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The theory of imprisoned radiation developed by Holstein and recently extended by Scherr is

adapted to apply to the luminescence decay in a solid.

In addition to including a correction for

losses from the excited level, it is necessary to consider reflections at the sample surfaces.
Reflections are calculated approximately for a slab. The single Gaussian absorption function
used in the reabsorption theory in lieu of an actual absorption function for the imprisoned radia-
tion has the same integrated absorption I as the actual function and has a height equal to v2I

times the integral of the square of the actual function.

Calculations are described for the ruby

R lines, including the case where the Zeeman components are separated in a magnetic field.
Experimental measurements of decay times at 77 °K of the ruby R lines are presented for sam-
ples having a Cr*® concentration of approximately 10!® cm=3 and thickness from 0.6 to 13 mm.
Magnetic fields up to 20 KG are used. The various decay times, lying between 5 and 12 msec,
are predicted within about 5% by the theory, with the help of the approximate absorption cor-
rections and of Zeeman component intensities given by Sugano and Tanabe. The R, line is used
for most comparisons. Intensity increases of up to 100% in the steady-state R-line emission
in a 20-kG magnetic field are shown to be accounted for by approximate treatments related to
the decay-time theory. No change of transition probabilities with magnetic field is indicated

by the foregoing results.

Further observations suggest that the channels leading from the ex-

citation levels for both single ions and pairs are affected by magnetic field, however. These
observations include changes in the relative intensities of various pair lines when the field is
applied, and a field-dependent difference in the emission intensities produced with blue and

green excitation. Field-induced changes in pumping light absorption, if present, are insuffi-

cient to account for these variations.

1. INTRODUCTION

The theory of reabsorption of resonance radiation,

alsoknown as imprisonment, has been extensively
treated by Holstein.! He provided working formu-
las for the limiting case of nearly complete reab-
sorption, which is important for gases. The cal-
culations are troublesome for the case of a species
having small peak absorption or present at small
concentration (cases often encountered with solids),

with the result that empirical approximations have
been proposed? in lieu of the theory. Recently
Scherr® has put the Holstein transmission function
for a Gaussian line into a form convenient for par-
tial reabsorption. From this he has evaluated the
decay-time function for an infinite slab and also
has extended the theory and the calculations to the
case of a sphere.

We shall show that where sufficient information
is available as to line shape and absorption cross
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sections for resonance radiation, the theoretical
results for a Gaussian line can be related to a sys-
tem having more complicated line shape. This in-
volves space averaging the cross section, for it is
assumed in the theory that anisotropy of absorption
is averaged out in the reabsorption process.
Varsanyi, Wood, and Schawlow* first demonstra-
ted effects due to reabsorption in a solid, in con-
nection with the luminescencedecay time for the
sharp red lines (R lines) due to Cr*? in A1,0, (ruby).
The literature on ruby is now very extensive, and
contains the necessary information to relate the
behavior of the R lines quantitatively to the reab-
sorption theory, even in the presence of a magnet-
ic field. We shall present luminescence decay-time
measurements for several specimens of ruby dif-
fering as to the extent of reabsorption, and show
that the theory is in reasonable agreement with
these results when an approximate correction is
made for reflections at the surfaces of the speci-
men. Then we shall show that the theory gives a
good prediction of the decrease in decay time ob-
served when the line components are separated in
a magnetic field, and that the accompanying increase
in emission under steady pumping can be related
to the decay-time theory in suitable limiting cases.
Radiation not significantly reabsorbed, such as vi-
bronic emission, is a measure of the average den-
sity of excited species. Finally, with this under-
standing of reabsorption, we show that our results
for ruby at 77 °K contain magnetic field effects not
explainable by changes in reabsorption. These
have to do with the excitation of both single-ion
levels and pair levels by pumping.

II. THEORY

Holstein! has shown that imprisoned radiation
phenomena depend on the transmission function
T, (p), the probability that a resonant photon sur-
vives through distance p without reabsorption. For
a Gaussian line with absorption coefficient % at the
center, the function can be expressed as®
(- kp)"

T”(p):,§o !+ D72

(1)

Variational solution of an integral equation invol-
ving aT,(p)/ap yields decay rates in the presence
of reabsorption as eigenvalues, as well as approxi-
mate eigenfunctions (spatial distributions of density
of excited atoms). For a sample of characteristic
dimension L, containing excited atoms having radi-
ative transition probability i for the resonance
(ground- state) transition that also causes reabsorp-
tion, let y F(k L) denote the decay rate of the slow-
est mode, as found by such a calculation, It will
be shown that this result can be related to the pres-
ent experiments by adding the decay-rate contribu-
tion for an additional mechanism not connected with
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reabsorption, and an approximate correction for
reflection at the surfaces.

