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I. STATEMENT OF WORK AND DESCRIPTION OF WORK ACCOMPLISHED

New experimental and theoretical advances permit the study of energy transfer
processes in free radicals with a far greater degree of both initial and tinal state resolution than

has been hitherto possible. The present grant has involved the collaborative investigation of

these processes, with particular emphasis on collisions of diatomic free radicals of importance
in combustion systems. State-to-state cross sections for transitions within the A2[T and to the
X25+ state of the CN radical by collisions with argon have been measured in a discharge-flow
apparatus by means of an optical-optical double resonance technique. These experiments
have been interpreted by means of the recently developed quantum theory for collision-
induced transitions between 21T and 2X states. Theoretical computational studies of
rotationally inelastic collisions in open-shell molecules, as well as 1P to 3P transitions in highly
excited alkaline earth atoms, have been completed. Experimental investigation on the
mechanism for the dependence of chemical reactivity on the fine-structure level of a reactant
atomic muftiplet has also been carried out.

One of the most exciting areas of chemical physics is the investigation of the
dependence of kinetic processes on the internal electronic degrees of freedom of the
species involved. New experimental advances, in particular the advent of powertul tunabie
dye lasers, permit a far greater degree of both initial and final state resolution than has been
hitherto possible. On the theoretical side, sophisticated angu!ar momentum algebra, as well
as fast scattering codes, have made accessible accurate quantum studies of inelastic
collisions involving open-shell atoms and molecules. The study of these processes provides
a direct probe of how the anisotropies of intermolecular potentials can affect changes in the
electronic states of the collision partners. From a more practical viewpoint, a detailed
understanding of the rates of collisional relaxation of open-shell radicals underlies our ability to
model the temporal and spatial profiles of these species in combustion environments. The

present grant has involved a collaborative study of inelastic and reactive processes of open-

shell atoms and molecules. The principal scientific accomplishments are as follows:




A. Measurement of Quantum-State-Resolved Cross Sections for Collision-

Induced Transitions In the CN Radical. Inelastic cross sections for collisional transfer
within the CN AZ211 electronic state and to high-lying vibrational levels of the X2Z+ state have been
determined with initial and final rotational state resolution by a two-laser optical-optical double
resonance (OODR) technique.1-4 This experiment, along with the contemporanecus
experiments of Katayama on the isoelectronic No* molecule 3 represent the first observations of
electronic collisionat quenching processes with both initial and final rotational state resolution.

The CN radical is prepared in a flow system at several Torr through collisional dissociation of
cyanogen by metastable argon atoms. Individual rovibrational levels in the A state are initially
excited by pulsed Nd:YAG pumped dye laser excitation on isolated rotational lines in the A - X
band system. After a delay (<32 nsec) short compared to the average time between collisions, a
probe dye laser monitors the coilisionally populated levels in both electronic states by B2z+ —
X232+ and B2L+ - A2[1 fluorescence excitation. In this way, the relative efficiency of collisional
interelectronic vs. intraelectronic transfer can be determined.

Collision-induced electronic transitions have been investigated between the nearly
isoenergetic va and vx=va+ 4 vibrational manifolds for vo=3,3 7,12 and 8.4 In all cases, this
process is facile, with rates comparable to pure rotationally inelastic rates, even for va=3 to vy=7
transitions for which the energy gap is approximately 3kT. The efficiency with which
spectroscopically penurbed6 vs. relatively unperturbed A state levels undergo collision-induced
transitions was found to be the essentially the same. The final X state rotational distributions are
quite similar in general shape for comparabie incident rotational levels in all three va manifolds,
despite wide variation in the va — vy energy gap. This suggests that it is the anisotropy of the CN-
Ar interaction potentials, rather than energy resonance effects, that governs the change in
rotational angular momentum. The most interesting result from these experiments is the
observation of an even / odd oscillation in the final X state rotational populations. This has been
interpreted, with the help of the quantum scattering theory worked out by Alexander and Corey7
(described in the next section) for 2T to 2Z collisional transitions, as being due to the near
homonuclear nature of the CN-Ar interaction.

