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ABSTRACT

Comparison of the free ion and crystal energy 4fN levels is
given for SmlIll, Holll, PrIV and ErIV. For the divalent spectra a
general depression of some 12,000 cm ! for the 5d crystal bands
relative to the free ion levels can also be seen. The relationships
for the trivalent ions are not yet very clear.

Spectrum lines of Ho3Jr in LaCl; show a wide range of sharpness;
for some, which require resolving powers in excess of 600, 000, de-
tailed hyperfine structure studies are being made.

The trichloride lattice vibronic sidebands associated with
Pr3+ and Nd3+ in NdCl3 have been studied in absorption. They show
that 1) vibronics of the same type are identical in frequency for the
two ions, 2) the number of vibronics is very much greater than the
number of vibrational modes.

In pure NdCl; and NdBrj crystals, line splittings of as little
_as .1 cm ! have been observed which can be attributed to nearest
and next-nearest neighbor antiferromagnetic and ferromagnetic inter-
actions between the Nd3+ ions.

Zeeman studies of GdCl3:Er3+ and :'I‘b?’+ were made both above
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{CODE)

and below the Curie temperature. The magnetic permeability at
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high temperatures and field strengths follows an expression

derivable from a molecular field model. Below 2.2° a spon-

re\]
< taneous splitting occurs due partly, but not entirely, to the
co . | |
— ) @ig magnetic dipole field in the ferromagnetic domain.
™~k %\E Trivalent rare earth spectra in CaF; are complicated by the
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N §§§§ presence of sites of different symmetry. By rotating the crystals
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in fields of up to 38,000 gauss and studying the variation of the Zeeman
spectra, it is possible to deduce site symmetries. Most of the rare
earths have been studied in type II CaF,, with spectral lines from

ions in tetragonal sites being most frequently observed.

When Eu2+ is placed in trivalent L.aCls, color centers can be
produced by uv radiation. The appearance of these color centers
coincides with the ionization of Eu2+ to Eu3+. Further, the color
centers show polarization with respect to the Cj; axis indicating a
site of high symmetry.

Crystal field parameters are given for Er3+ in GdCl1;3;, LacCl;,
LaBr;, YGaG, LuGaG, and YCl;.

Energy transfer from S to R and C to B have been studied in
LaC13:Nd3+. Phonon-induced relaxation rates have been determined
from measurements on the radiative and pair processes, C to B
transfer shows a strong temperature dependence.

The absorption spectra after flash excitation of transition
metal ions in crystals are being studied. Both absorption from
metastable excited states and other processes probably associated

with charge transfer phenomena are observed.
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Energy Commission; National Aeronautics and Space
Administration under Grant NsG 361; U. S. Army Research
Office, Durham; and the Air Force Office of Scientific
Research, Office of Aerospace Research, United States Air
Force, under AFOSR contract number AF 49 (638)-1497.
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I. INTRODUCTION

The following is a composite of the recent work of the Laboratory. Much
of it is that of students who began their problems under the guidance of G. H.
Dieke and received their degrees within the following year. Seven of these
concerned crystal spectra and the related free ion analyses; individual
credits will be indicated in appropriate places below. Greater details can

be found in the respective theses or subsequent publications.

Until recently, the highest resolution work except for special interfero-
metric problems was done on a 21-foot Paschen. This still is used for the
bulk of the crystal work, as the spectrum lines are not usually sharp enough
to require higher resolution, but there have been several situations where the
higher power of the new five-meter plane grating spectrograph has been needed.

Some examples are given below.

A plan drawing of the five-meter, two-mirror system is shown in
Figure 1. At the shortest wavelengths near 1200 4 (50th order) the spectral
coverage is complete, the span being also about 12004 for the equivalent first-
order wavelengths. The predisperser system consists of a concave mirror
and a small plane grating. A choice of grating spacings of 300, 600, 1200 or
3600 grooves/mm can be made, depending on the degree of separation of the
orders required. The vacuum ultraviolet region has been used mostly for the
free ion metal spark spectra, a portion of a typical photograph of which is
shown in Figure 2.! For longer wavelength studies narrow-band interference

filters are often used in place of the predisperser system.



