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We have completed the design of an experimental system for time—reno~ve’d

studies of alkali—noble—gas excimer molecules. The aim of this work is to

determine the dominant formation and destruction mechanisms of the higher

excited states of these interesting and potentially useful molecules.

A new region of infrared absorption has been found for saturated alkal i

vapors. The absorption shows the analog of the ultraviolet emission ‘ontinuur
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of the H molecule. In addition ev idence is found for alkali trimers absorbing
in the infrared .

Preliminary studies of the spin relaxation rates of sod ium in xenon gas
have been completed . The aim of these studies is to develop an efficient way
to polarize the nucleus of Xe’29, a very slowly relaxing species which would
be of great interest as a component of nuclear magnetic resonance gyroscopes.

We have discovered a novt’l spatially propagating wavef rent which is ge-
nerated by laser pumping of an optically thick medium to a state 0 complete
transparency. The wavefront velocity v is related to the number of photons n
absorbed per atom by v - 10(N5)—l , where l~ is the photon flux and N is the
atomic number density.

The design of an experiment to measure the magnetic circular dichroism
of saturated alkali vapors has been completed . The results of this experiment
will be used to assign quantum numbers to several prominent but poorly under-
stood absorption bands in the visible and near ultraviolet region o the
spectrum.

We have completed the preliminary design of an experiment to measure the
hvperfine structure of the unusually long-lived SD state of the cesium atom .
Because of the very narrow natural width of this state, exceptionally high re-
solution is possible. We hope to use the results of these measurements to
make the first precise determination of the nuclear quadrupole moment of the
ce-slum nucleus.

Optica l pumping of Ca vapor using second reaonance—Dj light at 4593
has been achieved . The percent spin—polarization appears to saturate with
dye laser power at levels much lower than 1002 and to decrease with Cs tem-
perature. This saturation of polarization is somewhat reduced by the addi-
tion of N2 gas, hut persists even at a N2 pressure of 200 torr fot which no
rad iation trapping is possible. It appears that spin—exchange between Cs
atoms is the mechanism limiting spin polarization at high (slO~3 cm 3) Cs
densities. Theoretical csl.culattons of the spin polarization , taking into
account spin—exchange, were carried out and are in qualitative agreement with
the experiment.

Intermode energy transfer processes have been investigated in COF~ , OCS
CH3COP and S02/1802. Rates and cross sections for individual kinetic steps
due to collisions have been obtained .

Preliminary measurements of vibrational temperatures have been made in
COP2 which ind icate that vi and V2 modes can be made very hot. Multiphoton
dissoc iation of COF2 using a CO2 laser has been observed to produce F atoms .

We have continued our investigation of coherent transient effects in
gas... We hive made the unprecedented f inding that an echo can be generated
from the information stored in a sinu, atomic state. This enables echoes to
be used to study th. effec t of collisions on atoms in one state. An echo de-
tection technique which utilizes the relative polarizations of the excitation
pulses and the echo has been developed which makes echo effects much easier
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~I ock .‘i) cent tnued — Abstract

to ohserve . Finally the tn -level echo technique (which we recen t ly  dc-
veloped~ ha~ been used t o  perform the first comprehensive study ot eel-
i t s  t onal  ~ - udticed relaxation of high Rydheng S and P states in an
a lka l i  atom .

Two new v developed n it rogen pumped dvi lasers are used to generate
• phototi  ec hoe s I n  LaF 1:rr -~~ at pulse separations as large as 8.0 ~tsec .

D at I ana ly sis yields e~ c t te d  s t a t e  nuclear  quadrupole s p l it t i n g s of 0 . 7 1
• 1 .‘ Mt !? . 1 nl otncigcne ’ou s t~ oaden ings associated w i t h  the sc sp l i t  —

t. ings are f - ‘ 1 a e ~ ‘ lead t o  echo mu ’d u lat  ion damping . ~e have also ob-
served an UflUS(I, I  1 dependenc e ot homogeneous r e laxa t ion  on de tun ing  in the
tnhomogeneeu s prof tie as well as l ong—I ived s t imu la t ed  photon cchoe’s.

A h e t e t - ’dvut co r r e l a t ion  radiomet er  for  the sens i t ive  detect ion of
u l d i a t i n g  s~ cetos wh o s e’ Doppler s h i f t  is known, bu t whose pr esence we wish
to :~~t tm has been considered . Such r ad i a t i on  (which may he act ive l~ in—
duccd~ can arh ;e , f o r  ex ampl e , f rom remote molecular  emi t t e r s , impuriti es
and pollutants , t race mi ne r al s , chemical agents , or a general m u l t  l i m e
s o ur c e .  -\ r a d l a t  lug sample of the species to he det t ’c ted is p h y s i c a l l y
made a part ot the laboratory receiver , and serves as a kind of f r e q u e n c y -
domain t empla t e  w i t h  which the remote radiation is correlated , after
hete rodync d e t e c ti o n .  The sy stem is expec ted to be especially usefu l  t o r
t he de tec tion  of sou rces whose radia ted ener gy is di~ t r ihu tod  ever a
large number of l ines , wi th  frequencies that  are not necessar i ly  known .
We have also considered the performance of a conventional op t i ca l  h etero—
dyne system in est imating the mean i n t e n s ity  of a Gaussian rand om signal ,
and shown that it depends on the degeneracy parameter ct  the signal radia—
t t e ’fl.

A s ingle—threshold processor has been derived for  a wide class of
c lass ical  b ina ry decision problems involving the l ike l ihood—rat io  detec-
t ion of a si gnal embedded in ~rnisc . The class of problems we considered
encompasses the case of m u l t i ple independent (bu t not necessarily ident i -
cal ly d 1stn (b u te d ~ obse rva t i ons  of a nonnegative (nonpo sit ive~ s ignal ,
~~bedded in ad d i t ive , independen t , and nonin ter fe r ing  noise , whe re the
range of the signa l and noise is discrete. We have shown that a compari-
son of the sum of the observations with a unique threshold comprises
optimum processing , if a weak condi t ion  on the noise is satisfied , ind e-
pendent ot the signal. Examples of noise densities that sa ti sty and vi ol I t e
our condition were’ tabulated . The results were applied to a generallze’d
photocounting optical  cosinunication system , and it was shown tha t most
components of the system could be incorporated into our model .  We also
obtained exac t photocounting d i s t r ibu t ions for  a pulse of li ght whose
In t en s i t y  is exponentially decaying in time, when the u n d e r l y i n g  photon
statistics are Poisson . It was assumed that the start ing time for the

1’ sampling interval (which is of arbitrary duration) is uniformly distni-
buted . The probability of registering n counts in the fixed t ime I was
shown to be given In terms of the innomple ’ e gatmi~a funct ton I or n .~ I •ifleI

in terms of the exponential integral t ot  n • 0 .  Si mp le results ut ot
Interest In certain studies Involving spontaneou s emission , tad t at ton
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Block ~O ce nt  inued — Abst rac t

da mage in -~o1ids , and nuclear counting.

S ta hl . - , t l i~’rmaiIv re—cyc lable Niobium point—contac t Josephson junc—
tion-e havc ~‘e’t n  t ! - ~r i cate d  which  are sui table  for  operation in heterodyne
dc t~~~ ors ( ‘u \~~r c )  at  m i l l i m e t e r  wavelengths . A Josephson m ixe r  at 115
CH z S nin—\) has  demonstra ted an e f f i c i ency  more than an order of mag—
n i t n ~~ gt~’a tcv  han the  best room temperature detectors.  A complete re—
cei ver I s -ow b e ing  const ruc ted .

~o u n t e ’rstand the noise propert ies  of a Josephson mixer have
led to a dig ital ompute’r simulation which agrees well with measurements F-
at 11.5 GUs.

•\ f undamenta l  asymmetry between the tunneling probabilities for
electrons and h oles  has been observed in u lt r a t hin  Si02 layers (20— 30 A)
which is explained ir terms of the E—K dispersion relation in the energy