We have also carried out a one-laser study8 of collision-induced transitions between the A2T1

and B2+ states of CN by monitoring B - X emission upon laser excitation of the va=10 manifold,
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which is nearly isoenergetic with and perturbedd by the vg=0 manifold. For unperturbed levels
the rate of collision-induced transitions appears to be approximately constant and independent of
initial level.

B. Development of the Quantum Theory of 2]] to 25 Collislon-Induced
Transitions. Motivated by current experimental studies of E-E energy transter in CN in our
laboratory1-4 and No+ at AFGL,5 we developed” the exact, fully quantum treatment of collision-
induced transitions between a 21T and 2% electronic state. This exact theory goes considerably
- beyond the simple models developed earlier,10.11 which attributed E-E transfer between near-
degenerate electronic states to the presence of non-Born-Oppenheimer perturbations12 in the
isolated diatomic. We now understand that electronically inelastic collisions result from a mixing
between the £ and IT electronic states of the isolated molecules which is provoked by the
approach of the collision partner. The presence of a perturber atom lowers the symmetry of the
system, so that one component of the asymptotically degenerate wavefunction for the
combination of the molecule in a IT state and the target atom will mix with the wavefunction which
corresponds asymptotically to the combination of the molecule in a T state and the target atorn.
As the collision partner recedes, molecuies, initiaily in the 21 state, say, have a finite probability of

ending up the 23 state. Ina complete description it is necessary to determine the dependence

‘O i T

on geometry of the matrix elements of this electrastatic potential in a diabatic (isolated molecuie)

“ Yy

basis. These matrix elements can be obtained from knowledge of the electronically adiabatic
energies and wavefunctions which would result from an ab initio quantum chemical calculation.”
The formulation of the scattering problem in a diabatic basis then allowed the derivation of several
R general scaling relations and propensity rules, which provided a useful framework for the
. interpretation of Katayama's experiments5 on Na+ and Dagdigian's experiments““ on CN.
-: C. Theoretical and Experimental Investigation of Rotationally Inelastic
Collisions of Molecules within 23 and 2[T Electronic States. In earlier work,13
one of us showed from a consideration of the general quantum scattering equations that
. there should be a propensity for conservation of the e/ fine-structure label in rotationally
inelastic collisions of 2X molecules. This propensity rule has been observed in a number of
v collision studies of molecules in 2% states, including our molecular beam state-to state studies

on CaCi{X2z+).14 We have since been able to develop analytic expressions for the ratio of
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e/fchanging to e/f conserving cr. 38 sections in collisions of molecules in 25 electronic

states.15 This work was based on the use of semiclassical expressions for the important
angular momentum coupling coefficients as well as on the physical interpretation of the
relevant tensor opacities for collisions of open-shell molecules. The resulting high-J limit
expressions should be usetul in the modelling of the relaxation kinetics of hot free-radical
species.

In a collision between an open-shell molecule and an open-shell target, the electrostatic
intermolecular potential will, in general, vary with the total spin of the composite atom-molecule
system. In the laboratory,we have determined state-to-state rotationally inelastic cross sections
for collisions of CaCl(X2Z*) with the open-shell NO(X2TT) target. 16 These measurements were
carried out in a molecular beam-target gas scattering configuration with incident state preparation
by an electric quadrupole and final-state detection by single-mode cw dye laser fluorescence
excitation. Motivated by these experiments, we were able to show how to describe collisions of
molecules in multiplet-Z electronic states with atoms in 23 states. The cross section for a INDJ'N'
transition can be expressed as the sum of a spin-independent and a spin-correlated cross
section. For a 2£-2S collision, the former depends on the sum of the resulting singlet and triplet
interaction potentials, while the latter arises from the singlet-triplet difference. Hence, spin-
correlated scattering will be important for collision systems where a chemical bond, and hence
large spin-exchange interaction, is present. We have begun the extension of this formal
treatment to describe collisions of molecules in 2IT electronic states with 2S atoms and, similarly,
molecules in multiplet-Z states with 2p atoms.