II. COMPARISON OF CRYSTAL AND FREE ION ENERGY LEVELS

Transitions between the 4f  levels are not observable for the free ions and
these levels must therefore be found by combinations with configurations of op-
posite parity such as the 4£"1 5d. Some of these results for the divalent and
trivalent ions have recently become available, and comparisons with crystal
levels can now be made,

The compléte Stark manifolds for the 4f 2F levels of Ce3+ in CeClj have
recently been reported by Hellwege and Hiifner?. They find a separation between
the centers of gravity of 2215°'cm ?, to be compared with 2253 found by Lamg3 for

the free ion. This indicates a contraction of some 1.7 percent for the 4f spin-

orbit interaction.

The effect of the crystal field on the Slater parameters can be deduced
from the more complex configurations. The re‘cently reported results®’ ® for
I?r3+ are given in Table I. Only data for complete Stark manifolds are given
except the parenthetical ones where the position of a missing compdnent could be
estimated by a crystal field calculation. A contraction of several percent is

indicated for the Slater parameters.

Preliminary results for the Nd?'+ free ion® show a much smaller effect.
So far only the *I levels have been found, but they correspond to within .5 percent
of the crystal centers. A more detailed example is given in Table II! for Er3+,'
including the Stark component positions of several importént erbium;doped

crystals.

The divalent ion comparisons cannot be made in such a comprehensive way
because the strong low-lying 4771 59 absorption bands mask many of the 4f" levels.
The most detailed case is for Sm2+, shown in Table III.” The 'F levels are also
given for the 4% 6s® configuration of neutral Sm to show the remarkably small
difference in their spin-orbit coupling. This was very useful in the search for

the Sm2+ levels,
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Some Holll levels are also known, & but the 4115/2 - 4113/2 separation
in CaF; (~5100 cm ') is the only divalent crystal information available’; itis

5438 c¢cm ! in the free ion.

The 4fn-1 bands are so broad in crystals that it is not easy to make the
correlation with the free ion levels. E. Loh!® has measured the absorption in
the ultraviolet of CaF, doped with trivalent rare earths and finds relatively
narrow bands for Ce3+ and Pr?’+ at 32,500 and 45, 600 cm ! respectively.

The corresponding lowest free ion levels are at 49,7373 and 61}1714’5 giving a
shift of about 16,000 cm !. The right side elements present more of a problem.
The lowest absorption band for Er3+ reported by Loh is at 64,200 cm !; the
lowest free ion level is actually lower: 52481 cm !, However, this is a

sextet and transitions to the ground state 1 are not observed. The lowest

15/2

levels from which transitions of consequence occur begin at 68352 cm !

, only

about 4150 cm ! higher than the GaIF; position.

If one keeps the rule that the spin selection rule is obeyed, the results
for the divalent ions, however, are reasonably consistent, as shown in

Table IV. (All energies are in cm ')

TABLE IV

Comparison of Divalent Crystal 5d Bands with Free Ion Levels

Free Ion
2+ 9 .
R Crystal Permitted Lowest
Ce -- _ 3277 32774
Pr 3000 12847 1284742
Sm 14100 27886 269907
Ho 10800 25699 180338
Yb 28000 39721 3338613

The average difference between columns 2 and 3 is about 12000 cm !,




III. HIGH RESOLUTION CRYSTAL STUDIES

Ho in LaCl, Some of the sharpest lines yet observed have been in .1 percent

+ . .
Ho® in LaCls, but in the same crystal some extremely broad ones also occur, as

314

shown in Figure . Tests on the five-meter spectrograph with a mercury dis-

charge indicate a resolving power in the blue of about 600, 000, or .04 cm™?,
Figure 4 (top curve) shows a densitometer trace of the hyperfine structure of the
J, line, which is at least as sharp as the instrument can resolve. A similar test
on the D; line in the red, where the resolution is closer to the theoretical limit

of .024 cm' !, shows an estimated half width of .03 cm !,

Two of the hyperfine components of the J; line show an unsymmetric
broadening at zero magnetic field which Dieke took as an indication of the presence
of the hitherto missing M = 0 line to which he gave the label Jo'. If a magnetic
field is applied, this coincidence no longer occurs and all lines become equally
sharp, However, at a field of 11600 gauss, the pattern becomes complicated
again, as shown in the lower curve of Figure 4. As other spei:,trum lines remain
sharp at this field, this cannot be an effect of the ground state, but must be that

excited
of an interference in the A levels. This has not yet been cleared up.

