-
rnent is still difficult, but they are most likely
to be a centers by the following reasons.

1. a absorption is believed to be an absorp-

(o) F KI
I
I

,), KBr

(c) ,\ KCI

(d)

\

NoCl

Gv3
phoron Enrroy

Fig. 3. Emission spectra of n fluorescence.
Since the band shape is more or less deformed

by presence of -F'band absorption, duly correction
has been made (broken line). For KI the lower
energy half of the band is drawn with a broken
line because steep decrease of sensitivity of the
photomultiplier used in this region has made

the measurement less accurate.

of these spectra seem to be more or less

scraped off by F absorption as clearly seen
in Fig. 3d for NaCl. These spectra being
duly corrected for such F absorption, their
peak positions and half widths were estimated
and are listed in Table IIL IT is significant
that all of them show a very large Stokes
shift and have a fairly broad half width.
Comparison between band shapes of the emis-
sion at different temperatures, -113oC, -160"C
and -195"C, was carried out for KCl. As
for the temperature dependence, the peak

Table III. Peak position and halJ width of a

fluorescence,

-tMaterial

Excitation 
I

Emission

mp eV m# eV

NaCl

KCI

KBr
KI

lTro
6.93

6.L4

5. 16

L75

t79
202

240

420 2.96

443 2.80

480 2.58

556 2.23

I
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Table IV. Quantum efficiency of a fluorescence. Nr: F center concentration. Nd: a center
concentration. ?: measuring temperature. uolTlrt: relative efficiency of a fluorescence. 71oi

absolute efficiency of a fluorescence for Tlrt:0.47.

| ,,.--u Na cm-3

xCr <"aa. col.)

267

I

r"c I wlnm 
I

7Ja

7.9 x 10ro

1 .4 x 1017

1 .9 x 10tz

- 101e

9.9x 10ts

4.1 x 10to

tl

3.2 x 1016

4. 8 x 1016

5 .1 x 10te

- 195

- 113

- 195

- 113

- 195

-90

0.74

0.95

1 .06

0.87

0.97

0.93

0.75

0.91

1 .00

0.73

0.84

0.93

0.35

0.44

0.50

0.42

0.46

0.44

0.36

0.42

0.48

KCI (X.rayed) 

]

- 1018 - 195

-t37

_-l 
o.,t
0.40I o.*

tion that forms a localized exciton around a
negative ion vacancy, and the excitation energy
of the exciton is not high enough to transfer
the exciton to other centers except to those
lhat are very close to the a center.

2. The emission spectrum of a fluorescence
is quite different from any of those known
emission spectra of impurity or imperfection
,centers.

3. The quantum efficiency is as high as
0.4; it seems to be independent of the source
of the materials, method of coloration and
concentration of a and F' centers. If the
emission takes place after the energy absorbed
in a band has transferred to other centers the
quantum efficiency will depend on the above
factors.

The Stokes shift of a fluorescence is quite
large and the band width is fairly broad. A
similar phenomenon has been observecl by
Chiarottil5) in characteristic fluorescence of
plastically deformed KI crystal at iow tem-
perature when excited by light in the tail of
the fundamental absorption band. Though a
absorption band was not observecl in this case,
the emission band appears near that of a
fluorescence. The similarity between these
turo cases of fluorescence seems to imply that
the centers formed in plastically deformed
crystal consist of a centers closely grouped
in various degrees probably along dislocation
lines.

Acknowledgements

The authors wish to express their sincere
thanks to Dr. J. Aoyagi of Tokyo University
for kindly giving them a thallium activated
phosphor. They are also indebted to
Mr. K. Inohara for his efforts in growing crystals
of pure potassium iodide.

