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MULTIPLE ELECTROMAGNETIC SCATTERING FROM A CLUSTER OF SPHERES. |. THEORY

1. INTRODUCTION

Scattering of light by molecules is commonly dealt with through the
Rayleigh-Debye theory."z This approach is known to be applicable to
molecules whose effective index of refraction is close to unity and to
imply a number of approximations which may have rather severe
e1‘feci:s.3'6 In this paper, we face the problem of scattering of
electromagnetic waves by adapting to the method devised and successfully

used by Johnson7

to calculate the electronic states of large
mo)ecules.8 Accordingly, we model a molecule as a cluster of spherical
scatterers, possibly of different radii and complex refractive indexes. A
plane electromagnetic wave, incident to the cluster undergoes multiple
scatterings which we account for by expanding the scattered wave as a
multicentered series of multipoles. The expansion coefficients turn out to
be the solutions of the system of linear equations, obtained by expanding
the incident field In a series of multipoles within the spheres and
imposing the boundary conditions across the surface. Due to the presence
of the incident plane wave, the above system is nonhomogeneous so

that the expansion coefficients are uniquely determined.

The approach outlined above is of general applicability as it is not
based on any assumption - neither on the radii and refractive indexes of
the single spherical scatterers, nor on the geometry and size of the
cluster. The only approximation required 1is the truncation of the
multipolar expansions Iin order to get a system of finite size. The number
of terms to be retained in the multipolar expansions in order to get a
fairly convergent scattered field, as well as a number of related topics,
will be discussed in section 5.

2  MULTIPOLAR EXPANSIONS OF THE FIELDS

The cluster whose scattering properties we want to study is composed of
N nonmagnetic spheres whose centers lie at Ba and whose radil and (possibdly
complex) refractive Indexes are b, and n,, respectively. We refer the
cluster to a fixed system of axes and choose the direction of incidence of
the incoming plane wave through the direction cosines of its wavevector.

-
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A straightforward calculation along the lines sketched by Jackson” allows

writing the field of a circularly polarized plane wave of wave vector k as

gf\i) i E,.: HnLM(':()[jL(kr)¥LM('E) ¥ "thij(kr))fLM(E)] (1e)
8, < ol (1)

with n = + 1 according to the polarization and

(k) = mit(e, + ine;) - Xt (k) (2)

where e and e, are unit vectors orthogonal to k and to each other. The

vector spherical harmonics, XLM, are defined according to Jackson.9

-~

The field scattered by the cluster is expanded in a multicentered

series of multipoles including only outgoing spherical waves at infinity

) = DT I (KX (T) * B (kX ()] (g

ML
a M n

withT,=r - R,. The superscript (1) on the spherical Hankel functions of
the first kind will be omitted throughout for simplicity.

As regards the field within the spheres, we remark that our theory can
even be applied to a cluster of nonhomogeneous spheres, provided the ng's
are spherically symmetric, i.e. n, = "u(ra)‘ Therefore, within the a -th

sphere, we write 10

(t)a _ a - 1 ) -
B = 2 [C0 RO(r )X (rg) + 500 goxSE(r X ()]

nm L né nw (ba)
oft)a _ a ca . a 1_ .a -
B E& [DnLMSL(rG)fLM(rﬁ) ¥ CnLMEVXRL("u)fum(fh)] (4b)
where R? and ST are the solutions, regular at r, = 0, of the equations
¢ L(L+1) + k22l (r R =0 '
d"a2 - )“m2 na (ra L) - (5a)
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and

2 2 9 4 L
dre2 “rn dr dr T w2
aa a

2 2 ay _
+ k na (r‘aSL) =0 (Sb)

respectively, Of course, for uniform n;s, RY = Sf = jL(Kuru), with

L
Ka' kna.

