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Na Borosilicate Glass Surface Structures: A Classical Molecular
Dynamics Simulations Study
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Qof: 7|5 NI ARE AMShe B4k (borosilicate) 3-2]9] &3l 2|5 A4l A
H aE9] A #7120 AEA fES 28T ¢ e 8T akkgolth H4) AR £
834w (dissolution rate)= 2] stetRAol| o A FH{-E= Zlo] WAHL F219 bulk FRE
e g Agel et f2of shstaAda}t EAbgE(molecular-level) (el SiOAMHAS] HA
T2 B AA0] wi9ltx) Alo]o] AA 7L EXfjgitt. wheba] spstae] wE {2 §a=e Zpol=
230 o bulk WREF20] HstE ofsfE]o] gt 2 8] EHS N} AHE o] FHA §3f
oA 7Y A A O R whgEls Fato]7] i, sstrde] wE EHtx Histe] g 4] Egt
B galtt B =Eof|As B2} Ed8(molecular dynamics, MD) A Ed|0]AL ALLale] 47179 T} 3}
S 7HE 2F AN FEl(xNa0 - B:0; - ySiO, 3FstxA)ol diste] bulk 29t AFor
7] ol #W(surface) FRE AFstTh MD AlEd o] fe] EHO| shetrynt BAeE £27}
bulk®] A} v AFo|gt AulE HojEr £ A0 MD AlEgold Ak sstaiel] tE f2 &3
%(53] 7] &aaH)E bulk 2] WstRTE 2] AR WSt osf A HeF = Qlvke #
Hpzo] gt ojafo] FoS gt

F20|: $4A 2, WA W71 Ael, B Belst Ageold, 92 $aE, o BTz

X (o

ABSTRACT : Borosilicate glass dissolution is an important chemical process that impacts the glass
durability as nuclear waste form that may be used for high-level radioactive waste disposal. Experi-
ments reported that the glass dissolution rates are strongly dependent on the bulk composition. Because
some relationship exists between glass composition and molecular-structure distribution (e.g., non-brid-
ging oxygen content of SiO, unit and averaged coordination number of B), the composition-dependent
dissolution rates are attributed to the bulk structural changes corresponding to the compositional variation.
We examined Na borosilicate glass structures by performing classical molecular dynamics (MD)
simulations for four different chemical compositions (xNa;O * B,Os - ySiO;). Our MD simulations de-
monstrate that glass surfaces have significantly different chemical compositions and structures from the
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bulk glasses. Because glass surfaces forming an interface with solution are most likely the first dissolution-
reaction occurring areas, the current MD result simply that composition-dependent glass dissolution
behaviors should be understood by surface structural change upon the chemical composition change.

Key words : borosilicate glass, nuclear waste management, molecular dynamics simulations, glass
surface structure, composition-dependent glass dissolution
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129 AN H71EY kAR e AR
el #H7Ee wLet HEY A(matrix) =2 ¢
A (immobilization) A]7|= HHo] AREE 1 Q)
3], B A S-E](borosilicate glass)«= =2
F4 W4 (durability) 7} ThFsh shshlaetol #
< A/ (miscibility) &= Hu| 7| =3} -2 WA
H7| 82 137 E EHA 2R AREH
CH(Harrison ef al., 2009; Lutze, 1988). dWt& o=z
2HQIH ALY canister QMo H7|E3 £-8H &
Zf(molten glass)E 37 o] H7|&S& 1SpA7ITh
(TAEA, 1997). o]l 82113} 1} (vitrification) S
2 TEofxl 1Y WA H7IE 97| A|(waste
package)i= go| @o| 7| tjiZol 44 doll 44
225 "ojxd(e, YAl A F FA(corro-
sion)of] g SFEEHE AEAS FE(overpack)
2 AR A o] S ZIdiste X3 A&
ZH(geological repository)o] EotKie., G4 E)).