References
1 C. J. Delbecq, P. Pringsheim and P. Yuster:

J. Chem. Phys. 19 (1951) 574.

2 W. Martienssen: Z. Phys. 131 (1952) 488.

3 R. Onaka and I. Fujita: Phys. Rev. llg
(1960) 1597.

4 R.Onakaand LFujita: Sci.of Light9(1961)1.
5 K. Watanabe and C. Y. Inn: J. Opt. Soc. Amer.

43 (1953) 32.

6 J. F. Hammann:
187.

Z. angew. Phys. LO (1958)

7 F. Bassani and N. Inchausp6: Phys. Rev.
ro5 (1957) 819.

8 T. Muto, S. Oyama and H. Okuno: Prog.
Theor. Phys. Japan 20 (1958) 804; J. Phys.
Chem. Solids a (i959) 286.

9 A. A. Tsertsvadze: Sov. Phys. Solid State 3
(t961) 241.

10 H. Pick: Ann. Phys. 3L (1938) 365.

11 A. Smakula: Z. Phys.59 (1930) 603.

L2 D. L. Dexter: Phys. Rev. aS (1951) 1044.

13 H. Thomas: Ann. Phys. 38 (1940) 601.

14 W. Biinger: Z. Phys. 66 (1930) 311.

15 G. Chiarotti: Phys. Rev. 1O7 (1957) 381.



268 R. ONnx.n, I. FuJrrA AND A. FUKUDA

DISCUSSION

Dexter, D. L.: In your measurement of the emission spectrum, were you able to
look also in the infrared region? It would be interesting to see if there is also F-band
emission. This might well be excited both by direct reabsorption and by resonant
energy transfer from the excited d-center.

Fujita, I.: We have not measured the infrared spectrum. I think it is important.
Pick, H.: What is the influence of the P-band which surely is present on the

fluorescence of the a-center?
Fujita, I.: Especially in NaCl the emission was found to be weak. It must be due

to overlapping of p-band on the a-band.
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The Fine Structure of Absorption in NaCl: Ag*

R. S. Kuox

Uniaersity of Rochester, Rochester 20, N.Y., U.S.A.

It is known that a low concentration of Ag+ introduces weak lines into the absorption
spectrum of NaCl near the fundamental edge. The small observed oscillator strengths
of these lines lend considerable plausibility to their assignment to perturbed 4d10)4de5s
transitions in the silver ions as originally proposed by Seitz, but certain theoretical
calculations seem to indicate, on the basis of energy level predictions, that perturbed
4de5p states are directly involved as final states. In this note, the relative strengths
and positions of the observed lines are shown to be consistent with the original 4ds5s
assignment, on the basis of a semiempirical crystal-field study and an analysis of
their temperature dependence.

1. Introduction
In connection with his studies of AgCl,

Martienssentt has recently made a careful
study of NaCl:Ag and resolved four lines
near the tail of the NaCl fundamental absorp-

tion band. As in the case of NaCl: Cu,'z)

these lines have a fairly small oscillator
strength (-fO-'; and a temperature depend-
ence of strength which seems to indicate
clearly that they arise from a forbidden
electronic transition. Conway, Greenwood,
Krumhansl, and Martienssens) have computed
the oscillator strength of a d'0-dss multiplet
on the basis of the interaction of Debye-model
phonons with the center. These phonons mix
def states into the above-mentioned even-parity
configurations. These authors find good agree-
ment with the observed oscillator strength.
The purpose of the present paper is to report
an attempt to explain the fine structure of

* Supported by a grant from the U.S. Air Force

Office of Scientific Research.

the NaCI:Ag multiplet, and is thus com-
plementary to the work of Conway et al.

2. dlectronic and Yibrational Structure of
NaCl:Ag

A. The dss configwration in Ag+
The energies of the 4de5s terms relative to

the ground state are obtained fromn)

,o,:E+*/+f,e*

. [+ (, - ] e,)' + ] ^ioeto]'''

"D,:E** ena

'o,:E+tr /++tu

-l*, - f, e, u)' + * ^ioei,)'''
8Da:E-(aa

(1)