— 

~~~ ot the  S(~~ . These probabilities have been measur ed on the same MOS
samp les using a new experimental techn iqu e combining dark c h a r a c t e r i s t i c s
w i t h  measur ements  of photocurrent suppression by the Si02 layer .

A general theory Is presented to describe the carrier transport
across heterojunction interfaces. In matching the boundary conditions
i t  the interface , the conservation of total energy and per pendicular
momentum is assumed and the difference of effective masses on two sides
of the junction is taken into account. The quantum mechanical transinis—
sion cccl f i c i en t  is calculated by a combined numerical and WKB method .
Application o{ the present model to an AlxGai_xAsGaAs N—n heterojunction
is performed and it gives rise to rec t i f y ing character is t ics  togethe r
with non—saturated reverse current. Comparison with the classical th e n—
mionic emission model is made to show the significance of tunneling and
the e f f ect  of qua ntum mechanical r e f l ec t ion .

An exper imental study has been made of the electronic properties of
r ec t i fy ing  metal — G e (n—type )  contacts for a range of metals (Au, Cu , Ag,
Pb and N i )  and the i r  optoelectronic character is t ics  under monochromatic
illumination for \ • 0.6328 ~im . For each me ta l ,  very nearly ideal 1-V
characteristics were obtained with n values from the exponential forward
bias region of 1.02 to 1.08 and excellent reverse saturation at 300ol~.
The dependence of photoresponse on thickness of various metal electrodes
(from so A to more than 1000 A) was observed . 4~~’s found from I—V and
C-V measurements are in close agreement within ± 0.03 eV. The dependence
of quantum efficiency (Q.E.) upon metal thickness was measured for all
meta’s and these rest~1ts exhibit the expected decline in Q.F. with ci ‘

~

100 A. For d < 100 A , Q .F .. can go as high as 75Z at )c — 6325 A.

p
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Alkali vapors
Heat pipe
Activation energy
Absorption coefficient
Electronic potential surface
Loosely bound trimers
Optical pumping wavefronts
Optically thick media
Propagation velocity
Photon absorption rate
Spin exchange
Spin relaxation
Magnetic circular dichroiem
Coupling schemes

~
- Radiofrequency spectroscopy

Optical pump ing
Cs
Second resonance
Polarization saturation
N2 quenching
Bottleneck
COF2
OCS
S02 I:
1802 j
Multiphoton
Energy transfer
Relaxation
Collisions
Infrared
Laser
Rydberg states
Two—photon echo
Raman echo
Tn —level echo
Stimulated photon echo
Collisional relaxation
Velocity—changing collisions
Total elastic scattering cross s.ction atom—atom
Echo modulation damping
Secondorder hyperfine interaction
Heterodyne correlation radiometry
Optical radar
Optical heterodyne detection
Infrared radar
Photon counting
Optical communications
Likelihood—ratio detection
Spontaneous emission
Josephson—junctions
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Block 19 continued — Key Words

Millimeter—wave
Detectors
Superconducting
Tunneling
MOS dev ices
lJltrathin S102 layers
Semiconductor interfaces
Heterojunctions
Transport properties
Thermionic emission
Diffusion
Optoelectronics
Schottky barriers
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Quantum detectors
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1 . RFL-\NATION AND ENERGY TRA NSFER IN ALKALI METALS

A. IP~K—RFSOLVl’l) PFCTR )SCOI’Y OF ALKALI—NOBLE GAS EXCIMERS*

(W. 1I
~1T’ ’ , N. ~. Hhaskar , A. Vasilakis)

The l i f e t im e s  o~ the a l k a l i - n o b l e  ga s molecules are of great interest.

These - x & - l~~i t ’ t -  no I o~~t i l  t~~ . ne pot out Ia 1 ~~~ candidates. 
(~~ ~~ Life-

t ime n.’asu rement s woil Id a l so  !s- a (-heck on existing potential curves for the

a l k a l i — n o b l e  gas pairs. t
~~ In our first attempts to measure these lifetimes

we cncountCre~! various L i l t  11 , -u l t i o s  which required us to modify  our system.

We began a series ol Improvements on our system , which we hoped would improve

our accuracy and quicken d .ita accumulation .

The apparatus  c on s i s t s  of a tunable dye laser pumped by a nitrogen laser .

The laser pulses are passed through a filter and focused on a heated cell con—

tam ing an alkali and a noble gas. Fluorescence is then focused into a 3/4

meter SPEX monochromator after passing through a filter and is detec ted by a

suitable photomulttplie r having a fast ni ’;etlm e (1.2 na RCA C31O24A). The

signal Is then put int o a sampling oscilloscope which is triggered by part

of the dye laser pulse going to  a photod lode (r iset ime < .5 ns). Finally , the

oscilloscope is connected to a PDP8/E minicomputer operating as a signal avera—

ger . The data fo r  the laser pu l se  and for  the f luorescent decay are then put

In to  a computer w h i c h  deconvolutes the l i f e t i m e  from the ins t rumenta l  t ime

response.

M o d i f i c a t i o n s  wer e done t o our nitrogen laser to improve its peak power

and stability. We found that  the spark gap triggering for the nitrogen laser

was a major  problem . I t  fired eratic a l l y  and did not produce regular and

identical pu l se shape s. Besides t h i s  prob lem , the spark gap needed frequent

spark p lug changes , due t o rap I Li do s t  rue t ton of the ci L’C t m di’. This ii~iI ii s to 
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Figure 1: Schematic of experimental apparatus for  t ime—resolved
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• replace the spark gap with a thyratron (EG & C model HY—1102) which is more

reliable and would allow us to pulse the laser fas te r  (0 to 40 pps) .  The

wir ing  intormatien f o r  the t h y r at r o n  can he obtained f rom EG & C and tn form a—

t ion on the ‘sir’- cir cu it can be found in reference 4.

Since the thvuat ren would cause us to lose peak power, we replaced the

m i r r o r  In the n it rogen las er wi th a d i e l ec t r i c  mirror  for the UV , which has

h ot t e r ret lo ct  iu~-, qualities. lustalling a s t i r r i n g  motor under the dye cruet

ensures tha t a new volume ot dye is pumped after every pulse . Because of

the higher  puist’ r a t e s , we w i l l  he using th is  to maintain  high peak power

from the d o  Liser. ‘~n add it ion , to help maintain peak power from the ni-

t rogen laser , the flow of nitrogen through the laser cavi ty was increased .

This helps to  remove th e  remaining unrelaxed ni trogen from the laser .

At present  the problem which  is hampering our progress on the experi-

ment is RF noise gener ated  by the t r igger ing  of the ni trogen laser . We are

conf ident  that we can remove the RF noise by us ing some electronics and by

add I ng meet’ r f sh I el .1 lup en tie n it i-o ct ’n I a ser

*-rhjs work a I so ~~pt~t’rtOd hr the Army t-~cs~-ar,-h Off ice (Dtirh~~ ) under( r . i t - i t  PAAt .’’~— —
~~ — t )O~ S~

( I) A . V. Phelps , J ILA Repor t  No. 110 , September 15 , 1972.

( 2 1  George York and Al an Gallagher , J I I .A Report No. 114 , October 15, 1974.

(31 J. Pascale and J. Vandeplanque . Service Lie Physique Atomique Centre d’
Etudes Nucleatres  de Sat’lay France , March 1974

(4) S. I. rarker  and C.  A.  Rev , Nuci. Instr. and Methods 43, 361 (1966). 
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l~. CROSS FLUORESCENCE OF ALKALI DIMER S ANt) ALKALI—NOBLE GAS FXCIMERS~

( N .  I) . Rhaskar , F. Zouboults , 11. Novak , W . Happer)

Preceding progress reports have discussed emis~ :,-.n and absorption bands

in a lka l i d imers and alka l i—noble gas exci”~er s,~~~ The bands studied indicated

transitions between the ground state d an excited s tate .  These t r ansi tions

occurred in the v is ib le  and no, •~~~~~ eared region of the spectrum , a region

dete ct ed  by ph otomu lt ip l i e r  tubes. airing the past year , laser Induced t r an—

s it i o ns between ‘wo excited states have been studied . Suc h t r ans i t i ons  occur

at wavelengths beyond 1.0 u; molecular t r ans i t  ions in t h i s  region have not been

studied extensively since it is beyond the range of phototmilt i p l i e r tubes.

A commercial  dewar—type lead su l f ide  detector was used in the appara tus

shown in Fig. 1. Gonsiderable work was done to optimize the signal to noise’

ratio of this detector . For the spectral reg ion between 1.0 ~i and 2.0 ~~,

best results were obtained with a load resistor which had approx imately the

same resistance as the drY ice cooled lead su l f ide  detector . The si gnal was

taken ac ross the load resistor in series with the lead sulfide crystal ; th~’

chopping frequency was 75 Hertz .

The f i r s t  studies were made on Cs 2 molecules.  An evacuated ce l l  con-

taining cesium was placed in a glass oven and heated to t emperatures between

250°C and 350°C. In this range , the saturated cesium vapor has a number

density of .75 — 8.5 x l016/cm 3; of this , Cs 2 is approximately U of the t o t a l

vapor pressure. Several l ines of the argon— ion laser f a l l  w i t h i n  the C-hand

of the absorption spectra of Cs2
. Using these lines , an emission hand was

found between 1.50 ~ and 1.63 ~i. The shape of the emission hand depends on

th e’ wavelength of the cx~’(t  tug laser l ine; the spectra in Fig. 2a were produced

t i s tn g  the ..sso and 3j46 lines. The energy levels appear In Fig.  21’: the

4
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Figure l~ Apparatus used to detec t bands between 1.0 ~i and 2.0 ~i .
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Figure 2a: Infrared spectra of Cs2 when excited wi th  two laser l ines in the C
absorption band .
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laser line might populate sev eral closely spaced excited states a single

state E has been used to signify these states. The transition detected is

believ ed to be from this E state to a final state or states F. The symetry

of the ground state is C) ; of state E , 0 or 1 ; of state F , 0 , 1 , or 2
g u u g g g

These results will be published short 1y .~~
2
~

Cells with cesium and several atmospheres of an inert gas were also

• s tudied . The 4579 A line of the argon ion laser lies between the two second

resonance lines of cesium. Through pressure broadening, the cesium atom may

• be excited to the 7P state and forms an excitner with a noble gas atom. Decays

of the exc imcr to the ground state have been extensively studied in recent

year s.~~
3> The excimer transitions between the 7S and 6P excited states were

studied using cells with approximately three amagats of noble gas. As shown

in Fi g. 3, in the excited state, there is an attractive potential between a

cesium atom and ~i noble gas atom . From the potential energy diagram of the

7S and 6P states , an excimer transition (7S 112,112 
-

~ 6P112,112) is expected

on the red side of the 7S112 
-
~~ 6P112 atomic l ine; two excimer transitions

( i S 1,.2, 112 
-

~~ 6P312,312 and iS
112 ,112 

-~‘ 6P3,~ ,~ ,2) are expec ted on the

red side of the 7S 112 
-
~~ 6P312 atomic line. These transitions have been

found in cesium cells containing Ne , Ar , Kr , and Xe (Fig . 4) .  No excfmer

peaks hav e been seen in the cesium helium cell above the no ise level . Cesium—

helium excimer absorption has recently been found by Sayer~
4
~ ; the correspon-

ding transition studied here would be too small to detect above the noise

ii . 
level.

Table I contains the position of the peaks . The 7S112,112 potentials

have been plotted experimentally by Sayer ,~~
5
~ the 6P potentials by Hedgeb .~~

6
~

Both sets of potentials have errors of approx imately 100 cm ’. The differences

between the minim a of the potential wells in these papers agree fa i r ly  well

7
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cesium noble gas molecules taken from the curves of Pascale.7
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with  our measurements for the 7S 112,112 -
~~ 6P1121112 and 

~~1/2’1/2 • 6P3,2.3,2
transitions. A discussion of these bands appears in a paper to be publish.d

shor t ly .

Preliminary work has been done on potassium and rubidium noble gas

excitners to f ind similar emission bands. Cells containing potassi um and xenon
• I

were excited to the second resonance state by the 4067 A line of a krypton ion
0laser ; rub id ium cells wi th  krypton or xenon were excited using the 5145 A and

0
5017 A lines of an argon ion laser. Their spectra appear in Fig. 5. Work is

• planned to identify the rubid ium, potassium , and also sodium—noble gas infr.r.d

bands. The ultraviolet lines of the krypton-ion laser fall close to the second

resonance lines of sodium . Temperature and pressure profiles of these bands

should help to clarify the potential energy curves for these states.

~Thj s research was also supported by the Army Research Office (Du rham) under
Grant DAAG29—ii -G—00 15 .

(1) Progress Report , June 30, 1976 p .38; -March 31, 1977 p .57; March 31,
1978 p.144, p.155.

(2) N. D. Shaskar, E. Zouboulis, R. Novak, and V. Rapper, “Laser—Excited
Cross Fluorescent Fanission from Cesium Molecule .,” to be publihssd in
Chemical Physics Letters..

(3) A. C. Tam, T. Yabuzaki, S. M. Curry, and V . Rapper, Phy.. Rev. A 18,
196 (1978).

(4) B. Sayer , M. Ferray , J. P. Visitcot , and J. Losingot, J. Chem. Phys.
68, 3618 (1978).

(5) B. Sayer , J. P. Visitcot, and J. Pascole, J. Dc Physique, 39, 361 (1978).

(6) R. E. N. Hedges , D. L. Druninond, and A. Gallagher, Phys. Rev . A. 6,
1519 (1972).

(7) J. Pascale and J. Vandoplanque, 3. Chem. Phys. 60, 2279 (1974).
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C. SPIN EXCHANGE ANt) RELAXATION IN Na NOBLE GAS MIXTURES*

(M .Hou , B. Sulema n , N. Bhaskar ,  W. Happer )

I t  has been shown~~~ that  very e f f i c i en t  transfer of angular Uoeanti

can take place in co l li s i ons  between spin polarized alkali atoms and the

heavy noble gas nuclei. We are t rying to apply this spin exchange polariza—

t ion me thod using sod ium to polarize the xenon nuclei:

N a ( t )  + Xe ( ‘I- ) - Na (.~) + Xe (+)

i.e. the opt ica l ly  pumped sodium atom transfers its polarization to the unpo-

larized xenon nucleus.

The sodium spin depolarization rates in xenon gas are being measured.

The experimental set up is shown in Fig. 1; a 1.5 ml 1720 glass cylindrical

cell containing Na metal, 600 torr of helium gas , 10 torr of nitrogen, and

several torrs of xenon is contained within a resistance—h.at.d oven which

maintains the cell temperature at about 280°C. A strong pi*ping b a m  is

used to establish a large ground—state polarization in the Na vapor . When the

strong beam is suddenly remov ed by a chopper , the subsequent evolution of

polarizat ion in the Na vapor is mea sured by monitoring the absorption of a

weak probe beam which has been attenuated by a factor of 10~~ to 1O~~ f~~~

the strong beam and has negligible influence on the relaxation. In order to

prevent the photomultiplier from being saturated by the strong beam, vs

introduce a small angular deviation (less than 5
0

) between these twn beau s

so that the transmitted pump beam can be blocked and only the probe be

can get through to the photomultiplier. A special chopper blade which gives

us four sequences with pump beam and probe beam on and off s. tsly is shown

in Fig . 2. By using this chopper blad e, we can obtain the following decay

13



- 
~~~~~~~~~~~~~~~~ — -~ ----- .— --—-- .

~~~~ 
-

~~~~
- - 

I-~~~ ,- - ~~~~~~~~~~

0
(-)
LUI.-
LU
0

-

-

— c ~~~~~~~

~~0 c_)
LU

LU
LU

LUp.-.
CL~~~ — - -o

-
~~

I-LU-
_ _ _

u)
~~~~~

.

0~~
~~~~LU

LU—i

0>.
.l

~~

In

+

I -~

L - 

_
~1 



~~~~~—~~~~~~~~~-~-—~ -~~~~~~~~~~~
-

— ..-~~~.... . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~

H
/ PUMP PROBE !

BEAM BEAM H

H

region I: probe off region II: prcbe on

pump on pump on
reg ion Ill : probe on region IV: probe o f f

pump off pump off

FI gure 2

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-•
~~~~

• - .
~~~~

- - - 

curve of Na, as shown in Fig. 3; region I corresponds to pump on, probe of f ;

region II pump on, probe on, region [II pump off , probe on; region IV pump

of f , probe o f f .

Preliminary measurements of the sodium relaxation rates can be inter-

preted in terms of a binary collision cross section for spin depolarization

which is of the same order as tha t reported by Anderson and Ramsey. (2)

However , there are serious doubts as to whether relaxation is due to binary

collisions or to three body collisions, and further studies will be necessary

to determine the relaxation mechanism and the spin exchange rates of process

(1).

*This research was also supported by the Air Force Office of Scientific
Research under Grant AFOSR—74—2685. L

(1) B. C. Groves, Phys. Rev. Lett. 40, 391 (1978).

(2) A. T. Ramsey and L. W. Anderson, Nuovo Cimento 32, 1151 (1964).
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* HP. PROPAGATING OPTICAL PUMPING WAVEFRONTS

(M . Hon , B. Suleman , N.  Bhaskar , W . Napper)

A spatially propagating wavefront which is generated by laser pumping

of an optically thick med ium to a state of 1002 transparency has been dis-

covered unexpectedly during the Na spin relaxation measurements. A~ shown in

Fi g. 3 ~~t the previot~s report , the slow r i s i ng in reg ion 11 has a t i me

constant of the order of several milliseconds. It cannot he explained as

an ind ication of pumping rate since the pump ing rate is of the order of

IO~ to lO~ sec~~ . The slow rise becomes apparent onl y when the cell tem-

perature is high, about .~~5
°C and above. Our explana t ion  is that  at hi gh

temperatures the vapor becomes optically thick and the slow rise shows

the rate at which the pump beam burns through the cell.

A simple model is shown by Fig. 1 . Suppose by collision and radia—

t ive decay a f rac t ion  f of sp in—u p excited atom s deca s to the ~~ i n — u p

sublevel of the ground state. The rate equations of the number densities of

the ground state atoms are - 

-

-

~~~~~~ 

N,~ — —2RN~ 
— (1 — f ) 2RN ,4 — — 2R fN ~

—
~-—- N • 2RfN
~t 1~ -I-

where the mean pumping rate R is equal to the product of the local photon

f lux I and the mean optical absorption cross section c. The a t t en u a t i o n

of the p~imp Ing light Is given by

— 2 N ol‘I,
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Figure 1: Simple model for  propagating optical pumping vavefronts.
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The boundary  condit ions are that I(’ O) — 1 , the inc ident  l i g h t  i n t en s i t y ,

and t ihi t the :3tOmS are I n i t i a l l y  unpola r i z ed , I . e .  N 4 (t 0) N / 2 , whe re N