A. Effect of Losses from the Excited Level

Let there be another deexcitation mechanism of
transition probability &, so that the loss rate of
quanta per unit volume is (5 +7)n(T), where n(7F) is
the density of the excited species. The rate of
change of n(T) at a point is

9 n(i")

g =—(7+6)n(?)+y/n(f")c(x"',?) i, (@)

which reduces to Holstein’s (3. 4) for §=0. Here
G(r',T) is a function pertaining to the transfer of
quanta by emission and reabsorption, ordinarily
taken to have the isotropic form G(p) == (1/4mp,)

%9 T,(p)/op, where p is |T -1’ |. Following through
Holstein’s solution with (2) as a starting point, one
easily finds that 6 is merely added to the result

for decay rate; that is, the decay rate for the sam-
ple with reabsorption and also with the additional
loss rate is

Tl =65+9yF(EL) , (3)

where F(kL) [the right-hand member of Holstein’s
(3.10)] is the same eigenvalue in the variational
problem as in the case §=0, and the corresponding
eigenfunction n(¥) is still correct. [Note: An ex-
perimental difficulty is accentuated when 6 is the
major contribution to 7!, When the actual initial
distribution of excitation »(r) in a luminescence de-
cay experiment is quite different from the lowest
eigenfunction for which (2) has an exponential so-
lution, the decay rate corresponding to that eigen-
function is not immediately observed. Sufficiently
large 6 causes the radiation to become undetectably
small before the decay becomes essentially e™/". ]

B. Approximate Correction for Reflection

This correction will be considered only for an in-
finite slab, bounded by the planes z=+L/2. In addi-
tion to the transfer function G(p), we must include
for first reflections the integral over the surfaces
of R(6,)G(p,), where p, is the path length from T,
to T, via a single surface reflection, and R(6,) is
the intensity reflection coefficient at the point of
reflection, a function of the angle of incidence 6,
suitably weighted for polarization directions P.
Multiple reflections, if significant, must be included
similarly. A new and more difficult variational
solution of the equation replacing (2) is required.
We limit ourselves to the case where the reflection
may be considered as a perturbation, with the old
n(z) retained. The parallel-slab problem has been
solved!' ® by using a suitable integrated form of
T, (p), denoted by H(lz - z'l), which when multiplied
by dz is the probability that a photon emitted at
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z' is absorbed between the planes z and z +dz.
For planes whose separation through a normal
reflection path is ¢, let H,(¢) denote an analogous
transfer function. This is given by - 8§, (£) /3¢,
where

8,(8)=% fo"’z R(8,) T(¢ sech,)sing, ds, . (9)

Transfer functions so defined for successive re-
flections should be added to Holstein’s H({) in the
infinite-slab problem. In the present case, R(6;
=0) is small, only 0.036 for ruby in liquid nitro-
gen; more than 95% of the reflection correction
arises from total internal reflection. Considering
only this contribution, we have for the mth reflec-
tion

8.(&) =% [7/* 1(t, secs,) sing; ds,, (5)
(4

independent of polarization, where§, is the critical

angle, 43°. Here ¢, is the plane-to-plane normal

distance by a path having m reflections. Using H,

(Zm)=—88,(¢,)/3¢,, in addition to the transfer func-

tion H(¢) in Holstein’s calculations we have

T——l+————ffn(z) n(z) H(|z- 2" |) dz dz’

—'—Z /fn(z)n(z)[-[ (mL-2z2-2")dzdz'.
(6)

The limits are z=+ L/2. @ is the normalization
factor [#%(2) dz. The final term is the reflection
correction. Because of the symmetry of the prob-
lem, the factor 2 properly takes both surfaces into
account, For §=0and H,=0, (6) is equivalent to
Holstein’s (4. 4), for which numerical results are
available.® The right-hand side is then the function
F(kL). The approximate reflection correction was
evaluated for 2L T2 with functions n(z) taken from
a variational solution using three functions, °

The result of (1) for small 2L approaches e®,
where ¢ =— 0. 707kL +0.0387(kL)2 +0. 0029(£L)3. 5
We used ¢ =~ 0. 64kL to approximate T, (p) within
5% up to kL =2. Then H, is approximately 0. 32%
E4(0. 64k L/cos6,), where E, is the first-order
exponential integral.® The last term in (6) is easily
found by a coarse mesh integration for an appro-
priate total number of reflections M. Somewhat
below 2L =0. 4, the correction approaches the size
of the original result F(£L), so that the perturbation
approach is not justified. Figure 1 shows the de-
cay-time calculation from (6) for the ruby R, line
for several values of M, with the values of 6 and
v given in Sec. IV. Further details of the calcula-
tions are given in Appendix A.

For kL > 2, the reflection correction is mainly due
to the first reflection, but for 2L <0. 5, the cor-
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FIG. 1. Lower curve, T given by (3) [same as (6)
for H,=0], with 6=65 sec™!, y=148 sec™!, F(xL) obtained
as €! from Ref. 3. Other curves calculated with (6) for
several values of M, the number of reflections consid-
ered. Pointsgive experimental 7 for sampleD, at §=60°,
for H from 0 to 16 kG. H has been converted to kL with
the help of Fig. 4 (Voigt case). According to the crite-
rion in the text, 1 to 13 reflections should be considered
for this sample.

rection converges slowly. It is important to con-
sider the number of corrections to be counted for
a slab that is actually a short cylinder of diameter
D, as in our case. Let 6’ be the angle of incidence
such that the solid angle between 6, and 6’ is the
same as that between 6’ and /2. Consider radia-
tion originating at the center of the sample. If the
angle of incidence 6, =tan™ [(2m - 1) D/L], above
which the path with m reflections passes through
the edge of the sample, is less than ', the mth
reflection will not be counted. According to this
rough criterion, the number of reflections counted
for our slab samples is from 1 to 4.

