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INTRODUCTION

This report is the First Technical Summary Report under Contract
Nonr 225(78), which began on 1 May 1964, and it reports the period of
1 May through 31 July 196L4. At the present time there are 3
projects active under this contract:
1. Ultraviolet &xcitation of ruby
A. Nature of the excited states in ruby
B. Energy transfer between levels and between ions in ruby

2. Bnergy transfer between unlike ions in lanthanum flouride

The Responsible Investigator for this contract is A. L. Schawlow.

OBJECTIVE

The purpose of this investigation is to study methods of exciiling
£01id materials for visible, and poésdibly ultraviolet, maser actioun, znd

of energy transfer processes uetween energy levels and between ions.



I. ULTRAVIOLET EXCITATION OF RUBY

It is well known that, at low levels of excitation, the characteristic
R-line fluorescence can be excited by ultraviolet radiation. The quantum
effiziency for this process has been measured and found tc be high.l Thus,
it might appear that ultraviclet light, as provided by double-pulsed flash
Lamps,g would be sui‘able for pumping ruby lasers. If so, this would be
very useful, becsuse as lamp currents are increased to provide greater

brightness, the increase is most marked in the ultraviolet region.

A. NATURE OF THE EXCITED STATES IN RUBY
(C. K. Klauminzer, K. W. Moos, P. L. Scott)

One possibie difficulty in using ultraviolet light for laser pumping
is that, sas Maiman,3 F. Gires and G. Meyer have shown, when ruby is excited
vigorousiy encugh to produce apprecisble population in the 2E state,
trong new ultraviolet absorption bands appear. The obvious explanation
i1z that the new absorptions correspond to upwsrd transitions from the
metnstable 2E state to higher cstates of the Cr3+ ion. Thus, the new
absorptions should all occur at wavenumbers 14,400 cm-l less than known

sbrorptions from the ground state to the same upper levels. However,the

ebsorption bands based on the 2E level, as found by Gires and Mayer, do

lE. E. Bukke and Z. L. Morgenstern, Optics and Spectroscopy 1k, 362 (1963).

[

j. L. Emmett and R. W. Hellworth, Bull. Am. Phys. Soc., Series II 7J,
615 (itG.); J. L. Emmett and A. L. Schawlow, Appl. Phys. Lett. 2, CZob (1963).

35T. H. Maiman, Phys. Rev. Lett. &, 564 (1960); F. Gires and G. Mayer,
Ann. Radicelect. 18, 112 (1963).
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not look much like the absorption from the ground ‘*A,d level shifted
14,400 cmil to the red. Indeed, some strong bands appear to have no
counterpart in the ordinary absorption spectrum. Such consideraiions have
led Schultzh to suggest a radically different explanation of the bands.

He consicers the chromlum ions in the ground state and in the excited state
as two different species of ion, each modifying its surroundings in a
characteristic way.

Pespite the different appearance of the absorption spectra from the
i"AE and 2E levels, the original explanation of Gires and Mayer may be
correct. After all, the selection rules from these states could be,
indeed must be, different. In particular, transitions from hAQ to a1l
excited doublet states are spin forbidden and therefore wesk. Transitions
from 2E te excited doublet states, on the other hand, will be relatively
strong. Thus, the trmnsitdons from hAg to high doublet “ates which are
apparently missing migh® be found if a suffiziently long absurption path
is used, and indeed scome o thein are found. However, weak brcad bands
are easlly cbscured by overlapping stronger bands.

A good test of the alternative theories could come from the observation
of sharp-line absorption from the 2E level to higher sharp levels, such as
the three compenents of ETE . The wavenumbers of these transitions could be
measured with some accuracy. In this way, we could determine whether the
transiticns are exactly at the position given by the difference of distances
from the ground state.

This experiment is now in progress. A ruby cryrtal is excited by a

=i
fiash lamp, and is traversed by infrered radiation near 5500 e¢m =, corre-

hG. V. Schultz, Phys. Lettefs 8, 93 (1964).
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sponding to the *ransition EE —>2T2 . This radistion passes through s
Jarrel-Ash one meter high-resolution spectrometer which is equipped with
& reasonably fast infrared detectcr, There is a filter in the spectrometer
Lo block stray visible and near-infrared light from the flashlamp.