i s  the total number density , N N~ + N .  Solving eqs . 1) and (3~ sub-

ject to these boundary condition s, we can get the local h ot o n  absorpt ion

rate 2RN

R
2RN~ -

~~~~ sech
2 
~ (~ —vt ’~

‘
~~ (Nt~)

1 and t (2fR )1 where the propagat io n v e l o c i ty  is v —

n Is the absorbed pho ton s  pe r at ~wi. Taking i n t o  cons ide ra t i on

hvpe r f i n e  s t r u c t u r e  and spin re laxa t ion , the photon absorp t ion  r a te  w i l l

hav e a more complicated f orm than given by eq. (4~~ , hut the propagat ion

ve loc i ty wi l l  have the same form . So t h i s  g i v e s  us a d i rec t  way of deter-

mining the important parameter n .

The experimental setup for  d i rec t ly  measuring the v e loc it y is  ~o~ u in

Fig. 2: a 70 mm long and 12 mm diameter  cell f i l l e d  w i t h  Na metal , 10 torr

of N 2 and 600 torr of He is heated to 2 2 5 °C 275 °C in a long i t u d i nal mag-

netic f i e ld H 0 of abou t 10 (~aus s .  A wol laston p r i sm is used to  s p l i t

the laser beam into two, one is left , the other  r i gh t  c i r c u l a r l y  po la r i zed .

By rotating the prism the relat ive in tensit i es  of the two beams can be a d —

justed to any desired value. A lens is used to prolect an image of the cell

onto the face of the phototnultiplier. A narrow slit in the focal plane is

a used to isolate the fluorescence from a small reg ion of the cel l .  The

ent ire  cell can be scanned by moving the slit and photomultiplier parallel

to the cell axis. The picture shown in Fig. Is taken at d i f f e r e n t  posi-

tion z . It shows the delay t ime for  the beam to re ach the detected po-~.’ - .

si tion and g ives a (If rer  I mr~~ u i r a ~m u n t  i f  y e 1 ’ ’ -  I t  v. ~.-Ii  1 - h  -~~~
- t , - i - - - w i  I i i  i ~~~~

~l I t  I on ~ ~ I . ( - ‘a

2 ()
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Figure 3: Experimentally measured fluorescence f or arrangement of Fig. 2.
Power of the laser beam at the input face z = 0 is typically 40
mW. (a) Beam L alone at input face z = 0. (b) Beam L alone at
z = 2 cm from input face. (c) Both L and R beams of different
initial intensities are launched simultaneously and observed at
z = 4.65 cm from input face.  (d) San e conditions as in (c) ex-
cept both L and R are attenuated by 50¼ before entering the cell.
The vertical scales in (a)—(d) are not the same.
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*j~ j~ ‘research was also supported by the Air Force Office of Scientific
- Research under Grant AFOSR—74—2685.
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I- . MAGNETIC CiRCULAR DICHRO!SM (M CD) OF ALKALI V APOR S *

(B. Suleman , W . Napper)

rho possible use of alkali d imers in high powe r tuneable dye lasers

an suggested by York and Callagher ,~~~ has generated considerable interest

in the study ot alkali spectra . Na2 has already been shown to last’ on

• many transltions .~
2
~ However , not very much is known abou t the transition

moments and coupling schemes of alkali dimer bands, especially in the vi—

sible. An example of such absorption bands for Cs2 Is shown in Fig . 1.

- ‘ The unusually narrow bands near 7100 are believed to originate from

ground state. However , an unambiguous assignment of the hands of Fig. I

still does not exist . S In l iar I v there is a large number o t exc Irnor

bands in alkali—noble gas systems for which the transition moments and

coupling schemes are not known. No direct measurement of these quantities

has been reported yet. Experimental data on MCD of these bands can y ield

information regarding coupling schemes and transition moments.

The phenomenon of MCD is illustrated in Fig. 2. In isotropic media

that are not optically active, the absorption coefficients (k+. k_ ’ of

left and right circularly polarized light 
~°+ ‘ o_) are Identical , i.e.

k+ 
— k_ .‘.

~‘ t~k • 0. In the presence of a longitudinal magnetic field and

k do not remain symmetric and t~k ~ 0. This preferential absorption of

one sense of polarization is called MCD.

It is customary to identify three different contribut . ons~
4’
~ A , H and

C to the MCT~. The A contribution Is due to the Zeeman splitting of the

degenerate initial and iinal states of the transition . The perturbation of

the wave functions of the system give rise to the tens B. The component C

is due to unequal population in the Zeeman split suhievels of l ower states ,

which is caused by the l i n i n g  up of the ground ‘~t a t e  - p ( n s  In the presence

- _
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of an external magnetic field . If f(w) is the band shape of the transition

in the absence of a magnetic field H, then the MCD for ban ds like those in

Fig . 1 can be written as

t~k ~[—A + (B + j~1) f ]  BH (1)

where B is the Bohr magneton and n is a constant . B is usually ~~iall and

can be neglected.

In the case of a E -
~
- Z transi tion A — C ~ 0 and there shou ld be no

MCD as indica ted in Fig. 3a. The coefficient A is non—zero only when

either ground or excited state has a degeneracy which can be lifted with a

magnetic field. The MCD for a E + IT or IT + IT transition is shown in Fig .

3b. The C term s exist only when ground state is paraniagnetic (for example

or 1fl), Increasing randomization of spins with increasing temperature

is a characteristic of paramagnetic C term and its effect for different T

is shown in Fig. 3c. A non—zero C term proves the existence of a para— -

magnetic ground state.

The MCD of alkali vapors has not yet been measured because of their

highly corrosive nature and very small signal. The ratio of MCD to zero

field absorption is

ilk BR
— - 3 x ~~.0k

at 1000 gauss where is the band width. To detect such a small signal

we are using modulation technique of lock—in amplifiers. Although we have

not yet made any measurements, we have almost completed setting up an ex-

periment which is shown in Fig . 4. A tungsten ribbon lamp is used to

U----- - - 
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illuminate the slit of a tnonochromater . The monochromatic light passes

throug h a “rotating polariser ” .~~
5
~ This is shown in Fig . 5. A polaroid

sheet is cut in two rectangular plates in such a way that the polarization

direct ion makes a 450 angle with the shortest sides of the plates. Each

of these plates is bent in a semicircular form and mounted inside an

aluminum cylinder as shown. The assembly is rotated about a vertical

axis. A light beam passing through the center is modulated between two

perpendicular polarizations. The light after passing through a A/4—plate

gives us and a alternately. The beam is then focused in a Cs2 cell

which is placed inside a long water cooled solenoid capable of producing

an axial magnetic field of up to 3000 Gauss. The transmitted light is

detected by a photomultiplier tube whose signal is fed to a lock—in amp-

lifier. If I~ is the intensity of both and a light before the cell,

then F
I — I

- t~k~~

2. is the length of the cell and I~~, I_ are the intensities of and a_

transmitted light . The lock—in amplifier is locked to the frequency of

the rotating polarizer and records 1+ 
— I .  Then t~k is plotted on a chart

recorder as a function of wavelength of light.

The effect of “C” term can be determined unambiguously by applying

a microwave field of appropriate frequency.

*This research was also supported by the Army Research Off ice  (Dur ham)
under Grant DAAG29—77-G—0015.

(1) 0. York and A. Gallagher, Report No. 111, Joint Institute for Lab—
ora tory Astrophysics , Univers ity of Colorad o , 1971.

(2) H. Itoh, II. Uehiki, and H. Matsuoka, Opt . Comm . 18, 271 (1971); M.
lienesian, R. L. Herbst, and R. I... Byer, IEEE/OSA Conference on Laser
Engineering and Applications, 1975.
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F. I NFRAR ED ABSORPTION OF ALKALI MOL ECULES~
(N. D. Bhaskar , E. Zouboulis, A. Vasilakis, W. Rapper)

We have recently discovered new infrared absorption in potassium , rubi—

dium and cesium saturated vapors out to at least 2 .5k . Chertoprud has re-

ported absorption beyond the edge of the A band ( 1.lii) in saturated potassium

vapor .~
’
~ He has ascribed this absorption to an intercoinbination transi-

tion (X ~~f ~ 4- 3~~)~ We have recently completed studies of the temperature

dependence of the new infrared absorption bands and these studies show

clearly that Chertoprud ’s assignment, while p lausible , cannot be correct.

• We believe the absorption from l.lii to l.6i,j to be the ~ t ransi t ion

in the alkali dimer molecule. This is the analog of the ultraviolet emis-

sion continuum of the H2 molecule . The absorption from 1.6p to 2.Oii cannot

be expla ined by dimer s; however , it seems to be consistent with absorption

from potassium trimers.

It is known that the absorption coefficient anOt~
T) for a cluster of

n alkali atoms can be written aa~
2
~

ca~ (X~T )  — C(X)e xp [— (nE + V)/RT3 (1.) 
9

where E is the latent energy of vaporization , n is an integer which is equal

to the number of atoms in the cluster and V is the potential for which an

electronic transition of wavelength X is possible. Note that E can be written

in terms of the latent heat t as E • - RT where T is the temperature at

which a (A ,T) is measured.

The slope of the graph log a vs. l/T gives us the ac t ivation energy

(E(X) • nE + V) In the case of potassium E • I — RT - 18.4 Kcal at T

943°K. In Fig . 1C the activation energy of potassium as compared to 2F and
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Presently we have completed a study of cesium saturated vapor which

a l s o  absorbs I n  the same wavelength region . However , the mechanism for

t h i s  absorption is still unclear. The region beyond l .92 ij  is also a puzzle

to us because it s  a c t i v a t i o n  energy is not high enough to be associated

— w i t h  loosely bound t r imers .  A paper on our cesium work is now In i rer~arat Ion.

The experimental apparatus consists of a heatplpe whic h is used to

produce an alkali  metal  vapor column of determinable length (approx imately

20 cm). Using a series of thermocouples on the outside of the hea tp ipe  the

length can be determined to ± 1 cm. The saturated vapor pressure and t ent —

perature of the alkali vapor are controlled by using helium buffer gas at

the desired pressure.  Vapor pressure equations are found to agree to w i t h i n

1% for  potassium and to wi th in  5% for  cesium in our experiment.

An ordinary quar tz  halogen lamp is used as the source of In f ra red . The

infrared radiation is chopped at a frequency of 193 Hz .  The co l l imated  beam

is then absorbed by the sa tura ted vapor column in the heatpipe and imaged

into a spectrometer slit. A PbS detector is used and the signal is amplified

by a lock—in amplifier and recorded on a chart recorder.

We measure the intensity when the heatpipe is cold T (no absorbing

vapor) and when it is hot T (vapor absorbs) as a func t ion  of wavelength and

we determine ct.

r~ (A ,T )1
—1 I 0 0 ( ) )— . ° L 1~~

,
~5i -

As mentioned earlier, graphing log a vs. i/I yields the activation energy

which contains the informat ion  on V (A ) and on nE . At present we are studying

sod ium in the inf rared  beyond 1.O~i tip to 2 .5p . (We hope tha t  in the case of

sodium beyond the expected 4- absorption we wi l l  see the trimers which

16
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did not show up ~1earlv in our cesium data.) In addition to this experiment

we plan to go t’aek to cesium In the f u t u r e  t o  cleat- up the my st er y  in i t s

act ivatton energy. ~ two temperature oven Is being designed In  the hi gh

-
- 

- . t emp era tu re  s ide of which pressure (1’) and t empet-atur e (T) ~-~ n be v~ t t ed i t t

dependentlY. 1 1 the ahsorpt ton Is proport I one I to the number den~ t tv ~~bed ,

It Is due to trimers . if it Is proporttonn1 t o  the number densflv squat- ed ,

then it is due to d imers. Other possll’%e experiment a l i t  th e  future Inc Itide

studyin * rubidium and l i t h i u m  In the i n i t a r e d .

*Thts work was also suppot-ted by the At-sw Reseniclt Of f ice (flurham t under
Grant DAAC29-~~7 --G- O0l5.

(1) V. ~~. Ch~rtopt-ud , Teplofisfike Vvs.~k ikh Tempera tu r t4 , .it~

(2) N. U. Rhaskar , F. Znuhoult~~. 1’. McCleilsnd . and W . Napper , IThvs. Rev .
Let t. 42 , 640 (1979).
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C . OPTICAL PUMP IN C OF AlKALI VAPORS WIN S t- Ct ~~ NP RESONANCE LiGHT AN!)

THE SPI N—EXCHAN G E BOTTIFM

(.~. Llr an , 1 . Pietras , J. Camparo , W. Happ e r)

Our interest in ground state opti.a1 pumping of alkaU atoms using

second resonanc e’ exc i t a t i on stems mainly from our concurrent interest U~~~
3’)

i n the photochemical produc t ion of “laser snow” through the reaction

A * + H ~ —4 A H + H

• .ilka l i atom excited to second resonant~e

discove r ed in our laboratory In ~~~~~~~ By optical ly pumping a particul ar

a lka l i vapor In the pre sen ce of H2 with second resonance light , one can

use rad io frequent-v ~;‘et - t ros-opv to control t he pho toche m ica l  i c a c —

(Ion In (1) . For example , Im agi ne opt fe -a l I y pumping the Cs atoms In  a

cell conta in ing  (s Vapor and H ) gas (plus buffer gas). At the point of

compl ete spi n po la r i za t i o n , the Cs vapo r becomes t ransparent  to the pumping

lig ht , and the production of laser snow ceases, since the reaction In (1)

cannot occur. By appl y ing RF ot- microwave magnetic resonance f i e ld s to

depolarize the Cs, the Cs atoms can again he made to absorb the light , and

the produc tion of laser snow will resume. In this way, one can ac t u a l l y

control the photocheinistry of (1). Extending these ideas a step f u r t h e r ,

this scheme can .ilso be used as a means of isot ope separa t i o n in alkali metals.

- 85 87
For instance, imagine optically pumping natural Rh (72.- — Rb ; 28% — Rh ‘~

in the presence of H2 
(plus buffer gas) so both isotopes are completely spin

polarized . By applying RF or microwave magnetic resonance f i e l d s  tuned

to the resonance of one isotope (e.g. Rh
85), atoms of that isotope will de-

polarize and so be made to ab sorb the pump ing light. Hence , those atoms

85
(Rb ) will reac t as in (1) to form Inner snow. The isotopicallv (Rh )

18
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enriched snow could then be collected by electrostatic precipitators since

the snow is highly charged .

Another reason for Interest In optical pumping with second resonance

light follows from the fact that the alkali vapors are much less optically

thick to second resonance light than to first resonance light (‘ti a fac tor

of 100) for  a pa r t i cu la r  atomic density . Thus, optical pumping with the

second resonance line permits one to study alkali vapors of much larger den—

(5) —(7)sities — a region where some Interesting phenomena have been observed .

We have recently been successful in opt ical ly  pumping Cs using the

second resonance — D1 exc i ta t ion ( 6S112 3 7P 1,~~) of the atom . This has

been greatly facilitated by our success In maintaining a workable laser ,

tunable in the blue par t of the spectrum . Our laser consists of a Spectra

Physics model 375 dye laser containing Stilben — 3 dye , pumped by a Spectra

Physics model 171—19 Ar+ laser operating In the U . V .  Tuning of the dye

laser is done by a three plate birefr ingent  f i l t e r  (Spectra Physics model

573). This laser yields a typical  output  power of 200 mW at 4593 A for

2.8N of U.V. and a linewIdth of “40GHz . It allows us to tune directly onto

the second resonance —D1 line of Cs (4593 A) without the necessity of large

pressure broadening of the atomic line (as done previously) .~
4
~

The experimental arrangement used in optically pumping Cs and measuring

the degree of spin polarization Is shown in Fig. 1. Linearly polarized light

a t 4593 A emerging from the dye laser is circularly polarized by a quarter

wave plate . This ligh t passes in to a Corn ing 1720 — alu m inosi l icate glass

cell containing Cs metal , N 2 “quenching ” gas ( < 200 t o r r) ,  and He buffer

gas (‘. 760 torr). The cell is heated by a r esistan ce coil , and i t s  tempera-

ture ranges between 80°C and 180°C. In order to eliminate instrumental

sca ttering, tl~ number of excited Cs atoms Is measured by D1 
first resonance

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
,
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0 0
fluorescence (8943 A). The fluorescence at 90 to the laser beam is focused

onto a RCA—8853 photomultiplier equipped with a 8943 interference filter .

The photomultiplier signal is averaged by a PAR model HR—B lockin amplifier.

• A set of Helmholtz coIls is present to supply a longitudinal magnetic field

(‘~.lC,) alo ng t he l ight when op t i ca l ly  pumping, or to create a transverse de—

F polarizing field. The degree of spin polarization is calculated by measuring

the fluorescence signal when optically pump ing , F , and the fluorescence when —

no polarization is present, FN , I.e. t
2 - 

FN
_F 

(2)

where < S~> i s  the average z—component of electron spin. A set of neutral

density filters was used for measuring the degree of polarization as a func—

tion of pumping light power.

Earliest optical pumping signals were observed in a cell containing

Cs + N 2 (lOT) + He (739T) at temperatures between 95°C — 160°C (where the

flourescence signa l is easily measurable and the vapor is not to opt ica l ly

thick) . For these conditions , i t  was expected tha t 100% spin po lar izat ion

would be ach ieved , since the estimated optical pumping rate, R(’e. l04sec l

at 200 mW) , exceeds the estimated spin depolarization rate (~ 100 sec
1,

due to collisions with He bu f f e r  gas and diffusion from the ~eam). Further—

more, lOT—N2 was expected to quench the fluorescenc e sufficientl y so no

radiation trapping would hamper the degree of polarization. (For lOT—N2,

the quenching rate is -~2.5 times the fastest radiative decay rate:

6P
312 ~ 6S112.) The results of the spin polarization measurements for

this cell , as a func t ion of dye laser power , fo r a number of t empera tures

are shown in Fig. 2. As indicated by the graphs , the po la r i za t ion  seems to

4 1 
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have a saturating effec t with laser power (pumping rate), where the level

of polarization reached at a particular laser power — say 200 mW — is strongly

temperature dependent, and far below the 100% polarization expected . Since

radiation trapping is a possible mechanism for such a saturation of the polar- -
ization below 100%, cells wi th higher N2 pressures were tried . The results

for cells with 97T N2 and 200 1—N 2 are shown in Figs. 3 and 4 , respec tively.

These graphs ind icate that the results for 971—N
2 
and 200T—N

2 
agree exactly,

while when compared to the previous lOT—N2 results, an increase in pola r iza-

t ion for similar temperatures and laser powers is obvious. Furthermore , the

saturation of the polarization with laser power Is less pronounced in the

higher N
2 

pressure resul ts, al though still present.

In an effort to understand these results, we considered two possible

mechanisms for the bottleneck to 100% polarization: radiation trapping and

spin—exchange. Accord ing to our calcualtions the N2 
pressures in a l l

our cells efficiently quench the excited state , so that the effect of trappi ng

should be negligible. That trapping is negligible a t N
2 

pressures ‘- 1001

is shown by the complete similarity of the results of Fig. 3 and 4.) To

more fully understand the effect of spin—exchange on our opticalpwnping

experiments we formulated a rate equation for the densi ty ma trix , and then

numerically solved for the steady state solution.

As a model we considered repopulation pumping of an alkali ground

state u sing D1 circularly polarized l ight in the presence of elec tron sp in

randomization (due to b u f f e r  gas collisions) and rapid spin—exchange. Thus

the ra te  equation consists of three terms , expressions for which were found

in the literature.(6X8) In steady—state we have the matrix equation :

~~~
øii

~
O k~

CRp
R
il kt+ YE11 kt

+ (E
11 kt~ 

<s , > 
~i),kf~~0k? 