C. Intensity of Luminescence under Steady Pumping

As shown in Sec. II D applying a magnetic field
to the sample effectively reduces k. This causes
a change in the observed intensity 7 of resonance
radiation in which the following two competing ef-
fects are important: (a) When there is a constant
creation rate P of excited states due to pumping,
the increase of over-all loss rate 77! decreases
the equilibrium population of excited states. In the
limit 2L << 1, only a small fraction of all quanta
are affected by reabsorption in the steady state,
and the effect may be neglected. In the limit of
large kL the population varies as 7. (b) The in-
creased transparency of the sample for the res-
onance radiation, expressed through the behavior
of T,(p), allows more radiation to escape. These
remarks are amplified in Appendix B.

A thorough treatment of these effects, requiring
solution of (2) with a source function having the



4 RADIATION IMPRISONMENT AND MAGNETIC FIELD EFFECTS... 3893
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spatial distribution of the absorbed pump radiation
and yielding a new excited-state distrubution 3(z),
is beyond the scope of this paper. We shall only
describe a limiting case that will be useful in con-
sidering the data. Let the sample lie within the
range z =+ L'/2 along an optical path through the
distant detector. Then the transmission function
To((L'/2) - z’) gives the probability that radiation
started toward the detector from a given depth
penetrates to the sample surface z'= L’/2 facing
the detector. Integrating this function with the ex-
cited-state distribution gives

Icy P _LL'//Z2 w(z) T(L'/2)-2")dz’. @)

Figure 2 shows a normalized plot of (7), obtained

with the transmission function (1), for g;(z’) = const.

Below kL' =1, nearly identical results would be
obtained if 9t (z") were a 5 function at the center of
the sample. Also plotted is 7,(p), and a curve
showing the factor by which (7) increases when a
given value of kL' is reduced to 40%. It will be
shown that this is approximately the effect of sep-
arating the Zeeman components of the ruby R, line.

D. Evaluation of & and its Magnetic Field Dependence

The parameter 2 must be such that the single
Gaussian absorption function used in the reabsorp-
tion theory leads to the same T, (p) as does the
actual absorption function. This correspondence
is made for sufficiently small p as the following.

The absorption coefficient function in the actual
sample is If(v), where I is the integrated absorp-
tion coefficient and the infinite integral of £(v) is
unity. The T, (p) function is’

Tk(P) - f.: f(l/) e'PIf(v)dv (8)

or approximately

T,(p)~1-pI [2 f2() av. (9

We require the Gaussian absorption function, which
has height %, also to yield integrated absorption /.
Hence this function is & exp[— 7 k%(v — vp)%/I?].

Upon finding T, (p) in the above manner from this
function and equating the result to (9), we have

k=2 I [Z f4v) dv=v2 No[ [o*(v) dv/o% |

(10)

The quantity in the square bracket is a property of
the line shape for the system of interest.

Our specific application is to Cr*? in AL,0, (ruby).
The resonance radiation of interest is the pair of
sharp lines originating on the metastable 2E level,
which are found at approximately 6932 and 6919 A
at 77 °K and are known, respectively, as the R,
and R, lines. Other mechanisms which deplete this
level are vibronic radiation processes, transfer of
quanta toion pairs, and possible radiationlessdecay,
which apparently causes only a very small fraction
of the total rate of loss from 2E. It does not seem
necessary to summarize comprehensive discussions
of the luminescence mechanisms available else-
where™2; sources will be cited as necessary for
specific information. By numerical integration of
the R, line shape in Fig. 4 of Ref. 7, we find the
quantity in the square bracket in (10) to be 1. 28.
Taking total R,-line cross sections as twice the
values in cm? in Table TI of Ref. 7, and using the
weighting 20, + 30, , we get

k=3.7x10"%N, (11)

where N is the Cr*® population per cm?, as the pro-
per equivalent peak absorption coefficient at H=0
for the Holstein theory.

Suppose the line-shape function can be expressed
as f(v) =3%a; f; (v), where 3%a;=1, and f; () are
well-known normalized functions. Calculations
made in this way for overlapping components will
be shown later. For the present consider the case
where all f; (v) are the same shape function
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f.(v = vg;) except that the center frequencies may differ,
and where effects of overlap may be neglected.
Then (10) gives
E=vVZ I[ [ 12w =-vy) dv)Zyd? , (12)

which gives T,(p) correctly in the limit of small p.
If the relative intensities q; are equal, the proper
value of % is p times the value that would be cor-
rect for one line having the average component in-
tensity. [If the components are Gaussian, this
conclusion is not limited to small p, but can be de-
rived from (8).!] It is also easy to show that super-
imposed components can be combined into a single
component having the aggregate intensity, before
the preceding rule for combining nonoverlapping
components is applied. These properties are
contained in (12). For example, in zero magnetic
field a ruby R line for a given Cr*? isotope consists
of two superpositions of components with centers
separated by 0. 38 cm™, whereas for H3 16 kG the
spectrum with H at 60 ° from the ¢ axis consists
of eight more or less resolved components. If all
component amplitudes were equal, the ratio of
effective 2 values for these two cases would be 4: 1,