Line Broadening in R. E. /La Mixtures.  When a rare earth is mixed into a LaCl;

lattice in very low concentrations, the spectrum lines are generally sharp, but as
the concentration is increased, the constitution of the surrounding ions becomés
statistically uncertain, and as the ion sizes differ, the resulting crystal pertur-
bation will vary. This will be greatest at about 50 percent concentration.

Figure 5 shows such a line of Nd3+.l6 For 100 percent NdACl; the lines again are
sharp, but other effects appear (see below). Figure 6 shows the concentration
dependence of the Pr3+ spectrum in mixtures with LaCl;., Careful high resolution
studies of line width show that the lines have a Gaussian shape rather than
Lorentzian and E, S. Dorman has developed a statistical theory which can -
account for this.!” The pure PrCl; crystals also show extensive pair spectra. 18
Transition probabilities have also been determined by numerical integration of

high resolution photoelectric absorption curves. " ~

11



Vibronic Side Bands Figure 6 also shows the development of an extensive series

of more or less diffuse lines as the concentration is increased. A similar effect
is seen for pure NdCl; in Figure 7. These vibronic side bands which accompany
the strong electronic rare earth spectral lines give information on the phonon
frequencies of the crystal and their interactions with different electronic lcvels
of the rare earth ion. Because of the relatively high symmetry of the LaCl; type
lattices (p63/m) and the low number of atoms per unit cell (8), this is a particu-
larly attractive system to study. 19°20 1 trichloride lattices it is found that

+ + ' .
Nd*" and Pr? give relatively strong vibronics.

The system chosen for discussion here is 1 percent Pr3+ in NdCl;, wherein
it is possible to compare impurity vibronic frequencies with those of the main
2 2
constituent. The transitions from 19/2 p+ +5/2) to Pl/Z' DS/Z and P3/2
of Na* and *Hy (ut 2) to 3P0 and ’P; of Pr?’ were studied in absorption at 4.2 °k

. using magnetic fields up to 30, 000 gauss. The vibronic spectrum is polarized

and shows the same Zeeman splitting as the main line, The lines are quite narrow
ranging from 1 to 10 cm ', Figure 7 shows the 419/2 (p= 1t 5/2) to zPl/2 transition
of NdCl;. ‘

Of the vibronic lines which are common to both Nd3+ and Pr3+, there are
no observable shifts in the vibronic frequencies to within + 1 cm™ !, indicating
both the Nd3+ and Pr3+ ions are pérturbed by phonons of the same frequency.
Table V shows the phonon frequencies obtained from the vibronics accompanying
the electronic transition 19/2 (W= 15/2) to Pl/Z of NdC13 and H4 (p +2) to .

3Py of 1 percent Pr*’ in NdC1;.%' Al measurements are at zero magnetic field

and have an accuracy of better than one cm 1, .

The frequencies of the observed Raman active phonons are also given.?!

The number of frequencies listed is much larger than that predicted by assuming
interaction only with k=0 phonons (16). Both multiphonon processes and other
points of high symmetry in the Brillonin zone must be considered in a further
analysis. The agreerhent of the phonon frequency of many of the Pr3+ and Ncl3+
vibronics gives a basis for using a single ion analysis for Nd3+. Using this ap-
proximation, the polarization selection rulés; for Nd3+~,were derived and are being

used for analyzing the spectra. y
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TABLE V

Phonon frequencies for Pr:‘l+ and Nd:"+ in NdClj3*

Na** pr¥’
Raman
viem™) 71 ¢ T o Spectrum

.6 x
.2 x
.5 x
.4 X
.5 x x
.5 x
.6 x
.2 X
.4 x X
.4 X x 104
.5 x x
.4 X
7 x
.4 x X
.5 X X X X
A | x
.5 X x
.0 X
.6 X
.6 Xx X
.3 b 4
.5 X X x
.2 X X x
.8 x
.3 x x
.3 X X x
.8 X
.6 x 183
.5 X '
.5 X x 191
.1 X
.8 X
.1 X X
.3 x
.4 X X
T X
.3 b
.1 b3 x 217
.3 x 224
.2 x
T x
.5 x X