3. EQUATIONS FOR THE COEFFICIENTS

The expansion coefficients A:LM, B:w, C:w, and D:LM in
equations (3) and (4) are uniquely determined by the boundary conditions
for E and B at the surface of each of the spheres. Therefore, we need to
rewrite equations (1) and (3) In terms of multipoles centered at a single
A site, say R,. This can be done by means of the appropriate addition
T theorems"‘l"z which, near the surface of the a-th sphere, 1i.e. for

ra $ Rop = |g, - Rg|s vield

E(S) -Ei nLMm L(kr )X (r' )+ B, %VXhL(kra){(LM(fa)

j‘ ¥ E Z [ ?H.M tivw jL' (kr0)§ (r ) M LM kva (kr(!)gL'M' (E.u)]
|
* BYB'ILM (K:'BM'LM L (kra)¥L'M' (E‘(!) * HS'BM'LM i—vx‘jl.'(kra)§L'M' (Ea))]} (6)

and

an
» .
v
—_— et e e e

(i) _ " o ; - a 1 .. -
En Lz.; NnLM('f){L.%. [JL'M' LMJL'(kra)Z(L'M' (fa) Yhiw LMFVXJL'(kru)Z(L'M' (fu)]

0T [ gl (KD ue (1) + 00y 783 (kE K (1)D) m

e

(s) (i)
and analogous expressions for Ig,; and Ig,;. In equation (3-1) we define

o

. H?.'BM’LM = (1'50,8)2“:‘:(1»'-' v ;-u,M'*u)“ﬂ;.iL' -L-AIA(L' JM L M)
! x h (kR Y3 M(R JC(1,0,L5-u,mtn) A (8a)
9
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A

L +1 ‘eLeat]
B (s ) O P P

*

AM'-M(éas)c(l’L'L;'“’M+“) (8b)

X IA(L‘+1,M'*u;L,M*D)hX(kRaB)Y

a a a
vmm @nd Ly are identical to HL&.L

K:.f,.w, respectively, but for the substitution of Jy to h)\ and @’ = 0,

while in equation (7), J m and
The Clebsch-Gordan coefficients are defined according to Rc»se’3 and the
quantities

*
I,(L'M";LM) =ﬁw, Y oY r ad®

are the well-known Gaunt integrals.”’

Now we take the dot product of equations (4), (6), and (7) in turn with
faY;m(fa), .)-(:m(_?“), and gax)_(h(ra) and get the radial and tangential
components of the field at the surface of the a-th sphere. Imposition of
the boundary conditions and integration over the angles then yield, for
each a, 2, m, six -equations, among which C,’,LM and D:LM, the
coefficients of the internal field, can easily be eliminated. This
possibility allows getting, for each a, £, m, two equations involving only

the A's and B's as unknowns

By-1 aB 8 ag B
zI'B:L}:m <6086L16Mm[RL] + Hn.mLM)AnLM ¥ K!lmLM'BnLM

(k)p®

nv 2 R, emum (9a)

= - W
L™

B--1 af B8 1Y
ZB:E:‘ (GQBGlemm[SL] * HszM)BnLM * K’«“‘WA'\LM

=- LW (k) (9b)
M

nwm 7 T, Amum




where we define

(ke grdr RG) - R

(;E%f"ajz(k'a))
[l gt ) - R k) |

R: (10a)
a a
s d Qy . n2¢e
Jz(kra)d_r—(rqsz) n Sz&—(r Jj (kr ))
S: = dcl a a (100)
n2
hz(kru)a;;(rusz) ’s F(" hy(kr.)) r=b_
o = a a
‘ Protmn = Tamm ¥ "Lomin (112)
q =Ly, *nd, (11b)

ns LMLM mum Lmum

The system composed of equations (9a) and (9b) for all values of a, 2, m,

completely solves our scattering problem,
L, THE CROSS SECTIONS

Once the coefficients of the scattered wave, A:uw and B:w, are

T e~

known, all of the scattering properties of the cluster can be easily

i calculated. For this purpose, it is convenient to express the scattered
field in terms of multipoles centered at a single point, say 50, through
the addition theorem already used In the preceding section. If E

R

o =r = Rg,then we have |

E(S) - ZE 3 w2 [Jgf’ " h. (kro)X (ro) LM MFVXh (kro){(L,M, (i-n)] ‘

L 3wy G- sy

LA RS s, Y

. - 1 -
" L [Lo'a' hy (keodX, oy (ro) + Ty L k¥xh,. (kro)X (f")]i

nm Lo Temm l
1
- ~ g 1 ~ .
= 2 JA L hy (kro)X  (ro) + B, i K7 (KPo)X (ro)z (12)
[ ~ h - ~

T ey

RRREE =

n
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{s)
and an analogous expression for iB, , with

* - Qa 0e + RS 0 ]

AT\L‘M' ZZ [AHLMJ L'M'LM BT]LM JL'M' LM (‘33)
a M .