(1’~

41
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where ‘
~~~~~. y ,  and h r  represent t h - pump ing rate , electron spin randomiza t ion

r~i to , and spin—exchange rate rospe4-t ivelv .

fl - i s ec~uat h—n was then solved numerical lv  w i th  an IBM! 1~ O computer using

-‘ ~.wto ~’-Rapheson iterative technique to find the roots of the equa t ion to

~--~ thtn the desired accuracy——the roots being the elemen ts of the density

rnatrtx . ~e results were then used to calcuLite the percent polarizat ion for

~ ious v. IRS of the par ameters R . ~ • and 1/: . These parameters •ire deter—

m i  i - ~~ by the exper imen tal cond it  ions. The electron spin random I ;-at  (on ra ti

is t ixed for a given alkali metal , and the  sp in—exchange r a t e  is a f u n c t i o n

of alkal i metal and temperature. Wi th these t~~ parameters fixed we varied

the pump ing rate so as to cover cases where R is smaller , comparabl e to • or

l a r ge r than ‘
~ and /or l/t. Resul ts  of these calculat ions are shown In F i g .  4-

.

Fig. 5a shows qualitative agreement with the experimental  da ta  of Fig . ~,

w h i t e  Fi g. Sb g ives theoret ical da ta  beyond the limits of our experiment.

The effec t of N
2 
quenching on the repopulation pum p ing of the  g round

state has also been considered , and preliminary calculations show that our

density matrix approach is again in qualitative agreement with experiment.

Besides t rying to gain better  understanding of this spin exchange

“bottleneck” during the next Interval , we also wish to observe the effects

of optical  pumping on the production of laser snow. This we hope to do bY

optically pumping the Cs atoms (to the best polarization we can achieve~

in a cell containg H 2 (plus buf fe r  gases) ,  and observing the e f f e c t  of Cs

optical  pumping on the production of laser snow by observ ing the s j ’ t t - a l

intensity of a portion of the CaN molecular spectrum . We a lso wish to test

the isotopi ca l selectivity of the laser snow by selectively exciting one

iso tope of Rb to i ts  second resonance level itt a cell containing, natural Rh

plus H
2 
gas, with hope of forming isotopicallv enriched snow. This ~~rk wil l

46
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soon be possible upon arrival of our newly purchased single mode Coherent

Rad iation (model 599—D3E) dye laser , which we will use to selectively excite

either  isotope of Rb based on the large optica l isotope shif t  present (a few

GHz).

The work on the thermodynamics of laser snow has been temporarily

rostponed , due to lack of personnel .

*This research was also supported by the Air Force Office of Scientific
Research under Grant AFOSR—74—2685 and by the National Science Foundation
under Grant NSF—ENC76—16424.

(1) CRL Progress Report, June 30, 1976, p.27

( 2 ) CRL Progress Repo r t , March 31, 1977 , p.26 .

(3) CRL Progress Report, March 31, 1978 , p.315.

( 4 )  A. C. Tam, G. Moe, and W. flapper , Phys. Rev . Lett .  35 , 1960 (1975) .

(5) W. Napper and H. Tang , Phys. Rev. Lett.  31, 273 (1973).

(6) W. flapper and A. C. Tam . Phys. Rev. 16, 1877 (1977).

(7) CRL Progress Report , March 31, 1977 , p. 1. 
-

(8) W. Rapper , Rev . Mod . Phys. 44 , 169 (1972) .
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133*H. SPECTROSCOPY OF ThE 5D STATE OF Cs

(A. Sharma, W. Napper)

We have undertaken to observe the hyperfine structure of the SD state

of Cs
133 and determine the quadrupole moment Q of its nucleus. The best

currently known value~
1
~ of the quadrupole moment , to our knowl edge , is

— .0036 (13) barns . The accuracy of this result is indeed very poor as the

corresponding value for most of the other alkali  atoms is known to a relativ ely

much higher precision - The quadrupole moment of Cs133 is unusuall y small

compared to tha t for other atoms and as such , the contribution that this makes

to the hyperfine splitting is not much different from the natural line width

of most of the states. Almost all of the measurements to determine the qua—

drupole moment of Cs
133 have been done on one of its P states. The l i fe

time for the 6P and 7P states is respectively 3x1O~~ sec. and 1O~~ sec . The

idea in working with the 5D state is tha t its life time is io 6 sec . and

therefore the natural linewidth much smaller . We thus hope to determine

Q of Cs’33 to a much higher accuracy.

The SD st a te has i ts own spec ial problems. We Intend to populate it

by using an argon ion laser to excite Cs’33 to Its 7P state and lett ing i t

cascade down to the SD s tate .  We will apply radiofreqtiency to the SD state

and observe reso nances in the perturbed fluorescence as the atoms decay to

the 6P states. The three wavelengths corresponding to this transition are

3.01 urn; 3 .48 pm; 3.61 pm; all of which lie in that range of the infrared

sp ectrum where the solid st a t e  detectors have a re la tive ly  bad signa l to noise

ra t io. We intend trying a lead sul ph ide detec to r coo l ed to l iqu id nitrogen

tempera ture. Also the gas cells must have a sapphire window as o r d i n a r i l y

glass and quar tz  are opaque In this region due to the presence of wat er

4 (g 
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• vapor absorption hand around t in ’ wavelengths of i n t e r e s t .  For the same

Fe.IS on , we a~
- e using lenses mad e of z i n c  stil phide which has a / O ~. t r.insparetn- v

o t hi ’:~~~ ’ wave I engt Its. Al so one must he cnreful to two Id nhsorp t ton o f  t ht~

‘~ i gnal 1w atmo spheric water vapor. A sc’hemn t Ic diagram of the experiment al

1- -
SOt up is given in f i g. I —

*Tb is r eSt’:I mc h was also supported by the Army Research Of ft t ’e (our ham) tinder
(
~rant I)AAt 2’)—77— (~—O0i 5.

( 0 )  II. Bueka • H. Kop fermann , and F. W. Ot ten, Ann. Phvs 1k 4 • tQ  ( I  ~f -
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II. RELAXATION AND ENERGY TRANSFER IN SMALL POLYATOMIC MOLECULES

•\. RE! AXAT iON • 1 NF RA R El) MULTI PHOTON PHOTODISSOCIAT ION, AND V I BRATI ONAL
TEMPERATURE S TN LASER PUMPED COF9*

(K. Casleton , V . V . C. Rao , R. Sheorey, M. I. Lester, C. W. Flynn)

COF ., is a uniquely rich source of data for intermode energy transfer

studies , multipho ton dissociation experiments, and vibration—electronic energy

transfer processes.f:l) (2) 
The combination of convenient laser pumping, strong

IR emission , and a relatively di lute  energy level spectrum all contribute to

the desireability of COF
2 as a model system for studying many of these funda-

mental processes. A summary of our progress in studying this molecule is as

follows:

a) Ener gy Transfer

The energy transfer events

COF
2

(v
2
) + M ~ COF

2
(v
6) + M + 199 cut

1’ (1)

COF2(v
6) + M ,,,,, ~

‘ COF2(v 3, v5) + M + 167 cm~~ (2)

COF2(v
2

) + M ‘ COF
2

(v 3,v5) + M + 366 cm
’ (3)

require on the average 500, 175 , and > 1500 COF2/COF 2 collisions , respectively.

Event (1) is one of the slowest intermod e energy t ransfer  events known for  a

polyatomic and is particularly remarkable when compared to (2) which is notice—

ably more efficient. Overall V—T/R relaxation

COF 2 (v 3) + M ‘~ COF
2

(0) + M + 583 cm 1 (4)

requires 2300 collisions on the average for 01 — COF 2 .

b) Multiphoton Dissociation

We have observ ed infrared multip hoton photodissoc ia t ion of COF 2 v i a

COF2 + nhv — ) C O F + F

52 

- ~L--~~. . -  — - -—



‘ - ‘ ‘ -  

- .4.--

The F a toms were de tec ted by adding 
~2 

or CR4 to the system and observing

infrared chemiluminescence~
3
~~

4
~ from HF5

F + R H  R + H F  (v >O) (5)

HF(v > 1) ) HF(v — 1) + hv( X “~ 
2.Sp) (6)

We f ind that F atoms are produced and appear to have a thermal (ambient)

velocity distr ibution. Under the proper conditions the process is purely

optical since no ions have been detected .

c) Vibrational Temperature Measurements

We have used the cold gas f i l t e r  metho d~
5
~ to make a preliminary measure-

ment of the C—O stretch (v
1
) peak vibrational temperature under strong laser

excitation conditions. Though these studies require further experimental

data , the peak temperatures in the COF2 mode appear to exceed 1500 °K before

loss of energy from via step (1) occurs. (The v 1 and v2 modes are brougnt

into rapid equilibrium (30 collisions) via

2C0F2(v
2) - ~ COF~ (v

1
) + COF2(O) (7)

a f ter laser pumping of v
2
.)

If V
1 

can be made very hot , vibrational energy transfer from high lying

levels of this mode (e.g. (7—10) v1) to electronic states of other atoms or

molecules should b~ possible via a collisional vibration/electronic energy

exchange process.

*Thig research was also supported by the National  Sc ience Founda tion under
Grant NSF—CHE—77—24 343. The laser chemistry work  is being transferred to DOE

- - contract  ER—78—S — 02 - 4 940.

( I )  K .  Casleton and C. Flynn , J. (‘Item. Ph yM. 67, 111 I ( 1 9 7 7 ) .

(.‘) Progress Report $28 , Columbia Radiation Lab ora to ry ,  March 31 , i97R pp . 4f~-b~ .

(3) J. Preses, R. Weston , and C. W. Flynn , (‘Item. Phy s . I .et t .  4R , 6 ’ S  ( 1 9 7 7 ) .
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B. ENERGY TRANSFER IN S02/
18
0
2 MIXTLIRES*

(M. I. Lester, C. W. Flynn)

The infrared laser—induced fluorescence techniqu e has been successfully

used to monitor state—to—state energy transfer processes in simple polya tomic

molecules. The rates of these vibrational to vibrational (V—V ) and vibration-

al to translational/rotational (V—T /R ) processes yield information on the

mechanisms for efficient vibrational energy exchange, storage and relaxation.

In this work, the rates of vibrational energy transfer from SO
2 

to180
2 

and
1602 have been studied . A comparison of the rate for crossover to each of the

oxygen isotopes is important in probing the methods of vibratiunal, energy

equilibration since only the energy gap ber ’een reacting species has been

changed.

The symmetric stretching mode (v 1) of SO2 was excited by a standard

Q—switched CO2 laser which has previously been described in detail.~
1
~ Laser—

induced fluorecence emanating from the asymmetric stretch (v
3

) of SO2 at

A — 7.4 u has been studied in the presence of large amounts of °2 
and l6~~~

The overall characteristics of SO
2 

V
3 
fluorescence in so~i 

1802 mixtures was

different from that seen to date for pure SO2,~
2
~~

3
~ S02

/rare gas mixtures,
(2X3)

and S02/
’602 mixtures.~

3
~ In the SO

2 systems previously investigated , the

fluorescence consisted of a single ex ponentia l rise and fall. In the case

of S02/1802 mixtures , a single exponential rise followed by a double ex-

ponential decay was observed .

18The fluorescence rise in S0
2
/ 

°2 
mixtures  correspond s to the f i l l i n g

of v~ from the pump mod e by rapid collisional energy transfer . The appearance

of a fast component to the decay may be attributed to an energy shar ing

process with 1802 . The decay then slows as the coupled s02/ 
~2 

vibrationa l
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1

manifolds relax to ambient conditions . No similar evidence for a V V  energy

crossover from so2 to 
1602 has been observed by the fluorescence technique.

The ra t e  of the f a s t  d ecay process has been measured at f ixed SO
2
, 02

n io l e  tra ction ratios as a function of total pressure. A plot of this rate

ve rsus pressure data for a sO
2
/
18
0
2 
partial pressure ratio (p~~ /p18 

) of

— — l 2 021/5.74 has a slope of 3.2 ± 0.2 msec torr - The corresponding slope for

— 1 —lp /p~~ 
= 1/2.50 was found to be 4.3 + 0.3 msec torr . The error

~O2 02 
—

estimates are 2~ values from the least—square fits.

The microscopic rate coefficients for energy crossover from SO
2 

to

18
0
2 
can be determined from the observed rate coefficients of the v

1 
fluore-

scence. This deconvolution process must be based on an appropriate kinetic

18mod el fo r the coupled SO
2
, 02 

system. The dominant energy transfer mechanism

for pure SO
2 
gas has been determined to be~

2
~

S0
2

(v
1

) ÷ N ‘
~ S0

2
(v
3
) + M — 210 cm 1( fas t )  (1)

S0
2

(v
1

) + M ) 502 (2v 2 ) + M + 120 cm~~ (slow) (2)

The str etching modes and v
3 
equilibrate quickly compared to the relaxa-

tion rate of these modes through the bend ing mode (v
2
). Thus, for a relatively

long time a metastable steady state is established in the and v
3 
modes.

With the addition of 1802, the vibrat ionally hot SO2 stretching modes

can energy transfer to 18
0
2 

via the translationally endothermic process

S0
2

(v
3
) + 

180 (0) ..L..~. so~°~ + 
18
o

(l) 
— 107 cin~~ (3)

Based on the assumption that the equilibration of the stretching manifold is

much faster than the rate of S02,’
1802 crossover , the observed fas t  decay

rate, ~~~~ for S0
2
(v

3
) fluorescenc e at a specific mole frac t ion of

r,(.,

- _ 
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would be~
4
~~

5
~

TOBS 
— F

3
k
f
X jg + k.b (1 — X18 )

where F3 is the frac t ion of vibrationally excited SO2 population in the V
3

asymmetric stretch. Detailed balancing of equation (3) yields a relationship

of k.
~, 

— 1.673 k f at room temperature . The rate of the fast exponential decay

at the mole f ract ion mixtures studied predic t to excellent agreement an experi-

mental value of kf — 6.5 ± 0.6 msec 1torr ~ for the molecular rate constant.

This is equivalent to gas kinetic rate of approximately 1300 collisions.

The corresponding k
b 
value is 10.9 ± 1.0 tusec ~torr ’ or 800 gas kinetic

coil isloas.

Thermal lensing measurements,
(6X7) which are a sensitive probe of the

translational temperature of a gas following laser excitation, have been

made on specific mole frac tion mixture of 50
2 
with 

18
0
2 
and Ar. Some addi-

tional cooling has been observed in the case of 502
/18

02 
sample. The extra

translational cooling indicates tha t the crossover to oxygen occurs by the

proposed endoergic path (3) .

In addition to the laser—induced infrared fluorescence technique

descr ibed here, V—V and V—T/R energy transfer rates for small polyatontics

have also been mea sured by ultrasound dispersion methods. A sound absorption

study in S02/~
6
O2 

mixtures indica tes a V—V coupl ing between the asymmetr ic

stre tch , v3, of SO2 and the fundamental mode in l6o . (8) 
The rate of energy

transfer repor ted , M
11
P01(3 ,4, ‘i), is 0.26 msec 1torr l or approximately

33,000 gas kinetic collisions. This rate is 30 times slower than the rate

reported here for energy transfer from S02
(v
3
) to the 18

0
2 
isotope. This

rate ii much slower than the overall relaxation rate of S02
(v
3
) as measured

57

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -.4-—-- - 



- -~~~~~~~
- - :-

~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 16 (3)l u or e s ce nce in SO2! ~2 systc~is .

Theoretica l calculations arc now i’i progress to calculate the probabi l i ty

of cncr~ v transfer for the S02 (v
3

) 1 18
0, and 502

(v
3
)/ 16

02 
systems. Order of

u -~ - i ~~~u d e  probabilities have been predicted by a simple SSH—breathing sphere

- (9)— (1l~ The range parameter for the short-range potent ial  a ,

was  a s s i -~ned a value of 5.0 x 10 8 cm~~ as in the case of other SO 2 calcu la—

t i o s.~~~~ V a l u e s of the breathing sphere parameters , as d e f i ned in

St r e t ton~~
1
~ arc 0.015 , 0.111. and 0.125 amu ’ for the SO2 (v 3) , ’8O 2 (1~~, and

16 0 (1) fundam enta l s , respec t ively .  The SSH model pred icts a ra te  of 1700

gas kinet ic  co l l i s ions  for energy crossover to 180 and a correspond ing ra t e

of 9400 coll is ions to ~~~~ The agreement between theory and experiment

is extremely good for  energy t ransfer  to 18o .  However , a large discrepencv

exists  between SSH theory and the u lt r a sound  resul t s  for 16o

Future  work includes appl icat ion of the vibrationa l energy t r a n s f e r

theory of Slut-ma and Brau U3) U4) to 502 /0, systems. The theory is based

on the role of long—range forces in causing vibrational—rotational energy

transfer . In this case the long range interac tion is caused by the in—

stantaneous dipole moment of SO 2 wi th  the quadrupole moment of oxygen .

The Sharma—Brau theory is expected t u g i ve a more accurate  theoret ical  predic-

tion of the probabi l i ty  of energy—transfer from SO2 to 02 than possible

by SSH— theory.

*Thi s research was also supported by the Na t ional Science F ou n d at i o n  under Cr ant
NSF— CHE—77 — 24 34 I.

( I )  
~~. Wet t~ . C. W. Il ynu , .,nd A. M. Rnnn , 1. Chem . Phvs. 56, 6060 (l~~7~~ -

( ‘1 fl. S lel~.’,—t and ~~. W. ll vnn , .1 . Cluin . f ’hv ’~. 6.~, I . ’ 12  ( l ’ ) 7 5 ) .  —

I) ~~. A. West, R. 1~ Weston, and C . W. Flyn n, .1 . (‘hem. Y’ h vs .  (~7 , 48? (1977 L
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C. ENERGY TRANSFER MAP FOR OCS *

(N. Mand ich , C. Flynn)

V ibrational energy transfer maps in simple molecules contribute to the

unders tanding of molecular interactions, guide explorations into laser en—

hanced chemical reactivity, and can lead to improved operation of gas lasers.

A partial mapp ing for OCS , well known as both an infrared and chemical

laser ,~~~’2
~ has been attempted by several labora tor ies with considerable

disagreement on results. 
(3)~~ 7) The results reported here resolve some

of these differences and add much new information towards a complete energy

transfer mapping of OCS .

The technique of laser induced f luorescence is used to probe the re—

distribution of an initial excitation of the OCS (020) level pumped by a - -

Q switched CO2 laser operating at P(22) of the 9.6~j band (power — .75 —

1.0 mJ/pulse). The time dependent population deviations are thus measured

for the (100) , (010) , (001) and (120) levels. The experimental apparatus

has been described previously;’8~ however, several recent acquisitions (in-

cluding a Biontation 8100 transient recorder interfaced to a Tracor Nor thern

NS—575A—2 digital signal averager and a highly sensitive HgCdTe (77K) detec-

tor) have been invaluable in detecting the weak OCS fluorescence and resolv-

ing multiple exponentials in the data.

The measured (100) fluorescence is composed of a single exponen tial

rise and fall. These rates, including rare gas cross sections are tabulated

in Table I. The weak (010) fluorescence has been observed and consists of

a single very rapid rise followed by a multiple exponential decay . Strong

(001) f l uorescence, which may consist of ‘hot—band ’ fluorescence (e.g.

(011) 
~‘- (010)), has been recorded anew showing that the risetime is single

exponential (when precautions are taken to filter out (004) and (120) f luor—

- 

60 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ —--—— - - 



.4 - ----- - - - — -~~~~~-- - -.4-- -—--- 
—

_ .4 .4— - —.4——

F-~~~~
T- --

—‘—— - - — - -—--_—..—— _ - —- fl—- -_ 
- -—-—--—-————-.------—-- — — —

V

TABLE I

l1.7~ Fluorescence Data

Risetimes (rates in msec~~ torr ’
~~) Fall Times

~p~çies Ra~~ R~~e

OCS—O cs 7.3 1.4

OCS—4He 20 10

OCS—Ne 3.1 .51
OCS—Ar 1.8 .17
OCS—Kr 1.2 .05

OCS—Xe 1.4 .04
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escences) but that the f a l l  time is clearly multiple exponent ia l .  F inal l y ,

( 120) fluorescence was also observed and shows a rapid rise followed by a

rapid  f a ll cha rac te r i s t i c  of a hot—band pumped level.

in theory , the ent i re  vibrational energy transfer map of a molecule

ca n be deduced from the ra tes of energy flow in and out of a single vibra-

t ional mode. Usually , a few processes predominate in a f luorescence signa l

and can be unambiguousl y assigned to the appropriate energy t ransfer steps.

In the case of OCS , fluorescence data has been gathered from the strongly

emi t t ing (001) st a te , which con tains , however , less than one percent of the

tota l excited state population . Positioned rather hi gh up in the  vibr at ional

state  man i f old , the (001) s tate  population has many routes of escape add ing

addit ional  decay rates to the few predominating rates. Most probably, this ha~

been the source of ambi gui ty  in measuring the vibrational—translational energy

t ransfer  rate from (001) data . A quick calculation shows that  9Q~’. of the  upper

state population resides in the three level system composed of (100) , (010)

and (020). The population deviations in higher levels, notably (001), have

negligible amplitudes in the kinetic behavior of this system which can be

written:

OCS(O) P(22)9.6~1) OCS(020) (1)

k210Cs(020) + OcS(O) ~ 2OCS(O lO) (2)

k8 1OCS(020) + o~s ~~~~~~~~ 
OCS(l0O) + OCS + 188 cm (3)

or 
k 

- - 

-1OCS(OlO) + ~~~~ 
a~ OCS (lOO) + OCS — 239 cm (4)

k_a

ocs(OlO) + OCS OCS(000) + OCS + 520 cm ’ (5)



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

From these equations with six rate constants, three eigenvalues are ex-

pected . Three rates have in fact been measured : the up—the—ladder rate (k
12)

(this is the rise of (010)) which is nearly gas kinetic , the V-V crossover

f rom the manifold to ( 100) (this is the rise of (100)) which is 7 .3  msec~~

torr and the V—T decay of the overall excited state population (this is the

fall of (100)) which is 1.4 msec 1 torr 1. The V—V crossover step is probably

via (020) (100) as evidenced by the rare gas cross section data and the

lack of an observed cooling in a thermal lensing study .~~
9
~

With this three level kinetic scheme established , the rate information

from other fluorescence data becomes useful. The fast , single exponential

rise (55 msec ~ torr~~ ) of the (001) level can be assigned to a kinetic step:

kbOCS(04 0) + OCS ‘k 
‘OCS(OO 1) + OCS + 39 cm~~ (6)

—b

The hot—band fluorescence behavior of the (120) level supports this claim and

directly refutes previous claims for a

OCS(120) + OCS ‘ OCS(O01) + OCS — 170 cm 1 (7)

type mechanism. 
(5) 

The multiple exponential fall of the (001) fluorescence

includes a fast decay followed by a slower decay. The rate of the fast decay

compares , within experimental error , favorably to the rate of rise of (100).

This rate is expected in the decay .f (001) from Eq. (6) since a filling of

(100) would bleed population from the entire v2 manifold which alone feeds

(001). The slower portion of the fluorescence decay is not merely one ra te

as reflected by conflicting results; it undoubtedly represents a convolution

of many slow rate processes which a f f e c t  the decay of (001) population .
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Clea r ly ,  the additional new f luorescence date brings the vibrationa l

cncrgy t ransfer map of OCS within close reach. A power dependent study of the

V-I ’ decay rate of (100) will discriminate finally between mechanism (3) and

mechanism (4); this experiment will be performed soon with our recently acquired

(.0 2 TEA laser.

*Thj s work was also supported by the National Sc ience Foundat ion under Grant
~ F — C ~l E —7 7—24343.

(1) II. R. Schlossberg and H. R. Fetterman , Appl . Phys . Le t t .  26 , 316 (1975) .

(2)  D . Kil gier , H . Pummer , W. Bischel, and C. K. Rhodes, 3. Chem . Phvs. (~~~.
4~~~ (197S).

(3) 1). H. Slehert and C. W. Flynn, J. Chem . Phys. 64 , 4973 ( 1976) .

(4) K. Hui and T. Cool, J. Chem . Phys. 65 , 3536 (1976) .

(5) B. H. Hopkins , A. Saronavaki, and H. Chen , J. Chem. Phys. 59, 836 (1973). LI

(6) J. D. Hancock, D. F. Starr , and W. H. Green , J. ( hem . Phy s. 61 , 3017
(1974).

(7)  A. Rain and C. Wittig , J. Chem . Phys. 67, 4454 (1977).

(8) R. D. Bates, Jr., C. V. Flynn, J. T. Knudtson and A. M. Ronn , J. Chest .
Phys. 53 , 3621 (1970) .

(9) D. R . Siebert , F. R. Brabiner , and G. W. Flynn . 3. Chem. Phys. 60 . 1564
(1974).

64 

— —--—-~~~~~~~~~~~~~~~~~~- - - -— ---- -- - - - .4 - I



—. 4 -

T

0. INFRARED LASER INDUCED FLUORESCENCE IN CH 3COF *

— (3. Ahi , C. V. Flynn)

Though the vibrational relaxation of simple polyatomic molecules has

been extensively stud ied, there appears to be a lack of information on the

relaxation processes of molecules with a number of very low lying vibrational

states, and in particular , of molecules with a torsional degree of t reed om

We have studied one such case, the molecule acetyl fluoride , CH
3
COF.

The CU
3 
rocking mode of acetyl fluoride was pumped with a Q—switched

CO2 laser and the laser—induced fluorescence observed . Several modes are

easily observable: the C—H stretch at 3.3 ~i , the C—O stretch at 5.4~i and the

C—C stretch at 8.44 ~i. In all cases , the fluorescence was obse~-ved to be

quite similar with a very fas t  rise followed by a double exponential decay.

The fas t  dec ay exhibits a bimolecular rate constant of > io6 sec~~ torr~~ ,

while the slow decay is attributed to the decay of black body radia t ion due

to the di f fus ion of translationally hot gas out of the detec tor viewing volume .

Sinc e we are not looking at fluorescence from the pumped mode , the

very fas t  rise time of observed fluorescence indicates a rapid V—V equilibra-

tion is occuning (possibly collisionless), which distributes energy throug hout

the molecule. It is quite surprising that  the init ial  CR 3 rocking energy is

propagated to the C 0  and C—P bonds at nearly the same rate as the C—H st r e t c h

is pumped .

Simultaneously with the V—V equi l ibrat ion , very fas t  V—T processes quench

the vibrational excitation at a near gas kinetic rate. A possibl e explanation

for this extremely fast rate is the presenc e of a number of very low ly ing —

modes. These modes provide a near resonant path for  the ini t ia l  e x c i t a t i o n  to

(I I
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be converted into translation, with the maximum energy defect occuning for the

quenching of the C—C torsion at 208 cm 1
. Such rapid V—T rates for low

lying st a t e s  are not part icular ly surprising .

While it is possible that the case of acetyl fluoride is atypiLal , it

appear s that the relaxation of molecules with a dense vibrational manifold

having states within kT of the ground state will be extremely fast, with the

vibrational energy distributed among the available states on the same time

scale as the V—T relaxa tion.

*This research was also supported by the Na t ional Science Foundation under
Grant NSF—CHE—77—24343.
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III. GENERATION AND CONTROL OF RADIATION

A. REL AXAT ION AND EXCITATION TRANSFER OF OPTI CALLY EXCITED STATE S
IN  SOL IDS*

(Y. C. Chen, K. Chiang , S. R. Hartmenn)

There is a great deal of interest in the studying of relaxation and

3+ 3+spectroscopic properties of optical trans !t ions of LaF 3 :Pr . Pr ion

in LaF
3
, owing to its lack of an electronic moment , is essen t i a l l y  isola ted

and behaves in a relatively simple manner which allows convenient analysis.

In the past few years a considerable amount of woz’k has been performed in

this material .  Both the ~}14 
— 
3P transi ti~ n (4777 A) and ~H4 

— 
1D2 transi—

0

non (5925 A) are accessible to dye lasers and have been investigated by a

wide variety of techniques , including the fluorecence line narroving~~~~
2
~

optical free decay~
3
~photon echoes ,~

4
~~~