N

* Observation of a transition is indicated by an x. Bracketed frequencies may
be the same, ' ,



Exchange Effects in NdCl; and NdBr3; The absorption spectra of single-crystal

samples of pure NdCl3; and NdBrj; have been obtained at low temperatures

(4. 2° to 1. ZOK) under high resolution in the region from 27004 to 1 p for
NdCl; and in the region 3000 A to 7000& for NdBrs?>. Aside from small
shifts in the Stark multiplets of the order of 20 cm™' (see Figure 8) the
principal difference from the spectrum of 1 percent NdCl3/LaCl; is that each
line is accompanied by two symmetrically placed satellites of comparable
intensity, one on either side of the main line. Zeeman studies were made of
the lines in fields up to 36 kilogauss, applied both parallel (see Figure 9)
and perpendicular to the axis which joins the nearest-neighbor Nd3+ within the
sample. The sources of these additional lines are interactions coupling
neighboring Na** ions. Only a small part of this coupling is attributable to
known, calculable interactions between the ions -- electric dipole, magnetic
dipole, and electric quadrupole. A satisfactory interpretation of the spectra
can be obtained by assuming an additional coupling between Nd3+ neighbors

i and j of the form 75 i = 9 ij Szi Szj where Sz is the z component of

fictitious spin 1/2. This coupling is assumed to be due to electron exchange.

The sign and magnitude of the nearest-neighbor coupling has been ob-
tained for the ground and five excited states in NdCl3; and for the ground and
two excited states in NdBrs;. The sign and magnitude of the next-nearest-
neighbor coupling has also been obtained for the ground and two excited states
in NdBr; (see Table VI). Column AO’ andAn give the measured splittings of the
spectrum lines in0 and 7 polarizations respectively. These are sums or
differences of the corresponding upper and lower state energy splittings,
depending on the particular situation. These have been resolved into respec-
tive energy splittings AE and AE(Z;) for the upper and lower states respec-
tively. Corrections for the magnetic dipole contributions have been applied;
the last column gives the residue, which is attributed to the exchange energy

of near-neighbor neodymium ions.

14
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The dominant coupling between ground state ions in both crystals is an
antiferromagnetic one between the near neighbors, which lie in a chain along
the optic axis. The next-near-neighbors lie in neighboring chains and are
ferromagnetically coupled, but at low temperatures a given ion will be
surrounded by equal numbers of positive and negative spins. J. S. Marsh
has shown how to apply Ising-chain statistics to such a case with reasonable

SUCCGSSZ4.

Ferromagnetic GdCl; Pure GdCl; is ferromagnetic below 2. 2°K. Above this

temperature there is no magnetic ordering, but the inter-ionic interaction is
strong enough to cause a broadening of the line due to the individual sites being
no longer magnetically equivalent. If a strong enough magnetic field is applied,
however, the ground state spins are forced into alignment. Absorption lines
from the lowest magnetic state (M = -7/2) now are again sharp, as is shown

in Figure 10?', The extra line which appears in the highest field is due to a
forbidden transition which becomes mixed with a permitted one due to a

crystal Paschen-Bach effect.

Crystals of GdCl; with 1 percent Er and Tb have been studied above and
below the Curie temperature (2. ZOK) at fields of up to 36 kilogauss in order to
measure the internal magnetic fields for various conditions®, = At higher-
temperatures, the line splitting is consistent with a permeability and

magnetization given by the expressions

=i
]

l+47M /H
Z Z

M

g = -1925B, L(Hz +16.21 M )Bg /kT]

for magnetic fields parallel to the crystal axis. B7/2 (x) is the Brillouin

function

B7/Z (x) = 4 coth (4x) - 1/2 coth (x/2)



B the Bohr magneton, and g the spectroscopic splitting factor. For large

enough perpendicular fields Hx the magnetization is approximated by
- i ¥
M_=.1925 13_,/.2 | Bg H_ / kT |

Below the Curie temperature a spontaneous splitting is observed with
no applied field. At applied fields above the saturation point for Mz a linear
differential splitting is observed. The resulting splitting factors are not
entirely consistent with the higher temperature values and may contain a

contribution due to Er - Gd exchange.