Additionally, we have continued our study of energy transfer in collisions of open-shell
radicals. We were able to camry out a new derivation of the useful and popular infinite-order 3
sudden (I0S) approximation for rotationally inelastic collisions of a diatomic molecules in a Il -
electronic state.?” This derivation clearly demonstrated the role of scattering on the two adiabatic N
surfaces of A’ and A" symmetry which characterize the interaction of atoms with IT-state
molecules. The A’ and A" potential surfaces arise in this case because the interaction potential }
depends on whether the unfilled = orbital lies in or perpendicular 1o the scattering plane.

Numerical studies on collisions of NO(X21‘I) with various partners indicated that the 10S

sy A

approximation can be expected to be valid only for the light, rapidly moving partners (e.g. Ho,
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He).1 7 1n related work we carried out calculations of inelastic cross sections for collisions of
CaF(A211) with Ar and He,18 to compare with the experimental values of Dufour et a/.19 in France
and Norman and Field20 at MIT. The magnitude of the cross sections was interpreted using a
fully-adiabatic treatment of the dynamics. Because of the small rotational constant of CaF(A)
(B=0.349 cm~121), rotationally inelastic transitions in CaF can be produced even at large
distances.

D. Theoretical Study of Collision-Induced Transitions in Atoms. In collaboration
with B. Pouilly at the Université de Lille, France, we have succeeded in the analysis of the
dependence on orbital orientation of cross sections for spin-changing collisions of atomic calcium
in the 4s5p Rydberg level with He. This theoretical work, both formal@2 as well as
computational,23:24 which goes considerably beyond eartier semi-classical models, provided real
insight into the recent experiments of Leone and co-workers.25 In particular, we were able to
show how the observed polarization dependence is a sensitive function of the exact form of the
1.3% and 1311 CaHe potential curves which correlate with the Ca(4s5p 1'3P) + He asymptote. An
adiabatic formulation of the collision dynamics was used to put into doubt the validity of the simple
"orbital locking” models26 previously used to interpret these experiments, and a new, simple
model was developed"’2 to predict the polarization dependence.

A similar adiabatic treatment was also used to analyze further the mechanism of fine-structure
changing transitions in collisions involving atoms in 2P electronic states.27 This long-range
mechanism is responsible for the pronounced peaking in the energy dependence of the
Na(2P4,5) — Na(2P35) cross sections.

In concert with an experimental project involving Andrzej Miziolek and William Anderson at the
Ballistic Research Laboratory (BRL), Aberdeen Proving Ground, MD, we initiated the study of
collision induced transitions between triplet and quintet states of the O atom, in the ...2522p3p
Rydberg state. We have developed a general description of the 3p _, 5p collision-induced
transitions, specifically involving collisions with H atoms and a covalent-ionic crossing involving the
H™O* ion-pair state. These ideas were usetul in the interpretation of the preliminary experimental
results 28 This theoretical work is now continuing under the support of a Scientific Services

Agreement monitored by BRL.

- e e o e, ™ w e .

LY e I - . v .o
N A A AL AN PP AT B L

A Ay ~

o r e
T N N N

F B IR

ST

AN ‘

rs T
'i'fs

«

L A A o |
\.J\'-.'-‘r':

I
1 ] l“ [} l. l' a

7

e %"

Vs

o
2.4

NNy @S
Aol I

|..
._.,‘.. »

v
’

II I“'lj

aTs ¥ 2
it

]
v
P

syt

...'.. ,".{'

[

.
2
D

[ .
T T I T 8

. et
@A
PN o
LN ‘ .