o - a 00 + R% oo i

Bn LW §§ [An LMLL'M‘ LM Br]l.MJL'M’ LM ( 13b)

JO“ oQ . .
i 39 LT 2T given by equations (8a) and (8b) with J, substituted
BG - go"

for h,. Equation (12) 1is wvalid, provided that r_ 3 Roa
i.e., in the region outside a sphere centered at l}o and including the

A o)

whole cluster, Therefore, choosing Bo = o0 and thus letting the center of
the expansion (12) coincide with the center of symmetry of the cluster, the
vclume of the aforementioned sphere is minimized. Anyway, the coefficients

Aniw
depend on the direction of the incident wavevector, k. As a consequence,

and éﬂL'M' , unlike those of the field scattered by a single sphere,

all of the quantities of interest depend both on k and on the scattered
wavevector k_ = kr, except, of course, the scattering, absorption, and

total cross sections, which depend only on k. A straightforward

calculation shows, in fact, that

NONE

o 124 18 1] (1ha)
n K2 o nL'm nwm

o(abs) - 22 Z 2|W

2 - | 2
n K2 ow nLm l Brim * Yoiw | i(lhb)

- -~
l ‘An L'M’ ¥ wf'(L'M'

(tOt) = -4_'"_2_ * A +
°n k2w Re NTH.'M' (AY)L‘M' BnL'M' ) (1be)

Finally, we notice that the cross sections depend on the polarization of
the incident wave, n, as explicitly indicated in equation (14a) and (14b).
5. DISCUSSION

In order to assist in discussing both the physical content and the rate

of convergence of the theory developed in the preceding sections, let us




. gy

Z ‘ o

o, - “:.yf'n

rewrite the system of equations (9a) and (9b) in matrix form:

+ 4 K

">
©

¢

(15)

x
)]
+
o]
¢ O
O

15 equation (15) defines the matrix on the

According to Waterman,
teft-hand side as the inverse of the electromagnetic T-matrix for the whole
cluster. The above matrix is non-diagonal, for the cluster lacks the full
spherical symmetry; whereas, the matrices within it have an interesting
physical meaning of their own. The matrices & and S are, in fact, the
direct sum of the diagonal matrices # and S which in turn form the
electromagnetic T-matrix for the a-th sphere in the absence of any other
scatterer. The presence of more than one scatterer in the cluster is
accounted for not only by the matrices 58 and §B, with g =a, but also by
the matrices H and X which couple all the scatterers to each other. The
elements H?f,w and Kggw

elements, in the site and angular momentum representation, of the free

are shown in the appendix to be the matrix

space dyadic Green's function. As the above quantities appear as the
coefficients of the addition theorem we used in section 4, this latter,
besides being a useful mathematical tool, describes the propagation to the
site a of the spherical vector waves scattered by the site B. Therefore,
our previous statement that multiple scatterings are accounted for by
expanding the wave scattered by the whole cluster in a multicentered series

of multipotes remains fully justified.

The theory discussed thus far is based on general grounds and requires
no approximation, apart from the truncation of the multipolar expansions.
In this connection, a fairly good rate of convergence is expected even when
the cluster is not small in comparison to the incident wavelength provided

kby << 1 for any a. Indeed Rg and Sg are known to decrease rapidly with
a
1

describe the scattered wave even when n, is not close to unity.

increasing % so that, for small kb,, R, and Sf are quite sufficient to

16,17
Thus the rate of convergence of our approach depends upon the behavior of
y2# and)(%ﬁLM. According to their definitions, the order of magnitude of

£m LM
equations (8a) and (8b) Is determined by the Gaunt Iintegrals, I,, and by

13
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the spherical Hankel functions, hx(kkaa)' The 1, integrals do not vanish
when IE - LI € A€ 2 + L, but decrease very rapidly with increasing
A.IS Thus, although the Imaginary part of h,, “x(kkua)’ tends to
increase when X\ > kR,g, the eventual effect is to decrease the magnitude
both of HS:LM and of K:i ™ with increasing £, L and R,g. This behavior was
to be expected, for when the intersphere distance increases, the present
theory should reduce to that of the scattering from N spherical scatterers
without any multiple scattering effect. As a consequence, It is reasonable
to expect that the present approach converges well by truncating the
multipolar expansions at L, = 3. Since the order of the system (15) is
dy = ZN(LM + 1)2 - 2N, we should have d3 = 30N, a rather high
number even for small clusters. However, if our clusters possess symmetry
properties, as is the case for actual molecules, we can use group theory to
get the system (15) in factorized form. The application of group theory to
the present approach to multiple electromagnetic scattering will be the

subject of another paper.
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APPEND 1 X
MATRIX ELEMENTS OF THE DYADIC GREEN'S FUNCTION

The free space propagator for spherical vector waves (dyadic Green's
function) is the solution of the inhomogeneous Helmholtz equation.