The quantity 2" =1 [ f%(v) dv might be called the
thin-sample reabsorption coefficient, in view of
(9). The ordinary absorption profile is squared
here because it appears both in emission and in
absorption (for zero Stokes shift). The discussion
above shows that for a very thin sample, where L
times the largest term in (12) is less than about
0.1, k is proportional to &', and that for even thick
samples of ruby this function is an approximate mea-
sure of k£ for H=0 and for H> 16 kG. We have cal-
culated %’ for several values of H and for several
angles. The function f(v) used for a particular
case is sketched in Fig. 3. The shapes used for
the line components are described later. The
amplitudes aq; were taken to be proportional to the
total squared matrix elements of the Zeeman com-
ponents, given for § =0° and 90 ° by Sugano and
Tanabe.® The transformation to other angles is
described by Sugano, Schawlow, and Varsanyi. ®
To relate the two proportionality constants 7 and ¢
in Ref. 7 pertaining to polarizations parallel and
perpendicular to the ¢ axis, we used o=2m, as
suggested by experimental Zeeman spectra, ® In
view of the strong depolarizating effect of reabsorp-
tion, ! we did not consider different polarizations
separately. The center frequencies of the Zeeman
components of R, and R, were found by use of the
anisotropic g values for the excited states!! and of
matrix calculations!? for the ground states. The
low-field mixing of states!? was not taken into ac-
count, however; high-field descriptions of the ma-
trix elements were used throughout. Amplitudes
of the components are given in Appendix C.
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FIG. 3. (a) Sketch of R; Zeeman components in terms
of a single shape function f,(v —v;) repeated at center
frequencies vy; with amplitudes @;. For a thin sample
the absorption coefficientk inthe Holstein theory is pro-
portional to the integral of [} a;f,(v—vy)]?, which de-
creases with reduction in overlap of the components.
Shown for 6=60°, H=16 kG. (b) Component notation,
from Ref. 8, with +, — added to shown origin on upper or
lower level of Kramers doublet.

Some results of the preceding calculations are
shown in Fig. 4. In one set of calculations, the
line component shape function £, (v) is a Voigt pro-
file'® having a full Gaussian width contribution of
0.108 cm™ and a full Lorentz contribution of 0. 065
cm™, essentially the values determined by Nelson
and Sturge” for the R,-line components at 77 °K.
These values become ¢=0.5 and w=0.0735 cm ™
in terms of Ref. 13. Additional results are shown
for a Gaussian profile of full width 0. 32 cm™ at
half-power. The ratio 2'(H=0)/k'(H~ =) for a given
0 is only slightly different for these two functions.
The small difference that does exist is due to a
slight difference in the overlap at H=0. Only a
single isotope was considered in the calculations.
The effect of natural isotopic abundances on the
R-line spectra is known. !* The extreme case that
we have considered, the 0.32-cm™ Gaussian, rep-
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FIG. 4. Relative value of the effective absorption
coefficient 2 (or of £’) as a function of H, to be used in
applying Holstein theory to a thin sample. Calculations
done as described under Fig. 3 for Ry line, 60°. Abso-
lute values at zero field are given by (10) or (11). Re-
sults shown for both Voigt and Gaussian profiles, as
described in the text, used for f,(v — v;).

resents more broadening than is actually contribu-
ted by isotope effects.

I1II. EXPERIMENTAL WORK

The ruby samples were sawed from a roughly
hexagonal flux-grown boule and polished to the final
dimensions reported in Sec. IV. The longest sam-
ple (E) was polished on three adjacent side faces as
well as on the cut ends. It was verified by x-ray
diffraction that the ¢ axis was along the axis of the
boule within 10°, Concentrations were determined
by comparing the absorption spectra with those
published by Dodd et al.'®

Figure 5 shows the experimental arrangement
for intensity measurements. A lens system of
aperture f/4 produces a spot of exciting light ap-
proximately covering the sample. The 0.5-m
monochromator, aperture f/6, is provided with
0. 6-mm slits. With this choice the R, and R,
lines are adequately resolved, while the intensity
corrections for Zeeman shifting of line components
toward the shoulders of the response curve are only
a few percent at maximum field. An XY recorder
with a Hall probe, indicating the amplified dc out-
put of the photomultiplier, was useful in initial
surveys. The data to be shown were more accu-
rately obtained by setting the field at various fixed
values and integrating the dc signal, either with
a circuit having an 18-sec time constant, or with
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a counter which samples a digitally converted form
of the signal several hundred times during an inter-
val of 10 sec. For decay-time measurements, the
exciting light is chopped periodically, and the decay
function is accumulated in a signal-enhancing multi-
channel analyzer, with appropriate background sub-
traction.

The sample is suspended in liquid N, in a trans-
parent Dewar, with the ¢ axis in the horizontal
plane. Adjustment of the angle 6 between the ¢
axis and the magnetic field is made by rotating the
sample holder about a vertical axis. The light
source and the monochromator are on opposite
sides of the magnet gap, in the same horizontal
plane as the sample. The optical paths are perpen-
dicular to the field.

Initially a different experimental setup was used,
with the emitted light passing through a hole in the
magnet pole cap and the sample in an optical Dewar
with flat windows. Both linear and circular polar-
izers, as well as depolarizing films, were used in
the detection path in a number of intensity studies.
The differences associated with polarization were
small in comparison to the intensity changes with
magnetic field which we present in this paper, ob-
tained without polarizers.

IV. RESULTS AND INTERPRETATION

The various ruby samples used in our study at
77 °K are described in Table I. The evaluations of
% and of the number of reflection corrections to be
counted have already been described; the entry
“13 7 indicates that the criterion for discarding the
second reflection is marginally realized, so that
it is appropriate to average the results for one
and two reflections.