o9 T felE 13t A9y HgA
< Z2Ask= a3t Ateket whg-o|th(Iseghem,
2012). A5 A& Ao sk =ol ¢
LA AP =29t overpacko]L} canisterE H-41
AZ17] AZFstd, diH7|Ee] A 2 fE2
#7129 WjEZAQD {219 8-3fjuk-g{(dissolution)
of oJsf =LA 2H-Hrt webA Eafo ARk A=
ko] Hagtd], §2 37| K(dissolution me-
chanism)ol| thgt ols= 2] A= 7ol Fagh
71Z Aol & 4= ik EIE H7|E9] HATE A
e Qg A} ARl 23 AR B9t -
7F o2 &8l E= 7o tigt dl&o] Bagtd], o]
a|&& F£7 o] 249] geochemical -+ conceptual
2dg)L o] &3t (Frugier ef al., 2008; Grambow
and Miiller, 2001). §2] 83 o= rdge E2
A= 4= glojof s, o] efiAl= &37]2
gk v Heket x)4lo] Hasict

Brated e Gells e ek Adel whet uj
=24 yebd = . dE 29, 54 &

1

o Lo (kI

g 9] FetRAdLS R =[NaO)/[B:0s]3 K=[SiOz)/
[B205]9] = Bl&E Yehd & l=t|(Dell et al,
1983; Yun and Bray, 1978), £33 (pH 9, 40°C)
ol R=1, K=6 35t2AE 7H|= frel= R =
L K=47 S5248 7HE $2uch of sou) 4
= WE 8452 1 olt Windisch ef al., 2011).
Windisch ef al. (2011)2 o] &3] £ 9] x}o|&
stz o 729 bulk 30|49 Hate} &
AE Aol Argstaitt. ol AT g0
L 2Hek(Raman) 3242 -2 2] 9] bulk L%
£ 9 4 e AHOREE SiOs unito] non-
bonding oxygen (NBO)| M]3} E2:9] vjgis:
(coordination number) H]|&-0| 33tz A]o| ule} t}
27 #& = =4|(Du and Stebbins, 2005; Pierce et
al., 2010; Windisch er al., 2011), 3-8 U5-9] SiO,
AFEA 9] 9 FEQ 1% vs. Q'HIE)9} F49]
i) A% 3 vl vs. 4 Hi9l) = ARk} At
Atolo] Agto] #ojA|= Gajuel AA FFS
= 4= 7| wiZolth 1¥d {219 &ai(538] =
7] @AY o= EHT AMS o]F= e &
Hpzo ofsto] 11 £=7F AHE 4 7] wfiol
fre] ol gk ofsizt Hesith ey
2] bulk FLxof H|gto] dA £FEA AH A=
71 FHAZ7} bulke}t o] B A ThEA] S| 1
o] QIA] ¢t

H =Fo|x= HARFESH computational miner-
alogy) (Cygan and Kubicki, 2001), £3] ¥&} =&
9] Bz} F93H(classical molecular dynamics, MD)
Al &g o] A(Frenkel and Smit, 2002)S ARE-5}o] A
oAt 2 FHALZ7E bulktZ20} o B A o}
27 ZARHc ot AdE el Ba 5
ojste el AR Alolo] AAES et
#32 8l A(pairwise potential)S AR&SIch ZHIAHS
ko Fojdl AARIY) A5 AL AL
ARSI, DAk S SERAAE A A
o2 Folq Akl e AR50 XS o,
FAGSS olgate] Aarle] A o] 72
w ohet delstx A3 whg Folak JAe
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AxRth AdolA frele o &0 23 &
Zre Eote] A Hedl, 24 w92 A4 &
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1=
B2t s A= BARSE 4 Qlo] frejatxe A
of Y] AF&EltKCriscenti ef al., 2011). AFE

A FElolA B Yae 11 BpstrAdof whet Azt
H(trigonal) w1 I(""'B)2} Al A (tetrahedral) uj$]
™VB)7} A& 2 ugz Zsh=d|(Dell ef al,
1983; Yun and Bray, 1978), 3}stxAof & 4AF
YA §20 722 AR 5 e 21 5
st zdldo] 8] otk B Aol H Kieu er
al. (2011)°f ofsf 7'2¥ Buckingham 2~} 9] 32
982 At

H 39 FFAQ BxE 8N AH-E o]F
29§42l BATES) seiage] ue 0w
= o 9}, o ERojAL Bap Eel
g AlggloldE AMEste] Z1E AdEfolA mhHE
AESTARE §28]9 EW(fractured surface) 3%
£ bulk 29} ¥ 2ARSEAL, f-2] E-8fof digh 3t
oA Qb thsto] =olgitt.