.....,

g0 . " . ~'.-"
Y

ORI

Y.
‘l_"‘

4 P
PR L)




WYYy ey v, - - - e vad u vy " A i - P RPTY v y oy
- LA P AN - - B i N . B S B ] L R R e R | e . PR IS LA R (AR M ISR - - -

-\.'
-
F. Determination of the Dependence on Initlal Spin-Orbit State of Reactions -
of Ca(3P0) with Alkyl Halides. in our laboratory, we have utilized an optical pumping state f
’,
selection technique?® to determine the reactivity of individual spin-orbit states of the Ca(4s4p e
3P0y multiplet. Spin-orbit effects in the chemiluminescence channels of a number of reactions of :::
Ca(3P0) with alky! bromides30 and iodides3' have been investigated. With the exception of the v
Ca(3Po) + SFg reaction, for which no spin-orbit dependence was observed,31 the -
chemiluminescence cross sections were found to vary significantly with incident atomic spin-orbit :'.*l
level. In all cases, the highest-energy J=2 level possessed the largest cross section, with f'-',::
successively smaller values for the J=1 and 0 levels and a factor of 5 to 10 difference between J=2 )
and 0. in other experiments,32 supported by NSF, an opposite ordering of reactivity was found j~.’-
for production of ground-state alkaline earth reaction products. Such spin-orbit effects in }‘_l
cheinical reactivity have been interpreted with the aid of a pseudo-quenching model calculation :.
]
by Alexander33 (supported under a previous ARO grant) and can be explained as arising from -
difference in the evolution of the asymptotic spin-orbit levels onto the various electrostatic
potential energy surfaces. In a recent article, we have reviewed the literature on spin-orbit effects j'.f-
in simple gas-phase chemical reactions 34 ’
b
L
v"‘
.,\
-
RS
o~
P!
S
e,
\::-
)
\::
]
:\1 +
-\. i)
6 o
RS
'

N,

S
b

.
N

.
'

................

“ 5 .' .»-’\J‘ o -ﬁvf\r\.ﬂ il ,\. \J\'\-"\J‘ .‘.-‘;a\.:_‘.:‘_.- )




PP A

e e W U &

e

.-.IIL

»

10.

11,

12.

13.

14.

15.

16.

17.

WV N N NGO N VLS falatapAniate pia st e N She 0’ e i h e, SRR ot AR

I. REFERENCES

N. Furio, A. Ali, and P. J. Dagdigian, Chem. Phys. Lett. 125, 561 (1986).

N. Furio, A_ Ali, and P. J. Dagdigian, J. Chem. Phys. 85, 3680 (1986).

Guo Jihua, A. Ali, and P. J. Dagdigian, J. Chem. Phys. 85, 7098 (1986).

A. Ali, Guo Jihua, and P. J. Dagdigian, J. Chem. Phys. 87, 2045 (1987).

D. H. Katayama, J. Chem. Phys. 81, 3435 (1984); D. H. Katayama and A. V. Dentamaro.
ibid. 85, 2595 (1986); D. H. Katayama, Phys. Rev. Lett. 54, 657 (1985).

A. J. Kotlar, R. W. Field, J. |. Steinfeld, and J. A. Coxon, J. Molec. Spectrosc. 08, 86 (1380).

M. H. Alexander and G. C. Corey, J. Chem. Phys. 84, 100 (1986).

A. Ali, Guo Jihua, and P. J. Dagdigian, Chem. Phys. Lett. 131, 331 (1986).

N. H. Keiss and H. P. Broida, J. Molec. Spectrosc. 7, 194 (1961).

W. M. Gelbart and K. F. Freed, Chem. Phys. Lett. 18, 470 (1973); K. F. Freed, Adv. Chem.
Phys. 42, 207 (1980).

M. H. Alexander , J. Chem. Phys. 76, 429 (1982).

H. Lefebvre-Brion and R. W. Field, Perturbations in the Spectra of Diatomic Molecules
(Academic, New York, 1986).

M. H. Alexander, J. Chem. Phys. 76, 3637 (1982).

P. J. Dagdigian and S. J. Bullman, J. Chem. Phys. 82, 1341 (1985); M. H. Alexander, S. L.
Davis, and P. J. Dagdigian, J. Chem. Phys. 83, 556 (1985).