An initial decision as to whether to lump together
the R; and R, transitions is required. In all of our
measurements, these lines differed in decay time,
in intensity variation with magnetic field, and in

e

ADJUSTMENT
BLUE FILTER RED FILTER
M. TN e JARRELL ASH
- R - ~4.Jo5METER
~d0 A<_\)_-t-7spPecTro-
i . METER
200-WATT
Hg LAMP MAGNET
(PEK 202) POLE PHOTOMUL Ti-
FACE -RECORDER| |PLIER AND
AMPLIFIER
RUBY SAMPLE IN

LIQUID NITROGEN HALL-PROBE

VOLTAGE

FIG. 5. Experimental arrangement for intensity mea-
surement. In decay-time measurements the source light
is chopped and a signal-enhancing multichannel analyzer
receives the photomultiplier signal.
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TABLE I. List of samples. Each is a slice, with pol-
ished faces, from a roughly hexagonal boule, diameter of
inscribed circle approximately 1.3 em. Thickness dimen-
sion is along ¢ axis.

No. of
Thickness Concentration reflections kL

Designation (cm) (10" cm=?) considered (H=0)
A (powder) ~0.00 1.0 .

B 0.059 0.9 4 0.19

c 0.165 0.9 13 0.56

D 0.239 1.4 1 1.25

E 1.32 1.54 5.12

F® 1.32 1.54 Large 7.4

2value of kR for equivalent sphere; R chosen to match
surface area of E.

bSame as E, but with sides and 70% of ends reflectively
coated.

the angular dependence of the magnetic effects.
Therefore thermalization of the levels involved in
these transitions is incomplete. A formally cor-
rect treatment involving coupled differential equa-
tions would unduly complicate the application of

the reabsorption theory. Accordingly the discussion
will refer mainly to the R, line, and the constants
to be used in calculations will be chosen to de-
scribe the decay time of that line correctly in the
limit of zero reabsorption. In the present experi-
ments, the R, line is the more important in energy
balance, having an intensity almost exactly twice
that of R,.

A. Determination of Rate Constants

The powdered sample (A) has negligible reabsorp-
tion. The decay times observed with it from 0 to
20 kG are 4.70+9. 07 msec for R, and 4.31+0. 2
msec for R,, with no systematic variation with #
within these limits. The average of these results
agrees with a composite R, and R, decay measure-
ment by Nelson and Sturge.” Our result for R, gives
y+6=213+3 sec™, independent of H, for use in
further calculations. We shall treat 4 and & as in-
dividually independent of H. One justification is
found in the work of Boiko et al.,'® who concluded
that the integrated R-line absorption coefficient in
a sample similar to ours, at room temperature, is
constant within an experimental error of 5 to 7% up
to 100 kG. In the present work, if we assume that
the vibronic radiation is a measure of the loss rate
6, we conclude that this quantity is effectively con-
stant. Between 0 and 20 kG there is no change in
the amplitude of the 7140-A vibronic peak that can-
not be explained by keeping 6 constant within about
5%.

The coated sample F has a very large reabsorp-
tion, and therefore has 7 1~ 5. Observation of the
decay time by means of R, line gave a highly accu-
rate exponential decay (down to less than 20% of
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initial intensity) with time constant 16.6 msec. By
trying various positions for windows in the reflec-
tive coating ona cylinder of length 3 cm, we produced
decays both faster and slower than this one, with some
departures from exponential behavior. This isappar-
ently the situation described in Sec. III, where the
signal becomes unobservably small before a pure
decay eigenmode isreached. Itwasfound, however,
that all pair lines studied with sample F (7009,
7041, 7058, and 7119 A) had accurately exponential
decays, as expected if these lines monitor the total
number of Cr*? ions in the 2E levels. At H=0 these
decay curves have 7=15,4x0.2 msec, in agree-
ment with the result obtained by Nelson and Sturge’
from a suitable exponential portion of the decay of
R, + R, radiation from a very long reflectively coated
sample. This result gives 6=65 sec™ (not a prop-
erty of the R, or R, transitions, since this rate
represents other losses from 2E), completing the
determination of constants used in calculating the
theoretical decay time curves in Fig. 1.

B. Decay Time

Measured decay times for various values of H
are shown in Fig. 6, which is for §=60°., Additional
measurements for other angles are shown in Fig. 7
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FIG. 6. Decay time of Ry emission for several values

of magnetic field strength at 77 °K, §=60°, Sample thick-
ness increases in the order B, C, D, E, as shown in
Table I.
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sity at 16 kG to that in zero field as a function of 8, for
both R, and R,. Sample E (1.3 cm), 77°K. Bottom: The
corresponding ratio of decay times.

as a plot of high-field decay time divided by zero-
field decay time, as a function of 6. A comparison
of measured and calculated decay times is given in
Table II. For slab samples, the calculated times
at H=0 were found from Fig. 1 with the data given
in Table I; for the high-field case, each kL is mul-
tiplied by 0.4. For the sample treated as a sphere
(E), the starting point is the appropriate table of
results given by Scherr.® The average disagree-
ment of 5% in Table II seems satisfactory in view
of the use of approximate perturbation corrections
for reflection, although the error is not random;
the observed low-field-to-high-field decay-time
ratio is always greater than that calculated. A fur-
ther comparison is given by the points in Fig. 1,
showing observed decay times for sample D in rela-
tion to calculated curves. Because this is a rela-
tively thin sample, the variation of & with H was
considered to be the same as that of the thin-sam-
ple reabsorption coefficient in Fig, 3.