A= 7Ho Az A-g-2 2T Kieu ef al. (2011)
o] 23t Buckingham A~E}Y 9] Guillot-Sator 3Z
Bl A(Guillot and Sator, 2007) 7|HIOSE sh= 4
()7 22 REAAS ALgaholck

7} &2 |2 long-range Coulombic A}% 2+
£, short-range repulsion, 181l dispersion2 UE}
W, e 9 ok 95 k) A2, 2 U ol
HAst, 1P dy oy, Cye HA 19k Abol 9 re-
pulsion®} dispersion F(force)S LER)= o] 2@
2 miejulelolc, of TalHe] 57 % bt £
of sfatzAls 720 PAE AFeke Yun, Del
and Bray " (Dell ef al., 1983; Yun and Bray,
1978)& W02 2, 4y g, C; TFefulEl 7} felo]
o}8t2/d ¢l R = [NayOJ/[B205]2} K = [SiO2]/[B205]
vlgo weh o2 g 7Pt Aolth [AAIgH
atetal e A4l B2 Kieu ef al. (2011)& 1]

£ T2l U 24 93 A g0l AT

100 ps

6,000K
1,140 ps
NPT
160 ps 80 ps
Fig. 1. Procedure of MD simulations used to gene-

rate Na borosilicate glass structures (not scaled, see
the text for details).

300K

atetulE] ARgol 208 H& Kieu ef al. (2011) =
29 E 3904 02} O Apo]9] Az argof tigh Gy
gtetuglo] vR2 ZHe 85.1321 ev/A’olw, BI} O
Ato] Az argof tigt pe}t €9 gho] BZE E o
AR ekARE HEE ZRe Zb7} 0.124 A3} 35.0019
ev/A’o|tHKieu ef al. (2011)9] #7249} 217 Feols}
381

B 70 RE BA 55k AgHolHe )3
Sandia National Laboratories®] LAMMPS FE&
(Plimpton, 1995)5 AH&-sFIth &2 5474
& AR5t A5 sk £ WIE Pt
= 1 FEZX(107 sec)Q] A7+ 7HA(time step)2.
2 velocity-Verlet ¢18]&3 Al&5fo] AAlksloich
(Frenkel and Smit, 2002 2Fi7). A}t L=} 7H9)
A5 AL AALS 11 A cut-off distance ol A gt #|
Abstal, 7149 68 2499 long-range elec-
trostatic A& 28 A4S $]3) 4]+ particle-particle
particle-mesh (PPPM) solver (Hockney and East-
wood, 1988)2 Al8-5}% thaccuracy = 107).

829 Bullk Xt EHTZX AlS30|M

A2EETFARE 5219 bulk 228 reedmergnerite
FEY SRS o8, A A Qtol F 1,0047Y

+ 1,00571¢] Si, B, O} Na 45 ARg-5}o] of
2] 2 AGE D= YRl W A3 2] 24
o e YA BRI dAsAAT, P
memory effectE A| A3t 3) 6,000 K 2=0f 4
100,000 A& 52F NVT (¢4 A4, N; €4
ot Bl V; dAst &%, T) 249 ensemble2 A}
g310] §re) 720] gt WBAL SATHLY 1),
a8 88 2ES 6,000 KoA 300 K714
1,140,000 A8 =0t NVT A& o]Ado =2 WzhA]
Zek ol 5 Kips (1 ps=10"" sec)9] Y2p&eo] 3
I3 Afify and Mountjoy, 2009; Pedone, 2009).
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Table 1. MD-simulated glass bulk composition and their structural parameters. R = [Na;O]/[B:Os] and K =
[Si0,)/[B20s]. C.N. = coordination number

. 3
Si0, B,O; Na,0 C.N. of B Density (g/cm”)
Glass o o o R K

(mol%) (mol%) (mol%) MD Y&B* MD EXP"
GO 69.50 30.50 0 0 228 3.0 3.0 2.01 (+0.04) 2.04
Gl12 59.66 28.14 12.20 0.43 2.11 3.42 343 2.39 (0.04) 2.37
Gl4 67.73 18.04 14.23 0.80 3.74 3.62 3.73 2.44 (£0.02) 245
G30 55.30 14.71 29.99 2.04 3.73 3.65 3.62 2.52 (+0.03) 2.54