5
~ and optical r f  double reson cc.~~

6
~

Last year we reported the observation of echo modulation effec t in

the 3R4 
— 
3P transition, which was in sharp di5ngreement with  simple ex-

ponential decay behavior reported by Yamagishi and Szabo~
7
~ The disagreement

hinged on one data point out of 13, the one corresponding to a pulse separa-

tion of 240 ns. The ful L recovery of echo in tensi ty  we observed impl ied

a much slower echo relaxation ra te  than tha t which they reported . The problem

was that the optical delay line used by both groups did not allow convenient

and arbitrary variation of the excitation pulse separation. In order to

make detailed studies of the echo behav ior sand to increase the resolution of

lie i~e ho teehui I quic , W~ (I t-c 3d ed to Improve our ex p er i m en t a l  t echo i qtic . Wi’

‘levi- I oped a doub It~ N, I aser pumpt~I dye 1 aser syst i-in wli I eb coui  Id be ci i-c t  r i’—

nically tt iggered to produce any pulse separation we wanted .

The pulse separation was monitored by an Ortech Model 4~ 7 t ime

to pulse height converter , and was determined to an accu racy of 0.1 7..

‘- 1
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In Fig . I (a) and Fi g. 2 (a) we present the resul ts  obtained w i t h

this ii’proved apparatus. The sharp peak at 236 ns confirms our prev ious

t ’5(!lt. The extended range and increased resolution of our new apparatus

~~o~-s the echo behavior to be quite complex . An understandable feature is

the regular rephasings which occur every 118 ns and which correspond to

the nuc lea r  splitting s of 8.47 MHz and 16.7 MHz associated with the ground

lev e l of the 3H4 st ate .~~
6
~ The high frequency modulations damp out with a

time constant of ~2 p5cc. These are followed by low frequency modulations

which correspond to the smaller splittings of the excited state. A

Foutier transform of the low frequency modulations yields level splittings

of 0.73 MHz and 1.12 MHz. Another feature of the data is the relatively

slow (‘~(l.2 jisec)
’) rate at which it decays. This corresponds to a lir,e—

width of 70 kllz and is a factor three narrower than the nmr linewidth of

200 kHz reported by Er ickson for the double resonance t rans i t ions  in the

ground s ta te .  This implies that the nuclear l inewidths  are inhoniogeneous.