Zeeman Studies for Nonequivalent Sites In some crystals such as the garnets,

there are ion sites which are equivalent insofar as the crystal field is con-
cerned but when a magnetic field is applied, it does not have the same relation
to all ions. Thus, several Zeeman patterns are observed simultaneously. If
the field is chosen parallel to a local axis of symmetry for one ion, it will in
general not be right for others, but a few selected directions can be found so
that the individual splitting factors can be interpreted. This situation was
encountered first in paramagnetic resonance experiments?‘b, but can also be
used to give information on excited states. Figure 11 illustrates the results
for absorption to the lowest component of the zF5/2 manifold of vb3* in YAG.
The resulting splitting factors as well as other levels derived from absorption

and fluorescence experiments are given in Table VIL.

i8
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Charge Compensation of Rare Earth Ions The spectra of trivalent rare earth

ions in alkaline earth fluorides is complicated by the fact that the trivalent ion
replaces a M2+ -ion. The charge compensation defects introduced influence

the local environment of some of the rare earth ions, modifying the site sym-
metry. In type II CaF, (grown in an excess of fluorine), the predominate site
symmetries are cubic, tetragonal and trigonal. Electron paramagnetic resonance
measurements on type II Can:Er3+ indicate a relative abundance of 15:20:1,
respectively., The tetragonal site is thought to be due to an interstitial F_ along

a< 100> direction.

The spectra due to all of their sites are superimposed, so that it is not
possible to say without further investigation which spectral line arises from
which site. (This, of course, must be decided before any further analysis can
.be made). Also, due to the existence of equivalent but magnetically distinguishable

sites, there is no zero field polarization to aid in the interpretation of the spectra.

The problem of paramagnetic trivalent rare earth ions in nonequivalent
sites has been studied by means of epr techniques. From the variation of the
splitting factor as the magnetic field is rotated about a given axis, it is possible
to deduce the site symmetry of the ion. C. W. Rector, using the 21-foot Paschen
magnetic fields up to 38, 000 gauss, has been able to develop a similar technique

271'28  The crystals are rotated and the Zeeman spectra

for the optical spectra.
photographed every 5°. A composite. is then assembled showing the variation
with rotational angle of the Zeeman effect. Figure 12 shows a tra;:ing of such a
composite for type II Can:Nd3+. The right hand side is due to a tetragonal site -
with an axis along the [100 ]dire‘ction; the left hand side is due to a trigonal site
with a [ 111 J direction axis. The angular variations are quite different. Note
particularly the 70° - _110o split of the turning points in the trigonal case com-
pared with the 90° - 9’0°.sp1it in the tetragonal case. Also, note the 70° - 110°
split of the tetragonal coalescence points. Using selection rules and the rota-
tional patterns, it is possible to assign representations to the levels, At

+ + + + oo 3t st N
present, Pr®’, Na¥, Tp®', Dy?, Ho®", Er" and Tm® have been studied in

20



varying degrees. Most of the lines studied in type II CaF; indicate tetragonal
sites. It is interesting to note that non-Kramers salts can also be studied.
At sufﬁcientlé( large magnetic fields, a crystal Paschen-Bach effect occurs,
decoupling certain pairs of levels from the component of the crystal field
splitting them. These pseudo-Kramers' doublets then show a rotational
variation much like that of a Kramers' doublet. Because of the high J

+
value, such effects are particularly striking in Ho’', as shown in Figure 13.

. + .
A related problem is that of putting a divalent ion, Eu®’, ina

trivalent lattice, LaCl;¥. Although broad bands corresponding to transitions.

to the d levels are observed, no sharp lines appear. Rotational epr studies
indicate hexagonal symmetry. When the crystals are exposed to ultraviolet
light, darkening due to color centers appears. The color centers can be
produced at room or lower temperatures by a source such as a mercury pen
lamp and removed by mild heating. The color centers are clearly connected
with the presence of Eu2+ since they do not appear in other doped LaCl;
crystals. Plates taken on the 21-foot Paschen show the appearance of the
7Fo to 5D2, p= 2, absorption line of Eu3+ as the crystal becomes more
colored, indicating a relationship between the ionization of Eu?‘j and the

production of the color centers (Figure 14).