*Yun, Dell and Bray model and experimental data (Kieu ef al., 2011 and references therein).

e o] Y NPT(EAE ek, N 2t
Py AAT 2=, T) 24 AlEdloldS ]85t

H

ZA g3 At H7FE 80,000 AF] Z<QF NPT
Alggoldoer de AAEY] 57 A(trajectory)
Ang Fx 240 Atk

97 FHATLAL R = 0.80, K = 3.74 3}5tx
A& THE ametatd 12(Gl4, 3 1 Rt
Aledoldstlth. NPT Algdo]dozie 2
s AR AN Wi o] “07 7HE 7H7kE bulk
$2) FEE Austel 1 Al a-b planedt 3
YA cleavedt Th, 1 %W 9lof 20 A F7A|<]
ZF F7Hvaccum space)E Tdle] F 23.35x
2335 x 4335 A9 BIA Fejo] 7] A(periodic
cel)S FH[skoich fe] #HL 4 593 e
TFEAFIA e AMESh= W (Feuston and Garo-
falini, 1989)2 wa} t}S3} o] o] structur-
al relaxation)2 AJZ T HA NVT AlEgo]Ho &
2714 AL 1,000 KoJA] 160,000 A8 ot 714
ot th2, 10 K/psQ] &£X==2 300 K71R] WZHA] 7)1,
300 KojlAl Al28] FE2 918l 100,000 25 Al
glojd & F7k=2 100,000 285 5] A& o]4
3 A3E B4ttt 2 AlEYo)MoA fg
slab w8l 7] W 1/40] sfaks AAHE( = 0
oA 4.67 Adl| &t AAE)E 1A YXE A
B3t ] ol gk Aol A=
bulk 2] RHo|A ¢ 55 wet a-b planeo] H3Y
g A2 T2 4710] EHT2] Bgkie., 100,000
28 SEAA a7he) e At

Table 2. Structural parameters of reedmergnerite
(NaBSi30s)

Structural

parameters Current MD EXP*
a (A) 741 7.92
b (A) 12.66 12.50
¢ (A) 6.80 6.89

o By 930, 1157, 919 934, 1163, 92.0
d (Si-0) 1.60 1.62
d (B-0) 1.47 1.49
d (Na-0) 2.60 2.52
2 (0-Si-0)(°) 109.41 109.29
2 (0-B-0)(°) 109.46 109.55
2 (Si-0-Si)(°) 145.51 142.92
2 (Si-O-B)(°) 135.83 135.61
Density (g/cm’) 2.83 2.68

* Single crystal X-ray diffraction data from Downs et al.
(1999).

o

21t

I E9|

AFE2HME L= (Reedmergnerite, NaBSizOg)

el YA Atz gt AF AL HolHe 4
B4 FEol vlsiA] A o)7] wiZeo] AuatAt
& 59l reedmergnerite 2 Fz0] ot 123
32 E310] Kieu er al. (2011)9] Zeldo] A5t
T E HASFETE Reedmergnerite= 32 WAL
25 7= "E AN (tectosilicate) FE<Q1 A4
(feldspar) 15°f €31 48] 9)4(coordination num-
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Fig. 2. Unit cell structure of reedmergnerite obtained
from MD simulations. Red =0; Yellow = Si; Purple
=Na; Pink=B.

ber, C.N.)E 7HA] = APHA| Si A}o]Eo] Si: B H]
£0] 3: 191 25 7RIt H 2). 2345t 4
22 27 Aajeh TR 1) aZol 2719 Na-O
A= Wz 3~6% AE=S] °AkE Kol AL o
HEOl Lz mbabu]E(structural parameters)®] 7
% 1% ojyje] eatoflA Ay As AAY + U
ATHEE 2). ] 2d 29 AlEd|o]HoflA ke H]
=% FE=TE 7HEnh