(v2 + k2)G(r,r') = -4w16(r-r ) (A-1)

~ -~

in spherical coordinates and can be written with respect to the molecular
sites as

A( ) 1k|r -rB-RuBI 1
G(r,r') = 1 (A-2)
"’ raRug!

- o -

If we expand the unit dyadic, 1, with respect to a spherical basis*

1=T() e - z: & (A-3)
u

~U.=H ~"HLTH

and assume lga - B“3| 3 [" » the Neuman expansion of G is**
Blrgerg) = ik o & b (klr Rog DY, (r Ro0)5 (krp)Y (r)e” &
UM -
Now the addition theorem for scalar Helmholtz harmonics can be applied to
hL(k|E° - 806')YLM(E a” E“B) to getkii
Slrorg) =TT L § (krp)Y (ra)e” 6 (Rg)

BoM LMW =T MM
x JL.(RFQ)YUM, (fa)g-u (A-4)

where we assumed Fo < Ru, and thus define

(R,)

w(Ryg) = dnik Z 197 (LW R, (kR YT,

G '™ L

*Rose, E.M. Multiple Fields. John Wiley & Sons, Inc., New York, New

York. 1955,
**Goertzel G. and Tralli, N. Some Mathematical Methods of Physics.

McGraw-Hill, New York. 1960.
**tNozawa, R. J. Math. Phys, 1 1841 (1966).
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Now we recall that the spherical harmonics and the Irreducible spherical

tensors are related through the equation*

Etulr) = T COLLd-uMTy (F)

~JL

so that equation (A-4) can be rewritten as

G(r org) VD NDID j, (kry )T""u (r )C(1,L,0;3-u,M)

p JJ'wm oew
R 'y : Moay, "

X GL,M, LM(F}GB)C(I,L 00 5-u,MY)5 (kr‘u)]’J,L,”(ra)
which, through the position M - 4 =m, M' - u =m' takes the final form

= mm : m’ -

6(r or2) E“I J}E 3 ke)Tr(r)eTe (RS (ke )T (r)  (A-5)

Equation (A-5) shows that the quantities

m.m = - [} ] ]
Goe,w (Ryg) 'Zu:c(l.L.J.-u.m*u)GL ottt Rag C(1LY 20 5w um +0) (A=6)

are just the matrix elements of G with respect to the irreducible spherical
tensors, Moreover, direct comparison of equation (A-6) with equations (8a)
and (8b) shows that

a = _i M'M
HL'M' ™ kGL'L' ,LL(‘}QB) (A-7a)

aB 1,2L+1 2L'41 MM
Ko © 7K GLL+1,LL (80) T(' T+ S a1 LL(R ) (A-7b)

Now, since

5 REIX(F) = M (r) = =3 (kr)TE (1)

L+l

1_ . A s L Mo
w0 (kr)X U(r) = N L (r) ’[ 20T Jue1T+1 “NZOT de-1Tw- 1]

an easy but lengthy calculation, with the help of the formulas of Borghese
et al.,* shows that ¥ and X are the matrix elements of G with respect to M

*Rose, E.M. op cit.
**Borghese, F., Denti, P., Toscano, G., and Sindoni, 0. I|. J. Math. Phys.
21, 2754 (1980).
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- and N. The other matrix elements of G do not appear in the present work
' because we deal with solenoidal fields which require M and N only for their
description. Finally, we notice that the above procedure also allows the

af af
definition of JL,M, - and Liww 8 the matrix elements of G with respect
to M and N. It is, in fact, sufficient to assume r, > l}u, and consequently

substitute In G, jx(kka,) to h,(kR,g) and in M and N, hu(k'a) to J,.(kry).