M. H. Alexander, J. E. Smedley, and G. C. Corey, J. Chem. Phys. 84, 3049 (1986).

G. C. Corey, M. H. Alexander, and P. J. Dagdigian, J. Chem. Phys. 84, 1547 (1986).

G. C. Corey and M. H. Alexander, J. Chem. Phys. 85, 5652 (1986).

K RO DL S I
B0 AW T N T, et

. e ._-' T e A e T T -,\_.‘-_,:-,‘-"\"-_’\_.‘-_.\_.'-_.“-'.'-'_\_I\“_\J\'_\_,'.__\__\..‘\ W T N N TN T

N

P

PRI

Xy

4.
N Y e



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

B. Pouilly and M. H. Alexander, J. Chem. Phys., 88, xxxx (1988)..

C. DuFour, B. Pinchemel, M. Douay, J. Schamps, and M. H. Alexander, Chem. Phys. 98,
315 (1985).

J. Norman and R. W. Field, unpublished.

J. Nakagawa, P. J. Domaille, T. C. Steimle, and D. O. Harris, J. Molec. Spectrosc. 70, 374
(1978).

M. H. Alexander and B. Pouilly, in Selectivity in Chemical Reactions, edited by J. C.
Whitehead (Reidel, Amsterdam, in press).

B. Pouilly and M. H. Alexander, J. Chem. Phys. 86, 4790 (1987).

B. Pouilly, J.-M. Robbe, and M. H. Alexander, to be published.

M. O. Hale, I. V. Hertel, and S. R. Leone, Phys. Rev. Lett. 53, 2296 (1984).

I. V. Hertel, H. Schmidt, A. Bahring, and E. Meyer, Rep. Prog. Phys. 48, 375 (1985).
D. Lemoine, J.-M. Robbe, and B. Pouilly, J. Phys. B, in press.

W. R. Anderson, Abstracts, 190" ACS meeting, Chicago, 1985.

H.-J. Yuh and P. J. Dagdigian, Phys. Rev. A 28, 63 (1983).

N. Furio, M. L. Campbell, and P. J. Dagdigian, J. Chem. Phys. 84, 4332 (1986).

M. L. Campbell, N. Furio, and P. J. Dagdigian, Laser Chem. 6, 391 (1986).

M. L. Campbell and P. J. Dagdigian, Faraday Disc. Chem. Soc., in press.

M. H. Alexander, in Gas-Phase Chemiluminescence and Chemi-lonization, edited by
A. Fontijn (North-Hoiland, Amsterdam, 1985), p. 221.

P. J. Dagdigian and M. L. Campbell, Chem. Rev. 87, 1 (1987).

My "W a”n? o ¥ AT T T T e T T T A et N T e AT et Lt T L st et et e
R, NV -";"/\I"I,'INJ‘I' N A Y R A A e o R N AP PR

------

p
"-‘,

* >~
\)

[

AT e AL

S,

PR A

b s

SUAS -.-?'.'

R

.I

.’.'r'u'-'!'
ALY I RN

a4

Rl PRI



SV T T W T ALV R

PR

T h Y™y

- Y v T —

. LIST OF PUBLICATIONS PREPARED UNDER ARO GRANT
DAAG29-85-K-0018

PR L A B

LA A

v v T Y w

1. M. H. Alexander and G. C. Corey, "Quantum induced Transitions between 2n and 2
States of Diatomic Molecules: Quantum Theory and Collisional Propensity Rules,” J.
Chem. Phys. 84, 100 (1986).

Ll ol e ae B g

2. M. H. Alexander, J. E. Smedley, and G. C. Corey, “On the Physical Origin of Propensity
Rules in Collisions nvolving Molecules in 25 Electronic States,” J. Chem. Phys. 84, 3049
3 (1986).
b
p
p
1 3. G. C. Corey, M. H. Alexander, and P. J. Dagdigian, "Rotationally Inelastic Collisions

between a Molecule in a 25+1% Electronic State and an Open-Shell Target: General
Quantum Analysis and Experimental Measurement of State-Resolved Cross Sections for
CaCl(X2z+) + NO(X2[T),” J. Chem. Phys. 84, 1547 (1986).