C. Intensity

Measurable increases in the intensity of the R
lines with increasing magnetic field were found
with all samples except those with extremely small
absorption, A and B. Representativedata are shown
in Fig. 8, where 6 is constant but H is varied,
and in Fig. 9, where the high-field-low-field in-
tensity ratios for the R; and R, lines are shown as
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a function of 6 for sample E.

As pointed out in Sec. II, it is expected that the
behavior of the intensity for thin samples can be
found approximately by considering only mechanism
(b), the effect of magnetic field on the transmission
function, through Eq. (7). A comparison of values
of the high-field-low-field intensity ratio from (7)
with experimental results is shown in Table III.

The high-field intensites for thin samples B, C,

D are somewhat overestimated by this method.

The fairly good prediction from (7) for sample E

is perhaps fortuituous, because change of total
population [mechanism (a)] is expected to be im-
portant for 2L>>1. For this sample, however,

the intensity results are well explained by referring
to the idealized situation where the relation between
total excited population and radiated power is the
same as in free decay, so that changes of intensity
can be calculated from changes in 7 (see Appendix
B). This approximation also predicts correctly the
behavior of intensity of intermediate values of H,
as shown for the R, line in Fig. 8 for sample E,

and explains the angular variation of the intensity
effect and the differences between the R;- and R,-
line intensity changes (Fig. 7) in terms of cor-
responding variations observed in 7. The approach
relating intensity to 7 is inapplicable when reabsorp-
tion is relatively small, as shown in Appendix B;
Eq. (B1) greatly overestimates the intensity changes
for samples B, C, and D.

Also shown in Fig. 8 is the effect of magnetic
field on the intensity of two lines due to ion pairs.
These were studied only with thick samples E and
F, because of signal strength requirements. The
behavior of the 7009-A line differs significantly from
that of the others observed. This is more fully
considered below. Otherwise the intensities of the
pair lines and of the 7140-A vibronic peak behave in
the same manner as the decay time, if we assign
an experimental uncertainty of about 3% of each
intensity curve. This is the expected result for a
thick sample, where the excited-state population
in a steady-state emission experiment is propor-

TABLE II. Calculated and measured decay times.
H=0 H=18 kG; 6=60°
Sample Teale T obs Tale Ty
(cm) (msec) (msec) (msec) (msec)
B (0.059) 8.4 7.8 a 5.8
C (0.16) 8.6 8.5 a 5.9
D (0.24) 10.0 10.3 7.9 7.2
E (1.3) 10.7-11.8° 11.1 7.9-8.5° 7.6

2Perturbation approach inapplicable.

bSpherical theory used; reflection correction unavailable.
Results shown for no correction, and for correction mak-
ing same contribution to 7! as first reflection in slab
having kL ~ 5.
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from experimental values of T with (B1). Lower portion:
Ratio of intensity to that at zero field for pair lines at
7009 and at 7041 .3., sample E, and also ratio of decay
time to that at zero field, almost indistinguishable from
7041-A intensity points. All data shown are for 77 °K,
6=60°.

tional to 7 as found in free decay, and where the
effects of H on nonresonant radiation occur mainly
through this population change.

Reabsorption effects at room temperature are
very small with the ruby samples chosen for the
present experiments. The total intensity increase
for sample E is about 1% for the R, line and 2% for
R,—effects of the order of experimental error. The
expected result at room temperature can be pre-
dicted approximately from data given by Boiko
et al. Taking the absorption peak as a rough guide,
we find that 2 for 300 ° K is of the order of 5% of the
value for 77°K, and that at 300 °K a field of 20 kG
reduces k to about 0.9 of the original value. The
calculated intensity increase for R, at 20 kG is of
the order of 2%.

Over-all, it appears that with the approximations
used here the intensity changes with magnetic field
are understandable in terms of reabsorption theory,
even though we have not attempted a complete solu-
tion for steady-state emission.

D. Effects of Angle; Comparison of R,and R,

The emphasis in this paper has been on the varia-

tion of reabsorption phenomena with sample thick-
ness and with Zeeman splitting. Therefore the dis-
cussions have mainly concerned the case §=60°,
where the initial variation of k2 with H is particularly
large, and have been mainly for R, line. A few
additional calculations for other angles and for the R,
line as well as R; have been made with component
amplitudes in Appendix C, all for only a single
isotope. The reduction of 2 for completely resolved
Zeeman components is the same within about 10%
for R; and R,, and is not strongly dependent on
angle. The reduction of & for intermediate fields,
2-8 kG, is quite sensitive to angle, and in the
neighborhood of 60°-80° is greater for R, than for
R,. These predictions are borne out at least qual-
itatively in the experimental data. However, as
shown in Fig. 7, these effects are found even at

16 kG, above the range where substantial variation
of k& is predicted. The angular effects should be
further investigated, to determine whether con-
sideration of isotopic abundances and possibly of
polarization will explain the existence of angular
variations at 16 kG and higher.

TABLE III. (Intensity at 16 kG)/(zero-field intensity)
6=60°, Ry line.
Observed Calculated Calculated from
Sample (£3%) [Eq. (7)] transmission observed T by (B1)
B 0.99 1.05 Inapplicable
C 1.05 1.12 Inapplicable
D 1.17 1.25 Inapplicable
E 2.00 1.92 1.85 (see Fig. 8)
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E. Variation of Excitation with Magnetic Field

The magnetic field effects described above arise
from the effect of the Zeeman splitting on reabsorp-
tion, and appear not to involve variations of transi-
tion rates with magnetic field. We shall now list
other observations, which appear to show field-de-
pendent effects in the excitation of single ions and
pairs, and which warrant further investigation.