The effec t of this inhomogeneity is to damp out the high frequency modulation

with time constant of 800 ns and twice 800 ns depending on which particular

terms are singled out .~~
8
~ Our data indicates  t hat  the low f r eque ncy

modulations have much smaller (20 kHz) damping rates. The 20 kl-I z l inewidth

associated w i t h  the 3P nuclear splittings is understandable based on a

second moment calculation for the Pr—F interac tion ’
~
8
~ and the experimentally

determined inhomogeneous broadening of the electr ic quadrupole lnteractfon~
9
~

The much larger (200 kUz) inhotnogeneous broadening associated with the nuc lear

splittings of the ~114 
state is interpreted as being due to the enhanced nuc l ear

magnetism of the Pr nucleus in that  state.  (10)

The e f f ec t i ve  hamiltonians of LaF 3 :Pr 3+ can he wr i t t en  .as
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H = P ( 12 + (12 
— 1

2 ) )  for the 3H State
G g z C x  y 4

H E 
— 

~~~~~~~~ F
(I
x I — I~~)) for the state

where P . ± 4.185 MHz , = 0.035 , 
~E ± 0.29 

~~~~~~ 
O •168 •

The interaction parameters are determined based on the Fourier transform of

the echo modulation data . The (x,y,z) and (x ’,. y ’,z’) systems are princ ipal

axes of the el ectric quadrupole interaction of the Pr nucleus. For the

3H4 
state , the hamiltonian represents the combination of the electric qua—

drupole interac tion and the second order hyperfine interaction .~~
0
~ The

relative orientation of the (x,y,z) and the (x’,~”,z’) axes has strong in-

fluence on the theoretical echo modulation pattern and therefore provides

a means of determining it. The site symmetry of Pr3+ requires one of prin-

cipal axes to be parallel to the two fold axis, 
~
2• We find tha t the best

agreement with the experimental results is obtained if x(or y) l
~ 
x ’ II C 2

,

and 3O~
’<cos 1

4~~ z’j)< 350 The corresponding theoretical calculations are

shown in Fig. 1(b) and Fig. 2(b). The agreement bet ween the theory and the

experiment is excellent.

An additional interesting discovery we would like to mention is  the

variation of echo relaxation rate at d i f f e r e n t  positions w i t h i n  the 3H4 
-

absorption profile. In Fig. 3 we present the results of the measurement

of the homogeneou s linewidth made in a 5.0 a~~mic % sample using wide hand

(I(X~Hz) pulse dye lasers. The l inewidth var ies  from about 500 kllz near the

I m e  ce n ter  to less than 60 kllz at a dctiin In).. of 200 (H;~. Sin I I  i c  . t  t . - -

a I so been ,ihst- rvvd In a I .0 a t om I c  ~ s_ i mp  I t — I t  ~.~‘ -iiis t o  I ud Ic. t ~~
- a ‘ i s - I  • i O i l

hetwe~n the echo relaxa t ion ra te  and t h e  Inho mogeneitv  of t h e  c ry s t a l  t h i d

whic h broadens the optical transition. However this site dependen r t-Iaxi t Ion

_  _  - 

_ 
- - -~~~~~ 
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would not be able to explain the simple exponential decay behavior (see

Fig. 2) of the echo envelope we have observed . This is because the overall

decay pattern of photon echoes contributed by atoms having different relaxa-

tion rates can not be simple exponential. Another possibility is that echo

relaxation rate depend s only on the number of ions being excited . If so ,

the relaxation rate should also depend on the linewid th and the power of the

excitation pulses . More exper imental work is necessary to unravel  th i s  e f f e c t .

Another remarkable effect we have found is the obseriation of a very

long—lived three—pulse stimulated photon echo. We find that three excitation

pulses at t — 0, t — 100 nsec and t 100 nsec + T produce an echo at t =

200 nsec + T for values of T as long as 3 minutes• These latter echoes have

a signal—to—nnise ratio better than 2:1 and appear after io6 times the excited

state’s 47 ~isec lifetime. Stimulated photon echoes can be produced with

phase information st~-r~ d solely in the population distributio n of the ground

state levels. Our experiment demonstrates this dramatically. Our st imu lated

echoes most likely relax via nuclear spin lattice relaxation induced by para-

magnetic impurities , an effect which ~vuld be temperature and concentration

dependent. No measurements of concentration dependence have been made yet.

*This research was also supported by the National Science Foundation under Grant
NSF—D74R77—05995.

(1) E. Erickson, Phys. Rev. B 11, 77 (1975); Optics Comm . 15. 246 (1975).

(2) R. Flach, D. S. Hamilton, P. 74. Selzer, and 1.1. 74. Yen, Phvs Rev . Lett.
35, 1034 (1975).

(3) A. Z Genack, P. 74. Macfarlane, and R. C. Brewer, Phys. Rev. Lett
31, 1078 (1976).

(4) Y. C. Chen and S. R. Hartmann, Phys. Lett. 58A, 201 (1976).

74

.4---— .4--- --- —.4- .4— -



.4- .4-. , — -
~~~- - - - -

—- ,.,s~~-~____ •_ _• —.4-- .4 — —

(5) Y. C. Chen, K. Chiang and S. Re Hartmann, Optics Comm. 26, 269
(1978).

(6) L. E. Erickson, Optics Comm. 21, 147 (1977).

• (7) A. Yamagishi and A. Szabo , Optics Lett.  2 , 160 (1978).

(8) Y C. Chen, K. Chiang and S. R~ Hartmann1 Optics Comm. to be published.

(9) 1.. 0. Anderson and W. G. Proctor, Z. Kriet, 127, 366 (l968) a

(10) 8. Bleaney, Physica, 69, 317 (1973).

75



_ _ _  - .- - 
~~~~~~~~~~~~~~~~~~~~~~~ ---.~~~~~~~ -—-~~~~~~~~~~~~~~ ~~~~~~~~~~~~

- - 
- -  - -

F- .4

B. SPONTAN EOUS AND INDU C ED COHERENT RADIATION GENERATION AND CONTROL
IN ATOMIC VAPORS* 

-

(T. Mossberg, R. Kachru, K. Leung, E. Whittaker , S. R. Hartmann)

Our research is oriented toward the attainment of two complementary

objectives: 1) to advance the basic understanding of the generation of coherent

rad iation in atomic vapors, and 2) to utilize coherently generated radiation

to study atomic processes occurring within such vapors. With  respec t to the

f i r st objec t iv e , we have discovered a number of important properties of the

three—excitation pulse stimulated photon echo .W Among other things we have

found that in contrast to all other known echo effects the stimulated ec1to

can be generated via the information stored in a sinRie atomic state. This

has a number of important consequences which will be discussed below . We have

also continued our work on the two—photon (Raman) echo .~
2
~ We have observed

the two—photon echo on the 6
2
P
112 

— 62P
312 

transition of atomic Ti vapor . We

have found that the polarizations of the excitation pulses can be arranged in

such a fashion tha t it is not necessary to use optical shut ters  to observe the

— echo . With regards to the second objective we have employed the tn -level echo

effec t~
3
~ to make extensive measuretnents~

4
~ of the foreign—gas—induced relaxa-

t ion of the 3S—nS and 3S—nD superposition states in atomic sod ium vapor.  We

have been able to extend our measurements to superpositions involving upper

states (nS or nD where 4 < n < 34) which are well into the Rydberg regime .

Our work represents the first comprehensive study of foreign—gas—induced

relaxation of coherent superpositions involving levels coupled only by two—

photon transitions.

The & ‘X C  I La t ( f l f l  P~ I ses whIc h product- the st inn la ted pho ton Oi ho . 1 UO

shown in  I~ ig . h a .  We assume that pu 1 ses I and 2 arc both  pa rail ci to and

,-ire resonant wi th  the — 1) t r a n s i t i o n , wh ere 0> is a t h i e r m a i l  v popu lated

76

- -.4 —.4 - - - -.4 - —-—-.4---- - ——- .4 —--- .4- -  - -  .4 -.4- - - -  - - .4 - -.4-- - — __,_______ - —-- .4— ---



- —~~~~~~~~~~ -- •—— — -- —--———~~~~~ —— ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

FIG . la ~71 IT! ci ç~ .
t i t

2 t
3 t,t~

FIG. ].b t
- -

t=O t=~
j. t~2”~

-

~~~~~~~~~~~~~
t

2 
t3

PIG. lc

I I
10

1 
‘

1
’

1 t
e

Figure 1

77

—.4- - - -—-———-—------ - - ----—.4—-’ —--‘-- .4— —- .~~— --—-----—- --- ______________



7 AD AO7L 664 COLUMBIA RADIATION LAB NEW YORK F/S 5/1
RESEARCH INVESTIGATION DIRECTED TOWARD EXTEPCING TiC USEFUL RAN ETC(U)
MAR 79 6 W FLYNN DAAG29—7t—C—0019

UNCLASSIFIED NI.

2~~~2
4 O ? ? ~~54a _ I

_ 19 !! ’
END I
DATI

FIL~ DD

8-79 .

I



I t~ L
I_.

_ _  

LL.  ::

LI 
I~;

11111L25 Ill~•~ UIUk~.

fl ’\

~~~~ S.
’

.-



ground state and 
~i> 

is an initially unpopulated excited state. If both

pulses have an area of ,r/2, it can be shown that after pulse 2 both states are

populated and that the distribution of the z—component of velocity (z—velocity,

v )  of the atoms in each state is modulated with v according to

fl’(v ) = C
O
exp (_mv2/2k

b
T)f(k

lv t 2l/2) (1)

where C is a constant, t1~ 
= t

1 
— t~ , f sin

2 
for state 1 0>, f E cos

2 
for

state Il), m is the mass of the “echo” atom, kb 
is the Boltzmann constant,

T is the absolute temperature, and k1 
is the vavevector of pulses 1 and 2.

The exponential envelope represents the thermal distribution of V initially

found in 10>. The third pulse acts on the z—velocity modulation in either

state separately to produce the stimulated echo. If, as we have described

ahove, both states are populated according to Eq. 1, the echo fields generated

from atoms in either state separately will interfere constructively and make

the echo larger than that which would be produced by atoms in either state

separately. . Since the z—velocity distribution of Eq. 1 does not indicate

the sense along ~ in which pulses 1 and 2 were travelling, pulse 3 and the echo

it generates can propagate along either ± ~~~. Since the modulated z—velocity

distribution in either state separately is sufficient to produce an echo the

third pulse does not need to excite the 
~O> 

— Il> transition. It is only

necessary that one of 10> or Ii> be coupled to a third state 12’/. An echo

will then be generated on the I~> 
— 12> transition where Ii~, represents to) or

ii. These facts concerning the stimulated echo were not previously recog-

nized. It should be noted that because state 10> (a ground state) does not

r.~diative1 y dce;iy. the stimulated echo resulting from the modulated z—vcloc~ ty

distribu tion in 
~0> 

can be produced for Yen long t 32 . By utilizing the

characteristics of the stimulated echo discussed above, it is possible to

78
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produce a stimulated echo which (as a function of foreign—ga s pressure) decays

during t 32 only as a result of the thermaliza t ion of the s—velocity distri-

but ion of atoms in a single state. We term collisions which modify the atomic

velocities “velocity—changing collisions” (V CC). Detailed analysis of the

effect of VCC revesls~
1
~ that for fixed exc i tatio n pulse separation. the inten-

sity of the stimulated echo varies with foreign-gas pressure P as

— lo
exp (_2(n

o/Po)vrat32(l_rexp (_ik e~
vjte3)f(~

vj)d(Avj)1P}exp (_aP)

(2)

where n~ is the foreign—gas density at pressure P 1 v~ — (8k
b
T/wu)’’2 where

p is the echo atom — foreign—gas atom redu ’ed mass, o is the total VCC cross

sect ion , is the wvevector of the third pulse and the echo, ~~ is the

s—velocity change in a single collision, and f (Av i) is the collision kernel,

i.e. the probability distribution of the ~ v1. The exp(—8 P) term , which rep-

resents the deosy due to collisions during the intervals t21 and t~3, can be

independently measured allowing the VCC—induced decay during t 32 to be dc-

termined. The only unknowns in Eq. 2 are a and f(t~v1). For large t
~ 3

the integral involving f(
~
vi) becomes sero and a can be unambiguously de-

termined. Using the value of a obtained for large te3~ 
it is possibl. to

determine f(~v~) through stimulated echo decay measur~ ients for short t 3.

Note that the a determined hen, is the same absolute elastic scattining

cross section laboriously obtained in atomic-beam experiment.. Unlike atomic—

beam exper iments, stimulated echo experiments can measure the absolute a for

short—level excited states as well as ground states. We have performed de-

tailed stimulated echo measur ents in Na and have measured (1) both the

Na (35)—lie and Na(3P112)—He scattering cross section. In the case of Na(35)—
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He scatter ing our ~~ ta has allowed us to infer the form of f(Av~)~ which

surprisingly turns out to be of Lorentzian form rather the the commonly as-

sumed Caussian form . Fig . 2 shows the results of our Na ( 3S)—He measurements.

Her~’ we have defined °ef f  o il  — f exp(_ ik et
~
v jte3) f ( t

~
v j )d(t

~
v j ) 1.  The solid

[broken) curve En Fig. 2 was genera t ed from Eq. 2 assuming a Lorentzian

[Gaussiani kernel . More details of our work can be found in Ref . 1. I t  is

clear that  measurements of the collisionally—induced decay of the s t imula ted

echo will prov ide important new information concerning atomic co l l i s ion

physics.

The excitation pulses necessary to produce the two—p hoton echo

are shown (solid lines) in Fig . lb. The sum or d i f fe rence  of and is

equal to the energy d i f fe rence  between states coupled by a two—photon transi-

tion. In our experiments w
1 

and w 2 are separately resonant wi th  sing le—photo n

transitions, i.e. we produce the two—photon echo via a resonant intermediate

state. While a resonant intermediate state lowers the power requirements

for producing the two—photon echo, it introduces the necessity of preventing

single—photon coherent transients, e.g. photon echoes, produced at both

and from obscuring the two—photon echo. In our original experiment this

was accomplished by a difficult non—collinear excitation scheme in which the

two—photon echo was spatially separated from the single—photon transients.

We have subsequently recognized that by using linearly polarized excitation

pulses oriented as shown by the arrows in Fig. lb we can eliminate (on t ransi-

tions involving states of suitable angular momenta) single—photon transients

u s i n g  simple polarization selective detection. equally importantly , t h i s  x —

citat ion arrangement allows us to eliminate both of the excitation pulses at

the echo frequency (which tend to saturate the detector and prevent the ec ho
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t o m  he tng s een)  without recourse to optical shutters. As a result we

able to see two—photon echoes using convenient coilinear excit ati on p u l s e s

w ith on I r a ~ lan—pr  I sm polarizer and band —pass filter to p r ev en t  th’ t cc (or

~~ t u r .~t ion , fly making the two—photon echo easier to produce and observe wi’

have enhanced i ts u t i l i t y .  We ar e cur rent ly  using the two — ph ot on  ec ho to

stud Y collisiona l relaxation in Ti.