L2 72l Bulk =

o] F2(aY 3= A Autel dA|g) E3),
i Ys=(C.N)oll gt Al o]d AT [NaOlg
o] F7to| mh Al A(tetrahedral) Bi$1E Ad
B(C.N.=4, VIB)o] ofo] Zrtslcir} Zhasl u]
Mgz el 4] Ay Axtel A2FHKDell ef al,
1983; Yun and Bray, 1978). 19 4A= 52} 59
s AlEgoldoz AL (2o B-O AAg
(dp.o)E UEH=d], oF 1.39 AF} 145 AL F4o
2 g (bimodal) ] FEF HQIt}h zHzko] X
Zhe B A7 w912 7kA L B(CN. =3, "B)
o} ApAA VIBo] AbgjA ol okS Upehditt. 19 4B
= AbAol B4 7He] AFZN(£0-B-0) EEE LE}
Wedl, 23z 109°9F 120°0 49 Hdighe 2+t
Mgz Mol Arcfael oFs Uehdch Faz
Mg a0 2021 B,0sZA4(FHE P3,21 d1%)9
dpo & £0-B-O= 717} 1.36~1.38 Ax} 116~123°
o|w(Effenberger et al., 2001), "VIBZ o]Zojz
reedmergnerite®] 79~ dpo?} 20-B-O= 1.46~
1.49 Az} 106~112°0|ctDowns et al., 1999). 2
A} A3tz Bxa Ry 47 Hoighe v|wst

Fig. 3. Snapshot of MD simulations for Na bor-
osilicate glass (R=0.8 and K=3.74, G14). Purple =
Na; Yellow =Si tetrahedron; Pink =B triangle or B
tetrahedron.

H, 48] GO (R=0)2 100% ""BYF ZAakAqE, &
2] G12 (R=0.43)2} G14 (R=0.80)0| 4] VB2 oF
o oF 42%9} 62% =2 A =715t 98] G30 (R
= 0.43)0 H= VB o) oF 65% & 4F 4O F
7ol wjste] g o g Eslete A3 Helth
B 979 i CN.E 27+ 3.0(G0), 3.42(G12),
3.62(G14), 3.65(G30)ZA] Yun, Dell and Bray &
9 At Aot ARITHE 1) Bt B-O 237
2= 1.36(G0), 1.42(G12), 1.45(G14), 1.41(G30) A
2 AFZKKieu ef al., 201119 FE3)3} 2%
st 2EETHAY 29 28 dEn VB g
Afole] vy AFS Z vepdlch

sfetr/do] wpet oroket dgAe|et AgE B
ol ek g, Siol A9 AdA A
(Grimley et al., 1990) 3}stzA1} A glo] Bt
1.61 A2] A3t Si-O AFAZ|(1H 2A)9F AFHA
109.5°9] A3 0-Si-0 AgHZ-S 717} Si-0-Si
AzEe 145°9] Btghe 7131, oF 140°9} 160°
£ FHOE ujg P BREE HojEtth
o] AE HlaEFE o, Nao] 23H fee
160°KTh= ©F 140°0 4] o @ Si-0-Si Ag7}o]
FEECh AgoflAE 120~180°9] Y& 2o oF
144°0]| 4 Si-O-Si A%2e] H gk Z=tHMozzi
and Warren, 1969).
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Fig. 4. Distribution of (A) B-O and Si-O bond distances and (B) O-B-O bond angles of MD-simulated glasses.
Triangular diagram in (A) represents the chemical composition of simulated glasses.
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Fig. 5. (A) Snapshot of MD simulations for glass (G14) surface slab model and its top view of the surface
slicing the top 3.5 A portion (dotted line area). NBO: non-bridging oxygen. ""'B: 3-coordinated B; "™'B: 4-coor-
dinated B. (B) Profile of atomic fraction (the number of specific atoms to the total number of atoms) across
the slab model. Each datum in (B) is the averaged value of 2 A thick slice of the slab throughout the whole

MD trajectories of 4 different surfaces. Red =0; Yellow = Si; Purple =Na; Pink =B.