Names
CHEMICAL SYSTEMS LABORATORY

ATTN: DRDAR-CLF
ATTN: DRDAR-CLJ-R
ATTN: DRDAR-CLJ-L
ATTN: DRDAR-CLJ-M
ATTN: DRDAR-CLJ~P
ATTN: DRDAR-CLT-E
ATTN: DRDAR-CLN
ATTN: DRDAR-CLN-D
ATTN: DRDAR-CLN-S
ATTN: DRDAR-CLN-ST
ATTN: DRDAR-CLW=-C
ATTN: DRDAR-CLB-C
ATTN: DRDAR-CLB-P
ATTN: DRDAR-CLB-PA
ATTN: DRDAR-CLB-R
ATTN: DRDAR-CLB-T
ATTN: DRDAR-CLB-TE
ATTN: DRDAR-CLY-A
ATTN: DRDAR-CLY-R
ATTN: DRDAR~CLR-!

COPIES FOR AUTHOR(S):
Research Division
RECORD SET: ATTN: DRDAR-CLB=A

DEPARTMENT OF DEFENSE

Defense Technical Information Center
ATTN: DTIC-DDA-2

Cameron Station, Building 5
Alexandria, VA 22314

Director

Defense Intelligence Agency
ATTN: DB-4G1

Washington, DC 20301

Special Agent in Charge

ARO, 902d Millitary Intelligence GP
ATTN: 1AGPA-A-AN

Aberdeen Proving Ground, MD 21005

Commander

SED, HQ, INSCOM

ATTN: [IRFM=-SED (Mr. Joubert)
Fort Meade, MD 20755

DISTRIBUTION LIST 5

Coples

- o h D s S s = s s A) A et e e wr ma WN) -

12

21

DEPARTMENT OF THE ARMY

HQDA (DAMO-NCC)
WASH DC 20310

Deputy Chleft of Statf for Research,
Development & Acquisition

ATTN: DAMA-CSS-C

ATTN: DAMA=-ARZ-D

Washington, DC 20310

US Army Research and Standardizstion
Group (Europe)

ATTN: DRXSN-E-SC

Box 65, FPO New York 09510

HQDA (DAMI-FIT)
WASH, DC 20310

Commander

DARCOM, STITEUR

ATTN: DORXST-STI

Box 48, AP0 New York 09710

Commander

US Army Sclence & Technology Center-
Far East Office

ATTN: MAJ Borges

APO San Franclsco 96328

Commander

2d Infantry Division
ATTN: EAIDCOM

APO San Francisco 96224

Commander

5th Infantry Divislon (Mech)
ATTN: Divislion Chemical Offlcer
Fort Polk, LA 71459

Commander

US Army Nuclear & Chemica! Agency
ATTN: MONA~-WE (LTC Pelietier)
7500 Backlick Rd, Bidg 2073
Springfield, VA 22150

Coples

FRECEDING PAGE BLANK-DOT FI




» l'f‘g:#

OFFICE OF THE SURGEON GENERAL

Commander

US Army Medical Bioengineering Research

and Development Laboratory
ATTN: SGRD-UBD-AL
Fort Detrick, Bldg 568
Frederick, MD 21701

Heasdquarters

US Army Medical Research and
Development Command

ATTN: SGRD=-PL

Fort Detrick, MD 21701

Commander

USA Medical Research Institute of
Chemical Defense

ATTN: SGRD-UV=-L

Aberdeen Proving Ground, MD 21010

US ARMY HEALTH SERVICE COMMAND

Superintendent

Academy of Health Sclences
Us Army

ATTN: HSA-CDH

ATTN: HSA-IPM

Fort Sam Houston, TX 78234

US ARMY MATERIEL DEVELOPMENT AND
READ INESS COMMAND

Commander

US Army Materiel Development and
Readiness Command

ATTN: DRCLDC

ATTN: DRCSF-P

5001 Eisenhower Ave

Alexandria, VA 22333

Project Manager Smoke/Obscurants
ATTN: DRCPM=-SMK
Aberdeen Proving Ground, MD 21005