(i) In steady emission, the 7009-A pair line (N,),
which is due to fourth nearest neighbors, 7% in-
creases in intensity relative to the 7140-A vibronic
peak and to the other pair lines that we studied
(7119, 7058, and 7041A, due to second and third
neighbors). The increase relative to the average
of the 7119- and 7041-A lines, shown in Fig. 8, is
22% at 20 kG. (Smaller differences occur between
the intensity curves for other lines, but only slightly
greater than the experimental uncertainty of 2-3%. )

(ii) This effect is not found in free decay. Using
the coated sample (F), we obtained decay curves for
all pair lines listed in (i), and used least-squares-
fitted exponentials to compare amplitudes as well
as decay times. Within a total variation of some
5% the amplitudes and the decay times for all these
exponentials decreased together in the magnetic
field, following the curve shown in Fig. 8 for the
7119-A line in sample E. Therefore the magnetic
field has no effect on transfer of quanta from the reser-
voir of excited ions in the 2E that is sufficient to
explain the behavior of the N, line in (i).

(iii) It appears to be well established that trans-
fer of quanta from single ions to pairs occurs al-
most entirely from the 2E single-ion level, and
not from the absorption bands. !**% Since (ii) shows
that this kind of transfer is not sufficiently affected
by magnetic field to explain the behavior of the 7009-

A line in steady emission, it appears that this be-
havior is not due to changes in transfer from single
ions at any level, but involves the decay channels
that start with absorption of a quantum of pump
light by the pair.

(iv) Magnetic field effects in the excitation pro-
cess are also found for the R lines. The behavior
of the steady-state emission intensity with magnetic
field that we explained approximately on the as-
sumption of constant transition probabilities was
obtained with blue excitation. With green excita-
tion (near 5460 A), the intensity increase at 20 kG
is about 5% greater than that shown in Fig. 8 for
sample E. This differential also appears for pair
lines, as shown in Fig. 9. Taken together with
item (iii), this observation indicates that excitation
processes starting with the absorption level are
field dependent not only for pairs but also, at
least for green absorption, inthe case of single ions.

(v) We have been unable to explain these results
in terms of a change in absorption cross section
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for the pumping light. By setting the monochro-
mator to receive excitation light, we found that the
absorption coefficient in the pumping bands does
not change as much as 3% up to 20kG. This ex-
periment was done for the blue band with a filter

of width 30 A, centered at 4360 f\, in front of the
source, and for the green band with a similar filter
at 5460 A.

The effect of magnetic field on the channels
originating in the absorption levels seems to merit
further investigation with samples of differing con-
centrations, and at lower temperatures.

V. DISCUSSION

In this investigation we have explored the range
of the reabsorption parameter 2L in which the
emission properties of ruby at 77 °K are most
severely affected by changes in reabsorption. Out
of a possible limiting ratio of decay times of 3.3
the experiments covered a range of about 2.3 (ex-
cluding reflectively coated samples). In this range
the theory of reabsorption accounts for the decay
times within a few percent in spite of the need for
large reflection corrections, which were done here
by an approximate method only.

In experiments involving resonance radiation,
even with small and relatively dilute solid samples,
reabsorption effects can be a serious source of
error. As an example, consider a ruby sample 1
mm thick, concentration 10'® ¢cm-, 8 mm diam,
in gas at 77 °K. With two reflections considered,
the decay time is approximately 8. 2 msec for the
R, line, rather than 4.7 msec as for a much thinner
sample. As another example, consider a thermo-
luminescence experiment that produces emission
from the ruby 2E level. The sample is a 1-cm
cube with 10'®-cm™ concentration. If there were
a mechanism causing such emission at 77 °K, the
power radiated in the R lines would be reduced be-
cause of reabsorption to approximately half the
value which would be obtained with the same sample
finely divided and dispersed. For a mechanism
causing emission near room temperature there
would be no appreciable correction. That is,
changes of reabsorption can be important in ex-
periments with solids in which there are large
temperature-induced changes in linewidth, aswell
as in experiments where Zeeman splitting occurs.

The reabsorption theory based on Holstein’s
treatment, as opposed to approximations which
could be made by assuming an exponential trans-
mission function, is necessary for kL greater than
about 1.5 to 2.0, according to the requirements in
a particular case. Another statement of this re-
sult is that the attenuation of radiation by reabsorp-
tion is not exponential for intensity reductions be-
low approximately 1/e.
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APPENDIX A: FURTHER REMARKS ON THE REFLECTION
CORRECTION FOR A SLAB

By reflection correction we mean the last term
in (6), which has the form-3¥_ C,. For calcu-
lations by the perturbation method one is justified
in using approximations to the transmission func-
tion T,(p) and also to the distribution function n(2);
the decay rates in the Holstein theory as well as
C,, are not sensitive to small changes in the distri-
bution,

In numerical integration to obtain C,,, the approx-
imate form of H, given following (6) is adequate if
the largest value that occurs for the argument of the
E, function is no greater than about 2.4. Where
this approximation is allowable, little additional
error results from using a mesh width of L/2 for
the integration. The result can then be expressed
in terms of [n,,(z)]?/[#2(2)],,, which is found from
Scherr’s three-term variational function® to be
nearly constant (0. 486 to 0. 500 for 0< 2L < 2. 0).
This procedure gives the formula

C,~0.08 kL E [(2m - 1) Y]+ 2E,(2mY)

+E [Cm+1)Y], (A1)

where Y=0.32 kL /cosf,, a good working estimate
of the correction, In our case (Al) agrees within
10% with a fine-mesh calculation for kL =2; for
kL= 1 the agreement is within 1%, an unimportant
deviation for a finite slab in view of the arbitrari-
ness in determining M,

For calculations outside the range of the E, ap-
proximation for the transmission function, the
starting point is 7,(p) as given by (1), which joins
smoothly at 2L =12. 5 to Holstein’s asymptotic
formula, !