Four absorption bands have been measured, two‘inﬂ and two inG
polarization with respect to the optic axis of the crystal (Figure 15). The
several bands keep a constant ratio as the crystal is bleached indicating a
single type of center. Further, the polarization of the bands with respect

to the Cj3 axis indicates an unusual symmetry for the electron trap.

21
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IV. CRYSTAL FIELD CALCULATIONS

Erbium-Doped Crystals Crystal field calculations have been made for several

of the Er’’ crystals for which the energy levels are given in Table II. These
are given in Table VIII. The LaClj; values are similar to those found by Dieke
and Varsanyi3°, except that J-mixing has been taken into account. The two
sets of garnet parameters also include J-mixing effects. A comparison of

the computed and experimental levels for YGaG case is given in Figure 16.
The parameter adjustment was made using the Z and Y groups only; the A
group correlations are independent. Experimental data also exists for the
YAG and LuA garnets but so far the agreement is not nearly so good. Further

details can be found in Dieke's monograph31.

Figure 17 shows some results of Rakestraw' s*%, in which a crystal
field of very low symmetry, in this case C,, can accidently be approximated
by a field of much higher symmetry, the octahedral field parameters for which

are given in the last column of Table VIII.

TABLE VIII

Crystal Field Parameters for Er3+

K Q GdCl; LaCl; LaBr; YGaG LuGaG YCl;
2 0 112 96 117 -.;4 . 32

2 2 89 58

4 0 -45.,5 -34.9 -39.6 -238 -245 175

4 2 ' 255 175

4 4 920 948 +875

6 0 -25.0 -25.6 -19.2 33.0 338 10.4
6 2 58 -83

6 4 645 664 -218.4
6 6 246 249 212 =70 -48
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V. MULTIPHONON PROCESSES IN LaCl3:Nd3+

Previous studies **’3* have shown that there is a definite relationship
between the energy differences to the next lowest level and the fluorescence
efficiency of rare earth energy levels. In LaCl;, fluorescence is not expected
from levels lying less than 1000 cm ! above another. However, previous
studies have not delineated the competing quenching effects of ion pair processes
and multiphonon emission. It has been shown by relative filuorescence intensity
measurements on 3.5 percent LaC13:Ho3+ that ion pair relaxation rates are on

351 36

the order of radiative rates . In the case of E to C the range is 7.5 k.

Lifetime and quantum efficiency studies have been conducted on the levels
immediately above the 4F3/2 level of Ncl3+ in LaCl3¥. These levels are of
interest since they may decay by nonradiative transitions involving energy trans-
fers of from 800 cm ® to 1300 cm !. The lifetime measurements used both

stroboscopic techniques“’ ® and a P.A.R. model T.D.H. -9 waveform eductor.

The lifetime of S was found to be very short, with a nonradiative quantum
efficiency to R of typically 80 percent, depending on concentration and tempera-
ture. At low temperatures there are no Nd3+ ion pair processes possible for
the transition from S to R and it is atiributed to multiple phonon emission.

This transition rate is 4.7 x 10% sec. at 4. ZQK and is independent of concentra-
tion. At high concentration, the lifetime of S decreases by a pair procesé in-

volving W, for which a near resonance exists.

The lifetime of C shows a slight concentration dependence which becomes
negligible at low concentrations. The lowest concentration sample of .1 percent
LaCl3:Nd3+ was grown from 99.999 percent pure LaCls. The transition rate
from C to B is 2.2 x 10° sec. "1 at 4;20K and is strongly temperature dependent

as shown in Table IX.

t is to be noted that at 4.2 K the S~ R transition rate is appreciably
greater than the C—~ B rate. This may be due either to the larger energy gap
for the C—= B process (1150 cm ' as compared to 1060 cm-v’) or to the fact

1
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that the C -+ B transition involves a spin change,

TABLE IX

Relaxation rate from C to B in a .1 percent LaCl;:Nd’+ as a function of temperature.