We have utilized the tnt—level echo (see Fig. ic for cxc ( t a t  io n s~’hemc ~

to obta in the data shown in Fig. 3, w~iere we plot the tri—levi ’l echo ccl i i -

atonal decay cross section versus pntnc ipal quantum nutnher n. This dat a rep-

resents a significant contribution to the study of c o i l  i s iona l r e l ax a t i o n  of

highly excited states of the same parity as the ground state. It will l~’

noted that th. collisional decay cross st~t ton does not i i rc:~se mo~~t o n i c a I  l v  w i t h

n. Instead it reaches a maximum and subsequently decreases to an asympt otic

limit. Previous studies of the relaxation characteristics of h i g h ly  e x c i te d

states have been limited to states which are directly accessible v i a s(n~ lc-

photon absorption from the ground state. We have found tha t the tn -level

echo can also be detected using only a linear polarizer to prevent d e t e c t o r

saturation. Pig. lc indicates (arrows) the relative linear pol.~artza t ions ol

the excitation pulses and echo which permit this. We intend to extend our

tnt—level echo study of foreign—gas—induced relaxa tion ct  the a lk a l i  S and fl

Rydb.rg states to other foreign gases and higher n.

~Thig research was also supported by the Office of Nav al Research under
Contrac t N00014—78—C—05l 7.

~ 1 1 1. Mosshurg, A. Ft usherg . R.  knebru , and S. R.  liar tmann • ( s u b m i t  ted
to Phvs. Rev . l,ett.)

t .~ A. Flusberg, ‘F. Mossberg, R. Knebru , and S. R .  flnrtmann , Phvs. ReV .
t.tt. 41, 305 (1978).
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~igure 3. Broadening of Na Rydberg states by He, Ne, and Ar.
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I
IV. QUANTUM DETECTION AND SENSING OF RADIATION

A. NONLINEAR HETERODYNE DETECTION AND SENSING IN THE INFRARED AND OPTICAL

(H. C. Teich , R. A. Meyers, M. Elbaum*)

Considerable progress has been achieved in the theoretical analysis of

the heterodyne correlation rad iometer , the details of which have been recently

published .~
1
~ The ideal signal—to—noise ratio (SNR) and minimum—detectable—

power (MDP) at the output of the system have been obtained for a number of

cases of interest, including sinusoidal signals, and Gaussiail signals with

both Gaussian and Lorentzian spectra . We have shown that the system exhibits

an MDP ~.(hv / n1) ’4i,C where hv is the photon energy, i~~ is the detector quantum

eff iciency, ~ is the average linewidth of a typical line, f is the mean

frequency interval between signal lines, and 
~ 
is the ratio of locally—produced

poWer to the received remotely—radiated power. This resuit is very encouraging

since it indicates tha t a strong locally radiating sample can increase t and

— thereby decrease the MDP. Our detailed calculations show tha t small linewidths

and closely spaced lines enhance detectability, as does a strongly radiating

local sample. Of course, the remote source should be as strong as possible

for definitive detection. Correction factors for impurity species will not,

it appear s, seriously impair operation of the system. For certain choices of

parameters, the SNR at the output of the heterodyne correlation radiometer

will provide a sufficient confidence level for detection. For situations in

which this is not the case, we have shown that further improvement can be

obtained by adding a classical radiometer , a balanced mixer , and/or a multi—

channel receiver. Though calculated ideal system performance is excellent,

the real SNR may be reduced by a variety of deleterious effects in analogy

with the conventional system.’2~

We have shown that the technique should operate over a broad frequency
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range m o m  the microwave to the optical . For the s u b mi l l i m e ter  reg ion , it

may be possible  to use a combination Schottky—harrter—d iode/harmonic—mixer

t hat would prov ide an output at low frequencies as long as t he high—frequ ency

heat signals arc’ generated and mixed within the detector . 1.0 harmonIc s are

at  so r e a d i ly  generated in these ~Ievices~ ~ so tha t  harmonic—mix tog h ot erodvn ~
(4)cor re l a t ion  rad iometry could be performed . Josephson Junc t ion s , ~~~~~

can sometimes be made to produce their own IC’ power , and metal— oxide—metal

diodes could also be used . An IMPATT sol id—sta te  osc i l la tor  could conven-

ient ly  be considered as an tO in these reg ions since frequenc y s t a bi l i z a t ion ,

which is d i i f i c u l t  to achieve in these devices , is not req uired . At higher

frequencies , tunable d iode laser s and Schot tky— ba r r i er  detectors  say he useful

components.

We have also evalua ted the performance of an opt hal or I nf ran ~‘~t bet erodvot’

system in estimating the mean intensity of a gaussian random signal, and

shown that it depends on the mean number of photocarriers releaaed by the

signal rad iation in its coherence volume (degeneracy paraineter).~~~ In a

pu lsed radar , this parameter can be manipulated by varying the pulse duration

while keeping the mean number of signal photocarriers constant. Furthermore .

in a number of situations of practical interest, an optima l pulse dura t ion

exists, corresponding to a degeneracy parameter of unity . Heterodyne and

direct detec tion are compared for this case, and direc t detection is found to

be superior in the strong—signal limit .

* Supported by DARPA.

(11 M . C. ‘Fetch, Opt. Eng. 17, 170 (1978),

( 2 )  M. N. Abbas, N. J. Muunsa , T. Kostiuk. and D. Buhi Appl . Opt. IS 427 (1976).

(3) H. R. Fetterman, B. J. Clifton , P. E. Tannenwald , C. P. Park er , and II.
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PHOTO N ~.
5 OUNi I N~ I)FrrcTioN FOR COMMI ’N t (‘AI loNs , RAPAR • ANP I ~~~ i

( P.  R - P ru ~ n i  i, ( . V.innucc I • . C . I c  lch . H. C

The 1 ike~ t h o o d— r at  to dt ’tec t ion of a signal  embedd ed in no se ct’nst itutes

an important class of c lass ica l  b i n a r y  de c i s io n  pr obl ems tha t has  found w ide—

(1)
spread aMI icah i l itv m the sv n t h e s t s  and a n a l y s t s  ot  .nanv t V r t~~S of sv s t c i~~~.

‘ ~
‘1— 10)

~~~~~s50  app l lea t tons r ange fr om op t ica l  eommu n lc . i t  ion~~ ‘ to rad5u svs—

tern . — For complex signal and noise s t a t  i s t  Ics • it is sometimes diffi cult

or impossible to express the  likel ihood ratio in closed form , however . Fven

fo r  simple signal and noise s t a t  1st it’s • d i r ec t impi ement a t ion of the i i  ke) ihood

rat io  as an optimum processo r may be r ather  d i f f i c u l t .  I t  may I’c ~‘oss ib le  to

reduce t - e likelihood ra t io to a simpler , hut equiva l en t  processor by us ing

variou hoc geometric arguments or l eng thy  al geb ra i c  m a n i p u l a t i o n s .
( -

~~
-
~‘)We have mad e excellent progress in der iv ing  a s imple processor that

is opt i~~im for  a broad rang e of classical b in ary  decision problems involv (n~

the l ikelihood—ratio detection of a signal embedded in noise. The class ot

problem s we have considered encompasses the cas t ’ ot  N independent (hut  not

necessarily ident ical ly  d i s t r i b u t e d ) oh serv . t t  ions of a nonnegative (or non—

positive) signal random var iable embedded in an additive , independe n t ,  and

noninterfering noise random var iable , where the range of t he sl~.u:t l and noise

is discrete. We have shown tha t a comparison of the sum of the N oh st ’rva t  ions

with a unique threshold comprises optimum processing . provided tha t the l o g a r i t h m

of the noise probability density does not contain a point of in flectio n . This

condition on the noise probability density is not necessary, hut is sufficie nt ,

to tmp l V our sLi~~ c— t hreshold processor and does not depend on the si gna l

p robab i l i ty  densi ty .  The r e su l ts  are appi ic ab le  to a spa t lal a r r ay  of d et ec t o r s

exposed to a temporal sequence of observations. We have shown by ~‘xamplt’
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that in many cases it is not difficult to teat the log of the noise density for

a point of inf lec t ion  analyt ical ly .  In ~~re difficult cases ,a graphical

representation of the noise density with a logaritlnk ordinate scale may be

useful in revealing a poi t of inflection. We have applied the results to

a generalized photocounting optical communication system and shown that back-

ground noise, dark noise, modulation, avalanche multiplication, and channel

distortions are easily included in our model.

We had prev ious1y08~ derived a limited version of these results for a

single observation (N—i ) of a nonnegative signal embedded in noise, when the

logarittin of the noise density is concave downward . The proof was based on the

existence of a nonunique continuous extension of the noise density, so that

implementation of the result depended on a proper choice of this continuous

extension. No such ambiguity now exists. We have eliminated the need f or

a continuous extension by applying a finite—difference condition directly to

the discrete noise density.

We have also considered a mathematical description for the class of optical

experiments in which a pulse of light is generated in which the underlying

Poisson photon statistics are modified by an intensity that decays exponentially

in t1me.~
23
~ In some cases, as when the li ght is weak, it is necessary to

use photon-counting techniques to detect this signal. In those situations in

which the sampling interval (or time) T is much greater than the decay time,

essentially all of the light energy is cont&ined in each sampling interval,

so tha t the photocounting distribution will be Poisson of mean ~n> nIT.

Here n is the quantum efficiency of the detector, I is the time—averaged

intensity of the light at the detector , and it is assumed that spatial effects

can be ignored.

89

- - — 1~ 1~~~~Ur 1f~L f f l i i ~1 -~i~~~~ T if lfl~~~ l~~~~~I~N ~~~~~~~~ trr ~~r~~~I - ThE 

-



We have derived the exact photocounting distribution expected when the

sampling interval T is not necessarily large in comparison with the decay time

r of the light. We have also derived closed—form expressions for  the cou n t

mean and variance. The results are valid for the repeated and exhaustive

sampl ing of a single exponentially decaying light pulse , or for sampl ing from

an ensemble of such pulses of identical height when the starting time of the

sampling interval is uniformly distributed .

*This research was also supported by the National Science Foundation.
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C. M I LL tM 1~TER— AND SUBMILLIMETER—WAVE MIXERS USINC JOSEPHSON .IUNCTIONS
*

(A. R. Kerr , P. Thaddeus, Y. Taur)

The Josephson junction has great potential as a very low noise coherent

dctc~. tor at millimeter and aubmilllaneter wavelengths. When operated as a ui~xer

~t j~~ssesses the unique characteristics of requiring local oscillator power of

only  a few nanowatte, while being more sensitive than the best cryogenic Schottk

d iode mixers. The engineering problems which have delayed practical ~i p p l h a t I o n

of the Josephson junction as a receiver front—end are:

(i) Development of a device with an impedance level ~ufficicntlv h i g h to

be matched to a practical waveguide structure.

(ii) Fabrication of such a device and its mounting struc ture with the very

small dimensions and tolerances required for millimeter and sub—millimeter wave-

length operation , and with sufficient mechanical s tab i l i ty  f nr  c ry ogenic  cooling.

4 (iii) Development of appropr iate wavegu ide matching s t ructures  in w h i c h

to mount the Josephson junc t ion.

We have developed a stable , thermally re—c yclable Josephson junc t ion  mixer

for 115 Gftg.~ 
(2~~3) The high sensitivity and low conversion loss of th i s

device promise a gain in overall receiver sensitivity by a fac tor of ‘-4 over

the best room temperature receivers at this frequency (this corresponds to a

reduction in necessary observing time by a factor of 16). Following initial

testing in a laboratory dower, the Josephson mixer is now being mounted in a

specially designed receiver using a cryogenically cooled transistor IF

amplifier to reduce second—stage noise. This receiver will be Installed on

the Coluebia—GISS 4—foo t co Sky Survey telescope in the near future.

Work on understand ing the noise behav iour of Josephson mixers has ted to

a digital computer simulation of the device, includin1 the effects of therma l

noise in the junction resistance. This has given excellen t agrecmrn~ with our
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exper imental results at 115 GHz ,~
4
~ and will, be an essentia l. tool in developing

the next generation of Josephson junctions and their waveguide coupling structures.

5This research was also suppor ted by the Na tional Aeronautics and Space
Administration under Grant NSG—5163 Scope L.
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V. PHYSICAL PROPERTIES AND EFFECTS OF ELECTRONIC MATERIALS

A. TUNNELING IN IJLTRATh IN Si02 LAYERS ON SILICON*

(El . C. Card , K. K. Ng)

This work is an extension of the studies of MOS tunneling first reported

in the previous progress report (Sec . IV A t of progress report 28).

We report here on a basic asymmetry observed in the tunneling probabilities

fo r  electrons and holes of ultrathin S102 films in metal—Si02—nSi structures.

Hole tunneling in this sense implies the tunneling of electrons from the meta l

Into the valence band of the semiconductor. The tunneling transmission co-

effic ient for holes (Th
) Is consistently apprec iably lower than that for

electrons (T
e
) when these coefficients are measured on the same s imple .

We deal with an n—type semiconductor and the transmission coeffichnt

for majority carriers (electrons), T , is first determined from dark measure-

ments of current density and capacitance vs bias voltage V by a method described

previously.~~~ The sample (which has an optically transparent metal electrode~

is then illum inated with photons of energy in excess of the semiconductor

energy gap in order to determine the photocurrent density . The photocurrent

density is suppressed by the Sb 2 layer (for thickness d ~ 20 A) to an extent

that is determined by comparison with an ideal metal—semiconduc tor structure

(d -‘ 0) fabricated at the same time so that the optical transparency of the

metal films are identical. The magnitude of photocurrent density is used to

deternilne the transmission coefficient of the Si02 
film for minorit y carriers

( i H ’~~.’’ .) ,  ‘I’
II

,Iiiese I r~insm I ss  Inn enel I I~’ len t ;II e ~ Iveii I u t lie WK R a ;~j ’ro x Ini ; I  t ion hv

Te 
— ex p (_ 2 I K e I d)

1 
(1)

3 2 2
— J h  [47T qm~~~k T exp( — ~~—)]
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wher e K
e is the imaginary wavevector for electrons (tunneling through the

S10
2 layer at the energy of the semiconductor conduction band edge E

~
(S i) ) ,

is t he mea sured value of the dark saturation current density due to the

majority carrier transport, m
t 

is the transverse effective mass in the semi-

conductor conduction band , is the (Schottky) barrier height, determined

from the capacitance characteristics , and equal to the energy difference between

the metal Fermi energy and E (Si) for V—O , and

Tb 
exp( _2IK

h Id)

L 0
* kT ~ 

~~h 
-

— qD LL qm ( ) expC,~j~) ~ ,j
2— — 1)) (2)

• 
2lrmdh SC

*

where is the effective mass for holes with momentum transverse to the

barrier, mdh is the density—of—states effective mass in the semiconductor

va lence band , D and L are the diffusion coefficient and diffusion lengthp p

for holes in the Si , ~
0 

is the Si surface potential for V 0 , is the mea sured

photocurrent density for V—0 in the presence of the S10
2 
layer, and 3

ph 
is

the measured photocurrent density for the same illumination as d -
~ 0 (in

the ideal metal—semiconducto r structure with no pho tocurrent suppression).

was determined by capacitance measurements under the illumina ted conditions,

and was measured for these samples by a method due to Kar .~
3
~

The resul ts of K
e 

and Kb vs d are shown in Fig. 1. In the case of Kb
for d — 33 1 the result is a gross underestimate because of compl icati’ms due
to photomnission from the metal into the Si0

2 
conduct ion band. The striking

observation is tha t K. >> K , in order word s tha t T << T for all d whenn e h e
• 

. thes. parameters are measured on the same structure. These samples were

Au—S102
—nSi structures with Si02 layers grown in steam at 900°C after initial

growth and r~ noval of ~20O0 A Si02 layers and d was determined by ellipsometry

mlasureinents.
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Figure 1: Magnitudes of tunneling exponents for electrons and holes in ultra -
thin Si02 f i lms illustrating the asymmetry between the ( imaginary)
wavevectors Ke and Kb. Dotted l ine shows prev ious data (Ref. 2)
for electrons for compar I son.
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Let us cona l4er the E—K diaper son relation for electrons with energ ies

in the forbidden gap of the Si0
2 f ilm. Assuming a Fran t relation~

4
~ we hav e

tha t

1 1 1 - •

— - ~~~~~~~ + —• 
K’ K’ K ’c V

(3)

h 2 
lb

2

— 2m (E-E ) 2rnE
c g v

where in , in are the ef fect ive  masses in the conduc t ion , valence band s of thec v
Sb

2
.

Photoenission measurements on Si0
2 layers of much greater thickness

(~ l0OO A ) have shown tha t E
~

(S iO
2
)_E

~
(S i) ~ 3eV , E

~
(Si)_E

~
(SiO

2) ~ 
4—5 eV

and that E
g
(Si0

2
) ~ 9 eV.~

5
~~

’
~

8
~ Using these values in Eq. ( 3) we find that

the results of Fig. 1 Cannot be obtained with a positive value of both a

and m
~
. It is known however tha t considerable positive charge (which has

as its origin excess Si in the SiO
~
) exists in the oxide. This enhances the

electron tunneling barr ier and reduces that for holes in a way that is con-

sistent with the observations reported here.

This work is being prepared for publ ication in the Journa l of Applied

Physic..

*This research was also partially supported h-v the National Science Foundation
under Grant NSF—ENC76—15063.
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B. CARRIER TRANSPORT ACROSS HETEROJUNCTION INTERFACES

(E . S. Yang, C. N. Vu , H. C. Card)

The t ransport of carrier s from one side of a semiconductor heterojunction

to the othe r is characterized by the quantum—mechanical transmission coeffic ient

(QMT) . defined as the ratio of the transmitted to the incident current. The

current  per unit aiea f rom side 1 to side 2 of the junction in the x—d irection

is given by~’~

‘
~
l+2 

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U)

where k
~
. k~ and k5 are the wave vectors in the x, y and & directions respec-

tively. Since h.terojunctions used in optical devices are mostly fabricated

with a dir ec t—band ssmiconductor , we assume that the electron effective mass

m~ is isotropic. In addition,

T(E k ~1k) — the quantum mechanical transmission coefficient,

E — total kinetic energy

2m*
2

- —
~~~~
- (k~ + k2 + k2)2tn* x y z