Commander

US Army Foreign Sclence & Technology Center

ATTN: DRXST-MT3
220 Seventh St., NE
Charlottesville, VA 22901

1

22

Director

US Army Materliel Systems Analysis Actlvity

ATTN: DRXSY=MP
ATTN: DRXSY=TN (Mr, Metz)
Aberdeen Proving Ground, MO 21005

Commander
US Army Missile Command

Redstone Sclentific information Center

ATTN: DRSMI-RPR (Documents)
Redstone Arsenal, AL 35809

Director

DARCOM Fleld Safety Actlivity
ATTN: DRX0S~-C

Charlestown, IN 47111

Commander

US Army Natick Research and
Development Command

ATTN: DRDNA-VR

ATTN: DRDNA-VT

Natick, MA 01760

US ARMY ARMAMENT RESEARCH AND
DEVELOPMENT COMMAND

Commander

US Army Armament Research and
Development Command

ATTN: DRDAR=LCA-L

ATTN: DRDAR-LCE

ATTN: DORDAR-LCE-C

ATTN: DRDAR-LCU

ATTN: DRDAR-LCU-CE

ATTN: DRDAR=-PMA (G,R. Sacco)

ATTN: DRDAR-SCA-W

ATTN: DRDAR-TSS

ATTN: DRCPM=CAWS=-AM

ATTN: DORCPM=-CAWS-S|

Dover, NJ 07801

Director

Batliistic Research Laboratory
ARRADCOM

ATTN: DRDAR-TSB-$S

Aberdeen Proving Ground, MD 21005

1
2

- e N ot m cd ot et e




PNy

.
—— e

US ARMY ARMAMENT MATERIEL READINESS
COMMAND

Commander

US Army Armament Materiel
Readiness Command

ATTN: DRSAR-ASN

ATTN: DRSAR-PDM

ATTN: DRSAR-SF

Rock iIsland, IL 61299

Commander

US Army Dugway Proving Ground
ATTN: Technical Library Docu Sect
Dugway, UT 84022

US ARMY TRAINING & DOCTRINE COMMAND

Commandant

US Army (nfantry School
ATTN: NBC Division
Fort Benning, GA 31905

Commandant
USAMPACS/TCAFM

ATTN: ATZIN=-CM=CDM

Fort McClelilan, AL 36205

Commander

US Army Infantry Center
ATTN: ATSH-CD-MS=-C
Fort Benning, GA 31905

Commander

US Army Infantry Center
Directorate of Plans & Training
ATTN: ATZ8-DPT-PO-NBC

fFort Benning, GA 31905

Commander

USA Tralning and Doctrine Command
ATTN: ATCD-Z

Fort Monroe, VA 23651

Commander

USA Combined Arms Center and
Fort Leavenworth

ATTN: ATZL-CA-COG

ATTN: ATZL=-CAM-IM

Fort Leavenworth, KS 66027

"

Commander

US Army TRADOC System Analysis Actlivity
ATTN:  ATAA-SL 1
White Sands Misslle Range, NM 88002

US ARMY TEST & EVALUATION COMMAND

Commander

US Army Test & Evaluation Command

ATTN: DRSTE~-CM-F 1
ATTN: DRSTE-CT-T 1

Aberdeen Proving Ground, MD 21003
DEPARTMENT OF THE NAVY

Commander

Naval Explosive Ordnance Disposal Faclility
ATTN: Army Chemical Offlcer (Code AC-3) 1
Indian Head, MD 20640

Commander

Naval Weapons Center

ATTN: Technical Library (Code 343) 1
China Lake, CA 93555

Commander Offlcer

Naval Weapons Support Center

ATTN: Code 5042 (Dr. B.E. Douda) 1
Crane, IN 47522

US MARINE CORPS

Director, Development Center
Marine Corps Development and
Education Command
ATTN: Fire Power Division 1
Quantico, VA 22134

DEPARTMENT OF THE AIR FORCE

HQ Foreign Technology Division (AFSC)

ATTN: TQTR 1
Wright-Patterson AFB, OH 45433

HQ AFLC/LOWMM 1
Wright-Patterson AFB, OH 45433

OUTSIDE AGENCIES

Batteile, Cotumbus Laboratories

ATTN: TACTEC 1
505 King Avenue

Columbus, OH 43201




B SN W

Toxicology intormation Center, WG 1008
National Research Council

2101 Constitution Ave,, NW

Washington, DC 20418

ADDITIONAL ADDRESSEE

Commander

US Army Environmental Hyglene Agency
ATTN: Librarian, Bidg 2100

Aberdeen Proving Ground, MD 21010

Stimson Library (Documents)
Academy of Health Sclences

B8ldg., 2840

Fort Sam Houston, TX 78234