Temperature Rate

4,02°K | | 2.20 x 10° sec. !
17 ‘_ | 1.65 x 10°

195 6.05 x 10°

300 .18.3 x 10°

VI. EXCITED STATE ABSORPTION SPECTROSCOPY

The broad absorption bands of the transition metal ions in solids are
usually observable only if the spin is the same as the ground state. However,

several of the ions have metastable states with spins different from that of the

ground state. If the ion is pumped into this state by an intense flash lamp,

absorption from the metastable state to bands not detectable from the ground
state can be measured.” In addition, bands due to charge transfer processes in

which the ionization state is changed could also be detected.

The absorption coefficient is measured by means of a pulsed xenon short
arc lamp in which the light intensity is increased by 102 for several microseconds.
This probe light is detected by a gated photomultiplier, the total charge being
stored on a capacitor and read by an electrometer. Recently, using selected

lamps, it has been possible to obtain repeatability of better than + .25 percent.

Figure 18 shows the absorption band of Al; O3t cr®* at 3840 lin7 polari-

40 41
4

does not show such a variation, although taken with an apparatus of lower

zation, designated S , at three 'tempera.tures.‘z The other polarization

repeat’ab'ility than that described above, the variation with temperature is con-

sidered significant. ‘



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6,

Figure 7,

Figure 8.

Figure 9.

Figure 10.

FIGURE CAPTIONS

Five-meter spectrograph with plane grating predisperser in a

typical setup for metal spark spectra.

Free ion spark spectra of erbium at various peak currents, taken
on 5-meter plane grating spectrograph in 26th to 33rd order.

Equivalent first order wavelengths are indicated below.

+
Different types of Ho® absorption lines. (1-.4) sharp D;' line,
and D;, Ds and J; hyperfine lines, all on 5-meter; (5-10) J3,
Js', Jg, Jg» I, and Ig, all on Paschen,

Densitometer traces of hyperfine structure of 4180 A Ho3+ J; line
in LaCl;. Top: zero field; bottom: short wavelength set of

Zeeman components with 11, 600 gauss field.

+
Effect on concentration on line width of Nd* C group in Nd/La

mixtures.

Effect of concentration on Pr3+ 4883 } 3Po absorption line for

Pr/La mixtures. The concentrations are, from top to bottom,

0.25¢, 24 154, 504, 854, and 100 %,

The 4i9/2 (pu=+ 5/2) to ZPI/Z transition of NdClj3 and its Zeeman
effect. The electronic line at the right is highly over-absorbed.

Some of the strong phonon lines are also over-absorbed.

C Group of Nd3+ in LaCl; and pure Nd crysté.ls. The triple

structure is due to Nd-ion exchange interactions.

Parallel Zeeman splitting of I, () in NdBrs. Bath temperature is
1.5°K. Region shown is centered at )\vac = 42414 andis 5}

(30 cm™?) wide.

Parallel Zeeman effect of Gd3+ A group near 31 154 in pure GdCl;
at 4.2°K (1 polarization).

25



Figure

11,

Figure 12.

Figure 14,

Figure

Figure

Figure

Figure

15,

16.

17.

18.

+
Zeeman effect of 96831 Yb®" line in yttrium aluminum garnet

showing superimposed patterns from magnetically inequivalent sites.

Composite showing the variation of Zeeman absorption spectra of
+
type II CaF;:Nd*" for rotation about the [ 110] axis. The tempera-

ture is near 4.Z°K.

Absorption spectrum of a LaC13:Eu2+ crystal at 4650 } ing polari-
zation.

a. No prior irradiation, 77°K.

. . N . o
b. 5-minute irradiation prior to exposure at 77 K.

c. 120-minute irradiation prior to exposure at 77°K.
d. Crystal deeply colored prior to exposure at 4. 2°K.
e. LaClj crystal grown to contain predominantly Eu3+.

Exposure at 4. 2°K.

+
Absorption spectra at 77°K in LaCl;:Eu? crystals. Color centers

induced by ultraviolet radiation.

Observed and calculated Stark shifts of three lowest groups of
Er3+ in yttrium gallium garnet.
Observed and calculated Stark shifts of four lowest groups of Er3+ in

anhydrous yttrium chloride (octahedral approximation).

The 2E - szg absorption band at 3840 4 iny polarization as a

function of temperature.
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Figure 9. Parallel Zeeman sglitting of I; () in NdBr;. Bath
temperature is 1.5 K. Region shown is centered
at N\yac = 4241} and is 5% (30 cm™ ') wide.
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