4, N. Furio, M. L. Campbell, and P. J. Dagdigian, "Dependence of the Chemiluminescence
Cross Section on Spin-Orbit State for the Reaction of Ca(3Pj°) with Alkyl Bromides,” J.
Chem. Phys. 84, 4332 (1986).

[ 5. M. L. Campbell, N. Furio, and P. J. Dagdigian, "The Reaction of Spin-Orbit State-Selected

d

t Ca(3P ) with CHg3l, CHalo, and SFg," Laser Chem. 6, 391 (1986). ;

: =

' 6 N. Furio, A. Ali, and P. J. Dagdigian, "Interference Effects Rotational-State-Resolved 1
Collisional Energy Transfer between the A21T and X2Z+ States of CN," Chem. Phys. Lett. \

125, 561 (1986).

A

7. M. H. Alexander, G. C. Corey, S. L. Davis, and P. J. Dagdigian, "Polarization and
Alignment Effects in Collisions Involving Open-Shell Molecules,” Amer. Inst. Phys. Conf.
Proc. 146, 538 (1986).

8. N. Furio, A. Ali, and P. J. Dagdigian. "State-Resolved Study of Collisional Energy Transfer
9
v . CL LAY AL PP L N 2" A ’ A o o A N R A R AP U N RS
N T A A Y PO TN N P ATO AN I A NN AR ;\"1’}_‘; AT AT I




. RIS S et A e 00l BS P b Al

NN S B A R e e L A A Y

between A2I1 v=7 and X2Z+ v=11 Rotational Levels of CN,” J. Chem. Phys. 85, 3680
- (1986).

3
RS NS

9. G. C. Corey and M. H. Alexander, "The Infinite-Order Sudden Approximation for Collisions
Involving Molecules in I-Electronic States: A New Derivation and Calculations of

LA N
LI Y g ]

Rotationally Inelastic Cross Sections for NO(XZH) + He and Ar,” J. Chem. Phys. 85, 5652
(1986).

Ve s s et

LI I

10. Guo Jihua, A. Ali, and P. J. Dagdigian, "State-to-State Collisional Interelectronic and
Intraelectronic Energy Transfer Invoiving CN A2T1 v=3 and X2+ v= 7 Rotational Levels,"
y J. Chem. Phys. 85, 7098 (1986). i

11. A. Ali, Guo Jihua, and P. J. Dagdigian, "Collisionless and Collision-Induced B - X Emission -
from Laser-Excited CN A2I1 v=10 Rotational Levels,” Chem. Phys. Lett. 131, 331
- (1986). %

. 12. P. J. Dagdigian and M. L. Campbell, “Spin-Orbit Effects in Gas-Phase Chemical g
Reactions,” Chem. Rev. 87, 1 (1987).

13. B. Pouilly and M. H. Alexander, "Theoretical Study of Ca(4s5p 1P) — Ca(4s5p 3P)
Transitions in Collisions with He: Integral Cross Sections and Alignment Effects,” J.
Chem. Phys. 86, 4790 {1987). Y

3 14 A. Ali, N. Furio, and P. J. Dagdigian, "Photolytic Production of CN in Metastable Argon- -\
Cyanogen Flows,” Chem. Phys. Lett. 136, 483 (1987).

15. A. Ali, Guo Jihua, and P. J. Dagdigian, "State-Resolved Inelastic Cross Sections from CN K
AZ2[1 v=8 to X2Z+ v=12: Quenching of the Even-Odd Alternation in the Final Rotational
State Populations,” J. Chem. Phys. 87, 2045 (1987).

16. P. J. Dagdigian, "Reactive Scattering li: Optical Methods,"” in Atomic and Molecular Beam
' Methods (Oxtord U.P., Oxford), edited by G. Scoles, T. E. Gough, and U. Buck, Vol. 1, o
chapter 24, in press.