T,(p) ~[p(7 Inkp)V2]",

It is suggested that a Gaussian function, e~(2#/L?
would be an adequate approximation for #n(z) in fur-
ther calculations. When « is chosen to duplicate
the ratio of the surface value of n(z) to that for
z=0 as listed by Scherr,? this function agrees with-
in some 3% with the three-term variational functions
in the range we have explored.

APPENDIX B: FURTHER REMARKS ON INTENSITY

If the steady-state excitation were to maintain a
distribution of excited species identical to the
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TABLE IV. The intensities of different Zeeman compo-
nents of Ry and R, lines.

0 o* or & o~ or &* B*or y° B~ or y*
Ry
0° 0 0.27 0.18 0.05
20° 0.01 0.26 0.17 0.06
40° 0.05 0.21 0.15 0.09
60° 0.09 0.16 0.13 0.12
70° 0.10 0.14 0.13 0.13
80° 0.12 0.13 0.13 0.12
90° 0.12 0.12 0.13 0.13
R,
0° 0 0.17 0.22 0.11
20° 0.01 0.16 0.20 0.13
40° 0.05 0.16 0.13 0.16
60° 0.11 0.15 0.12 0.12
70° 0.13 0.15 0.11 0.11
80° 0.15 0.13 0.11 0.11
90° 0.15 0.15 0.10 0.10

eigendistribution n(z) having the longest free decay
time 7, then 7-! would be a measure of the total
loss rate, 67 would be the fraction of the loss not
due to resonance radiation, and the power output
P, of resonance radiation would behave as

P,y P(1 - 067). (B1)
Also, the total excited-state population would be
proportional to P,

In practice, the absorption of pump quanta can
be nearly uniform through the sample, for small
pump-light absorption, or in the opposite limit can
be concentrated at one surface; a peaked distribu-
tion similar to n(z) is not usual. In the limiting
case of small reabsorption (kL<< 1) the steady-state
distribution 9% (z) is entirely determined by the
absorption of pump light, Thus ordinarily it also
is quite different from n(z), and contains a large
admixture of higher eigenfunctions having free
decay times smaller than 7. Consequently, when
kL is small the full effect of reabsorption in terms
of decay time is not found in the behavior of inten-
sity; (B1) badly overestimates the intensity vari-
ation with magnetic field for our thinnest samples
because of this., The division of the intensity be-
havior into the two effects (a) and (b) inSec. Ilis
an arbitrary but convenient way of describing the
situation,

For kL > 1, most escaping quanta from a sample
pumped on the side opposite the observer have
been reabsorbed repeatedly. In this case (our
sample E) it is not surprising that the excited-
state population measured by nonresonance radia-
tion is found to vary as 7, and that (B1)givesa good
estimate of the changes of intensity with magnetic
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field on the basis of the decay-time behavior.
Equation (B1) is convenient because it does not in-
volve the geometry of the sample, but it is not
rigorous for intensity, because the distribution of
power between the front and back surfaces of the
sample is dependent on kL and on the excitation
distribution,
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APPENDIX C: INTENSITIES OF ZEEMAN COMPONENTS

The variation of reabsorption effects with angle
occurs largely through the amplitudes q; in Table
IV. The method of obtaining these values from
Refs. 7 and 8 is outlined in the text and more fully
described elsewhere.? The component notation is
given in Fig, 3.
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The spherical magnetic form factors of Co** in CoO and Fe*™ in FeO are calculated, includ-

ing the effect of unquenched orbital magnetic moment.
case are found to be 11% for Co*™ and 9% for Fe™

Expansions relative to the “spin-only”
For CoO this is a major step in the quanti-

tative explanation of the 15—17% expansion of the experimental curve compared to the Free-

man-Watson “spin-only” curve.
parison.

I. INTRODUCTION

The spherical magnetic form factor of a transi-
tion-metal ion is a measure of the charge-density
distribution of the unpaired electrons of the unfilled
3d shell, and as such is of great importance in the
study of physical properties of these ions. Halpern
and Johnson, ! in their theory of scattering of neu-
trons by these ions, derived an expression for the
magnetic form factor. Weiss and Freeman? calcu-
lated the effects of the nonspherical charge distribu-
tion of the 3d electrons in various crystalline fields
and thus made it possible to isolate the spherically

For FeO no good experimental data are yet available for com-

symmetric form factor. The assumption in both
these cases has been that the orbital magnetic mo-
ment is completely quenched by the crystalline
field, and its associated magnetic moment does not
contribute to neutron scattering.

However, an examination of the g factors of the
transition-metal ions in different salts shows that
there may be sizable residual orbital moments
present.® In Co** and Fe** this would be expected,
since the orbital degeneracy of the ground state is
not completely lifted by the cubic crystalline field.*
In Ni** the degeneracy is completely lifted, but the
spin-orbit coupling causes the admixture of a higher