When the crystal is pumped by tie flashlamp to provide some pcpulation
or Cr3+ ions in tne 2E level, new sharp absorptions appear in the
expected region. Positions ard widths of these lines correspond closely to

2 )
those expected for the transition EA—»dT Widile this work is still in

2
progress, it appears tentatively that the upward excitation from the 2E
level can be understood for the most part in terms of the levels discovered

by ground-state absorption. BSciultz's explanation seems unnecessury, at

leasi for the lower excited leve.s,



B, ENERGY TRANSFER BETWEEN LEVELS AND HETWEEN ICNS IN RUBY
(J. L. Emmett, R. L. Greene, 5. A. Johnson, W. M. Yen)

The exlistence of the new ultraviolet absorption bands in ruby, which
appesr wher “he metastable 2E state 1s populated, presents two appurent
obstacles to the use Of ultraviolet light for pumping ruby. First, the
strong absorption makes 1t difficult for ~-me wavelengths of the ultravic.iet
light to penetrate to the interior of the laser rnd. Second, when uitra-
viclet ig absorbed 1n these new band:r, Cr3+ ions are excited upward out
of the dezired 2E state. Whether thege difficuliiaes areligeridus or not
must be investigated. Thus, when & chromiun ion is excited upward from
the EE state, 1t returns slmost instantanecusly. Moreover, it is quite
poscible that the ion excited in this way may use its excess energy to
excite g neighbvoring lon from *he ground state to the metastable state.

The strong sbsorpticn of the new bands will indeed prevent scme,
aithough not all, wavelengths of ultraviolet light from reacning the
center of the crystal once the 2E state 1s appreclably populated.

However, there may wel’ be some nonrsdiative spatial diffusion of excitstion
inward from the surface. There is very little knowledge of spatial
diffusicn rates, and we are planning experiments to investigate them.

The most direct test of the usefuiness of ultraviolet light will be
to try to pump & ruby laser with only ultraviolet light. A meterials
testing setup using a double-pulsed flashlamp to provide intense ultravioiet
light, snd with provision for filtering, 1s under construction. When
completed, it will be availsble for this program, ard will be used for

tests of ultraviolet excitation.



One =ituatlon where energy transfer surely occurs is between isolisted
chromium ions and ion palrs in ruby. This transfer rust be invoked to
account for the anomalously large fluorescence intensity from the ion
pairs.” It also mkes possible laser action at 7009 R and 7041 & from
ion pairs in dark ruby.

However, it has not been shown whether or not the energy transfer to
the paired ions occurs from isolated chromium ions in the 2E state. It

is possible that most of the transfer takes place from ions in the hT

L
and T2 states to whish they are initially pumped. Such & process is

sugrested by the faet that the R-lines {isolated ions) and N-lines {paired

1

ions) do not have exsactly the same radistive lifetime. However, selective
excitation experiments by Daly show that radiastion in the neighborhood of
the R-lires can excite the N-lines.

We plan to investigate the energy transfer between isolsted ions
in the 2E state and paired ions by suddenly exciting the isolated
~hromium lons with intense radiatio;n st the Rl wavelength. This will
be done by a Q-spoiied ruby luser. This laser, using a rotating prism
for Q-spoiling, is now operating. In the near future, it will be appliei
ir er attempt to excite the N-line flucrescence in a piece ¢f dark ruby.

, 2
Then the kinetics of energy transfer from the E state of isolated iong to

ion pairs will be studied.

DA. 1. Schawlow, D. L. Wood and A. M. Clogston, Phys. Rev. Lett. B
544 (1959); G. E. Devlin and A. L. Schawlow, Phys. Rev. Lett. 6, 96 (1961).
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II. ENERGY TRANSFER BETWEEN UNLIKE IONS IN LANTHANUM FLUORIDE
(W. C. Scott, W, M. Yen)

Recently, widths of emission and absorption lines of praescdymium
(P73+) ions in laFs have been 1nvestigated.6 It wvas found that in arn
isolated group of levels at low temperatures, the lowest showed only
strain broadening. The spectral line Joining nuch a level to the ground
state shows the Gaussian shape characteristic of strain broadening. In
& gocd crystal, such a line may be guite narrow, less than 1 emil in width,

levels spaced 10-500 cm‘l above such s level are usually broader
because these levels can relax to each other ard to the lowest of the

group. This relaxation can occur in times of the order of from ].O'll to

10-12 ~2¢, lending to line widths of the order of 1-10 cm-l . However,
the lowest level of the group has no other level into which it can empty,
and so 1s narrow.

This same sharp line has now been studied in crystals containirg
various amc.ats of neodymium (H43+) in addition to Prot . The neodymium
ion has a level only ~ 100 c:xrf1 below the lowest Pr3+ level of the group.
It is found that the sharp Pr3+ line broadens ard changes from a Gaussian
to a Lorentzian shape as the N63+ concentration is increasea.

This change in linewidth and character indicates hat the Nd3+ ion

provides a lower level t9 which the Pr3+ ion can relax, In the relaxation

process, the excess energy is delivered to the crystal lattice,

6W. M. Yen, W. C. Scott and A. L. Schawlow, Phys. Rev., tc be

published.



Previous theoretical studies of interionic energy transfer have
assumed that the ions havc the same energy levels, so that their transitions
are resonant. Thus energy is tranaferred from one to the other without
Orsidering ths lattice vibrations. We have considered the case where
there is a difference energy to be delivered to the lattice vibrations.

It 1e found that energy transfer rutes of the order of those observed can

be explained.
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