• the probability of the carrier occupancy at the energy F in
side 1 and side 2, respectively.

Here, electrons are considered as the only carriers and the fo rmulae

are val id for boles. Then th. net current is the difference of the two current

components flowing in opposit. directions .
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J - J l+2 - J 2.l

— (2~ )j !Jj ’~’(~~
_
~
)dkxdk ydk &T(E I ky .kz ){f l (E (k) ) — f

2
(E(~ ) ) )  (2)

The QMT is defined as the ratio of the transmitted current to the m ci-

dent , i.e., the probab ility of a carrier passing through a junction interface.

From Crowell’s analysis, the QMT of the depletion reg ion of a Scbottky barrier

depends on the potential height and the ma terial parameter E0~, - 1.8565

1O~~
1 ( N / m c ) 1”2. The WKB approximation is valid when the carrier ’s kinetic

energy is not near the peak of the potential. In the Schottky d iode, electrons

are emitted to a region with a larger effective niass ( the free electron mass);

theref ore, the current transport is very sensitive to the value of the

effective mass ratio $. In the heterojunction. the csrrier transport through

the junction is affected by the change of the effective mass which makes the

perpendicular kinetic energy to be added or subtracted dependent on the value

of -
.‘

The transport equations are examined in the heteroj unc t ion inter face ,

being especially concerned with the different masses of carriers in both

sides of either an isotype or anisotype heterojunction. The upper and lower

limits of the perpendicular component of the kinetic energy are, in general,

not infinity and zero, respectively. The general fo rm of the current density

is der ived by assuming an isotropic effec t ive mass. In the model presented

here , the perpendicular component of the kinetic energy i. modified by 1/~ -

so tha t the perpendicular momentum is conserv ed when carriers pass through

the barrier and the QZ’IT coefficien t i. modified by the factor (FiRs . I

and 2). For the conservation of th. total energy, this modulated perpendicular

kinetic energy of (1/, — l)E~ plays a role in reducing effectively the

barrier height in the calculation of the quantum—mechanical transmtsston

coefficient.
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Since the WKB approximation cannot be used to calculate the quantum—

mechanical transmission when the kinetic energy is around the pea k ot the

potential barrier , we have used a combined WKB—numerical method in which the

parallel kinetic energy is considered separately in three regions: (i) E11 >

E in which the WKB method is valid , (ii) E > E > E in which the numerical
U u

method is used , and (iii) E ft < E~ in which the WKB method is employed in the

depletion region of side 1 and the numerical metho d is used in side 2. Re-

ferring to Rode ’s work on the A1GaAs—GaAs DI-! laser , the Al ~a As—GaAs N—n
x l—x

junction is taken as an example to calculate the current densities under both

forward and reverse biasing vol tages (Figs . 3 and 4). At high biasing, the

forward characteristics show that the quantum—mechanical reflection reduces

the current density to sixty percent of its classical value. But at low

biasing, it shows tha t the tunneling curren t mus t be considered as the semi-

conductor of the larger energy—band gap is heavily doped. This transport

theory is applicable to the anisotype heterojunction . It has to be considered

additionally tha t the diffusion mechanism appears in series with the T—F

emission considered here.

We have also calculated the electrostatic effects of interface states

on the carrier transport across p—N and N—p heterojunctions and this is

reported in Ref. 2.

(1) C. 14. Vu and E. S. Yang, “Carrier Transport across Heterojunction Inter-
faces ,” Solid State Electron., in press (1979).

(2) H. C. Card, “Electrostatic Effects of Interface States on Carrier
Transport in Semiconductor Heterojunctions , ” J. Appi. Phys. ,  in press
(1979).
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C. METAL-GERMANIUM SCHOTTKY BARRIER QUANTUM DETEC TORS

(H. C. Card , E. Y. Chan)

This researc~i is aimed at an understand ing of the basic electronic and — 

-

optoelectronic mechanisms in german ium Schottky barriers and their applica-

tions as quantum detectors in the 1.1 to 1.4 urn range. More details of this

initial study are to be found in reference 1.

Germanium has four conduction band min ima along the (111) direction,

an indirect energy gap (Egj) of 0.66 eV and a direct energy gap (Egd) of

0.81 eV. Shown in Fig. 1 is the band diagram and the corresponding diaper-

sion (E—K) relation of metal—germanium Schottky barriers. and are

the barrier height with respect to the direct and indirect conduction band

minima. When the device ia illuminated, electron—hole pairs are generated

and arrows 1,2,3,4 indicate the four possible electron transitions. Pro-

cesses 1 and 2 are the indirect and direct valence to conduction band trans-

itions. Processes 3 and 4 are due to excitation of electrons from the metal

into the indirect and direct conduction band minima. In this work special

attention is paid to processes 1 and 2. For optimum performance of the de-

tector using these two processes, the metal thickness should not be greater

than the photon mean free path. At the same time the depletion width (W) of

the germanium should be greater than 1/a, where a is the absorption coeff i—

cient of germanium, to allow for absorption of tl~e optical radiation within

the depletion layer and hence yield optimum frequency response. The dark

current—voltage relation of the germanium Schottky barrier quantum detec-

tor is described by the thermionic emission theory~
3
~ as

I — A**aT~ amp (
b) { exp (~~~) —l } (1)
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11 111
Ni Cu Pb Ag~~~u

d = 3 0 O ~~

/ / / / META L 4~8( eV) n

/ / / / Au 0. 599 1.02

~~~~~~ A I’ / / Cu 0.526 1.05

/ / / Ag 0.584 1.02
4 / / / Pb 0.555 1.08

/ / / Ni 0.506 1.02

cc I I ~~a:
4
3
a:
0

U..

4x10 I I I

0 0.05 0.10 0.15 02 0
FORWARD , V (V O LTS)

Figure 2: Semi log ar t t !smli p ’ot of the 1—V eha r . n - t e r t M t  I t - s  I i t t  I I v . - d l  ‘ S

metal—Ce contacts with d • 30() ~.. Tnblt I i i  I I t s -  I t t - i - v  I . I I S I W  t i t i

corresponding n values and •~ Is obtained by ext rap itl - ’t I s i n  t ’ t  i ht-

linear portion of the i—V curve to V 0  ; t x I s .
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in this fig . are in close agreement with those obtained
by extrapolation in Fig. 4.
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wlwr c the parameter n is the ideality factor , is the barrier height (‘GM

in  FIg. 2), A** is the mod ified Richardson ’s constant . For (111) germanium ,

~1 (~
) 1)

\~ - -  i~ ~O An-tp /.-m °K. - ‘ The capacitance voltage (C—V ) characteristic is

- ‘ i ’ - ~~- r j h t’t1 i-t v

-~ ~~~ — V — KT /q )
1/ C — • — 55--

q a N
d

where a is the dev i i 5-c area.

I—V Characteri stiv -~

Fig.  3 is a typ ical  linear I—V plot for  a Au —Ce Sc hot tky  h a r r i e r  wi th

metal thickness d • 300 ~~. Excellent reverse saturation characteristics

were observed both in the dark and under illumination . Figs. 2 and 3 are

the semilogaritl-unic plots for the forward and reverse i—V characteristics

for five differen t metal—germanium contacts with d • 300 all agree with

Eq. (~-) found from the extrapolation of the forward I—V characteristics

in Fig. 2 is in very good agreement with the corresponding values obtained

f rom reverse I—V charac te r i s t i c s  in Fig . 3. The n values found for  these

devices are in the range 1.03 ± 0.01 ~ n ~ 1.08 ± 0.01 which are very close

to Idea lity .  The 1—V measurements were performed on devices with meta l

thicknesses in the range of 50 ~ d ~ 2000 X. In the case of Au , Cu , Ag

and Ni , •B was found to be independent of d; •~ ‘s averaged over various thick-

nesses are : (Au ) 0.589 eV , (Cu) 0 .522 , (Ag ) 0.544 eV , (Ni) 0.496. In the

case of Pb—G e contacts, a pronounced decrease in wi th  cI is observed .

Ideal devices are obtainable for all metal-Ge contacts including the lower

d cases.

I I I )
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C—V Measurements

Fig. 4 shows 1/C2 vs. VR (reverse bias) for various metal—germanium

contacts at d — 300 A. These are good straight lines at high reverse bias

voltages. Deviations f rom straight lines occur at low biasing voltages and

this tendency is more pronounced for Pb and Ag. The •B’~ 
found by extra—

polation of the linear por tion of the 1/C 2 vs. V from Eq. (2) are: 0.596 eV

for Au—Ge contact, 0.519 eV for Cu-Ge contac t, 0.506 eV for Ni-Ge contact,

0.5745 eV for Ag-Ge contact and 0.576 eV for Pb—Ce contact. These values

are in good agreement with the values obtained from the I—V data. The

doping density Nd determined from the slope of these straight lines are in

good agreement with the specified resistivity range. $~ ‘s found from the

two measurements are in close agreement within an error of ± 0.03 eV. The

deviation from straight lines at low bias voltages f or the 1/C2 vs. V plots

are due to the presence of inversion layers in metal-Ge contacts. Th. high

to Eg (energy gap) ratio in metal-Ge contacts requires a modification of

the depletion approximation expressed in Eqs. (1) and (2).

1 
— 
2(U~V) — V) (3)

C qca N~

where U is now function of voliage (V). At high rever se bias , U(V ) -

~ 
$~, 

—

KT/q and Eq. (3) will approach the depletion approximation of Eq. (2). The

more pronounced deviation in the case of Ag and Pb is attributed to the pie—

sence of deep traps as explained in reference 5. C—V measurements performed

under HeNe laser illumination also indicated the existence of traps. The effect

of illumination on the C—V data is negligible in the case of Au, Cu, Ni-Ce

contacts , but becomes significant in the case of Ag and Pb. Nd ’s determined

from the slop, at lower biases are smaller than those obtained at high bias

I l l
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and still smaller under laser Illumination. This we feel is due to the fil-

ling of traps in the depletion layer by photoexcited electrons. C—V measure-

ments have also revealed minority carrier injection—induced inductance at

large forward bias as predicted in reference 6.

Optical Response

I—V measurements under HeNe laser illumination were performed (for

ideal devices only) at various metal f i lm  thicknesses. I and I are
sc ph

photogenerated current at V • 0 and V — —1.0 respectively. The number of

elec trons genera ted/sec at V 0 is given as N ho — I / q  and at V • —1.0

V as N hj — ‘
~h
’
~

- The quantum efficiencies (Q.E.) at V • 0 and V • —l .OV

are given as no — (N pho /N) x 100% and 
~R - (N

phi/N) x 100%.

Figs. 5 and 6 summarize the results of no and n~ for all devices.

Both and 
~R 

decline with metal thickness above a critical thickness d

100 ~~. For d £ 100 X, no for Au is approx imately 52%, for Cu 45% , for

Ag 43% , with considerably lower values for Pb and Ni; for Au is 66%, Cu

is 78% , Ag is 56% which are higher than n0~ It was found that for V ‘~ —1 .OV

virtually all photoelectrons were collected since 
~ph 

saturated for larger

reverse V. The difference observed for no and 
~R 

amongst various metal-Ge

contacts at the same d Is due to the differences in metal reflectivity of

the HeNe laser illumination.

(1) E. ?. Chan and H. C. Card , “Optoelectronic Properties of Metal-Ge
Schottky Barr ier Quan tum Detectors”, IEEE— IEDM Digest of Tech. Papers,
653—656 (1978).

. (2) C. R. Crowell, “The Richardson Constant for Thermionic Emission in
Schottky Barrier Diodes,” Solid—State Electron . 8, 395—399 .

(3) C. R. Crowell and S. M. Sze, “Current Transport in Metal—Semiconductor
Barriers,” Solid—State Electron . 9, 1035—1048 (1966).

(4) R. F. Schwartz and J. F. Walsh, “Part V—The Properties of Metal to
Semiconductor Contacts,” IRE Proc . 41 1715—1720 (1953)
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(5) A. M. Goodman , “Metal—Semic onductor Barrieç Height Measurement by the
Differential Capacitance Method——One Carrier System ,” J. Appi. Phys.
34, No. 2, 324—338 (1963).

(6) M. A. Green and J. Shevehun , “Minority Carrier Effects Upon the Small
Signal ar.~ steady—State Properties of Schottky Diodes,” Solid—State
Elect ron. 16 114101150 (1973).
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