10

- ¥

-
“~

-
V1

~
- C L . ~ ol .o . - - - B 1 T N LI MU L & .- L - LR -
'\".\\f\‘f\"h" i _,‘-‘. *-\‘_\ AT \J-"'.r-\.r( S \./-".-:'.".\-"..-“.u SN -.I‘"J'\)*\}V\-P TR '_\"\- \_,.\*\'F,\
L ) SIS 3 3 A 8 -



e e W o N M T W, T ]

B. Pouilly and M. H. Alexander, "Quantum Studies of Inelastic Collisions of CaF(A 2rI) with
He and Ar," J. Chem. Phys. 88, XXXX (1988).

D. Lemoine, J.-M. Robbe, and B. Pouilly, “Fuily Adiabatic Interpretation of Fine-Structure
Changing Transitions in Collisions of Alkali Atoms in 2P Electronic States with Noble
Gasses," J. Phys. B, in press.

M. H. Alexander and B. Pouilly, "Fundamental Considerations in the the Study of Inelastic

and Reactive Collisions Involving Atoms in 1P Electronic States,” in Selectivity in
Chemical Reactions, edited by J. C. Whitehead (Reidel, Amsterdam, in press).

W oee s

W] . - A e -
S ’\ P ’1 N _. 4 ,lﬁl“'fsd', R R LS U S LN r\f\-r.vr_".f\f\fvr.'f\.r ~f\f.'f. A e



IV. LIST OF PARTICIPATING SCIENTIFIC PERSONNEL

Paui J. Dagdigian, Co-Principal Investigator, Protessor of Chemistry, The Johns Hopkins

University.

Millard H. Alexander, Co-Principal Investigator, Professor of Chemistry, University of Maryland

Brigitte Pouilly, Visiting Scientific Collaborator, University of Maryland; permanent address:

Université de Lille, France.

Ashrat Ali, Postdoctoral Research Associate, The Johns Hopkins University.

Gregory C. Corey, Postdoctoral Research Associate, University of Maryland.

Nick Furio, Postdoctoral Research Associate, The Johns Hopkins University.

Mark L. Campbell, Graduate Student (Ph. D. degree received 1987), The Johns Hopkins

University.

Jane E. Smedley, Graduate Student (Ph. D. degree received 1987), University of Maryland.

Didier Lemoine, Visiting Graduate Student, University of Maryland; permanent address:

Université de Lille, France.

Guo Jihua, Visiting Scientist, The Johns Hopkins University; permanent address: Department of
Physics, Tsinghua University, Beijing, China.

12

--------------------------------

v s W P » N My Sy W W » - . -
‘ot -I‘ I ,-.-va\.r*.f.;-r‘.f Cd I‘\\.d‘_"\_\. \_—\\f N i AR I

P Y

b
[g

TN

s
W

R

A

L] "- ‘Y

LSRR A N
AR

b s

A

’

oy
v '
P

P

CAL U
-;; ) '-‘"v 3 fs

MRS

WLLS, AT AD S

)
Pl
‘N N

e



- ~ 1. ) O e ,n-.n-- ili’AjvA

, e _ A e .T.....\\:. etetaile PR s Pl Gl
..w-m-.\w\-_ »\K;W-V\\N xw.-uh-t\}u.f\ JJ ./JJI_. I ALs .u\-\r_vi(-n SAS JJL’[:W{F' N-f'- ) .\\\l., QAT u .- N S AR -\h\h... prxl .FJM-FL.\
A

— L w oY
N \— M oo/l

V ]

!

AN W - aY e

- Wy ¥
-

S

o e
.-'u'-

AN AN

s L

v

i

- - -
A

o

o
-
»

N

ALY

*, Tatetat et 4 e LR PR TS Tt I RSN NS W MDA R o ..-.... I PEC I
\-\.r\-w \N- s -n-u-v\-s\.- ........‘..-...4...!..‘ Y NP LN .\ \.f Sat el e