LEsToE 7l

el
e
+

oo 4 o g et 3 4 9k 53], Na'
SiAFHA] E= BAFHAY non-bridging oxygen

B2 wRTE e $2UGIH9 LU SA)  (NBO, A7 Ak oF 24~2.5 A] 2ALF 7
2 ujels] ok Sio} BO) framework Afolo] o 2]% /A1 42 bulk Rk RO AjH 0w
&t 2719 e 7 e Ak wid #A E3T: o= Si-O-Si bridging oxygen (BO,
S Helth o]k H' (E& H'0)9} 2 o|2olt}  Ad A7t BHo|A O-Si A9 wdz 71
BA7F S8 59 2438 o] YAERE HhSo]  NBO2| AsE H<2compensation)dl7] ¢]af Na'
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AFRTFAY 29 BA Trol UF A4 53 ABH M AT

L]
810,42 B0

K=14 6 3 2
Fig. 6. Triangular diagram showing the chemical
composition difference between the bulk (open
square) and the surface (solid triangle) of simulated
glass (G14). R = [Na,0)/[B:05] and K = [SiO:)/
[B20s].

o] ¥ 9|2 o]5gt A= ofad 4 qlri(Tilocea,
2010; Tilocca and Cormack, 2009). 52 EHS] 4
5 o] o] 489l0] H' (= H,0)g} o] £4/8l0]
=™, Ho] 92 W9 Si-0-Si E= Si-O-B net-
work 23& Bl frelg Seile dES & =
oltkJallot ef al., 2001). E3F T Ho|A Na I&L
G2 FH| “gel layer’=® 24ejZl hydrated alter-
ation layer (Cailleteau et al., 2008; Gin ef al., 2001)
= 4442 % Sk

$elo] B bulkels e e Hetxym
A 25 7Y AFAes R slab 2E 9
Zolo| wg 3letx/Ade HlwsHH(LY SB), bulk
(5 A <c <15 A)gMe AL LA A&
ZHA A EW(e > 15 Aol 775 Si, B, 09
H|&of H|5to] Na9] H]&o] 453] A Uehdth
EHo| 332 AR = 5.85, K= 1.23)2 bulk?] 343}
ZA(R=0.80, K=3.74)TH= ujo Abo|sitl 1
6). Wr} WE NBOS| 4% offel, Hae] ujs)
Tz w3 VIBe] oFo] oF 50% & bulk (62%)9} 2}
o]Z Holt} Windisch ef al. (2011)°f 2]}, bulk
sfetxAdolA L4t ApolE Hole AwetAtd
217} 88l = (dissolution rate) A oA 1l T}
£ 292 4 5 9tk old el Aae
slst AR K913 $19] BEAS bulk 7%
o] EX(e.g., Si Q content, B coordination num-

ber)Ato| o] Abt WA Z(Dell ef al., 1983; Yun and
Bray, 1978) o]s]|&| 1L It Windisch ef al., 2011).
I e EE gl 7MY WA vgekes F
EOE FHARE 77 Bo&E, 53] 20 &
&2o] F JFE £ & ok webA {2 £
bulkehs A3 k2 seteAln PS4 5

= 2 24 593 Aol A= 3t
of W2 {e] g Wzt gl ofsf= 2] EH
Tz8] W3l ik 2|4lo] Basirh= A on
2.

2 AFoA FE B4 595 Aol
2] #Ho| & A ZEAY =31 FHO| of
W drydt f2 FHo|th FH A= AF A
ejof| A s E(fractured) #HE YERHTE whabA
Mg A Q] WS I 2 A A=
At ARY 4= ik o & E9, drysh 48] 29
9] under-coordinated Si—= F3}2] WHHAS 0]F7]
elA E-2 Na o]20] 2] FHOR o]F3d}A oF
AT, SizF £A7|(OH) = Agto] H(fully-coordi-
nated) 72| EHNA = drydt §-2] I} v]ws}
o] WO Na" BEZ7} 37 ¢& 4 k. I8y,
Hiol @ fu] Bffol] Het FAEFek-7|ke] Fgt
(Tilocca and Cormack, 2009) &5+ 23t 9, Na'
2 network former?! Si, B, O YA}of H|5}lo] o]=
dol sl A7) diel, =3k FHAAE bulk
of wlsle] ] Eo] Na'o] Ajgoz wo] &
AE Zolet AT = Q) 2 =FollAe g 3t
f2A(Gl4)o] gt xHS ASFAANE oY
bulk &}8tx/dol| wh drydt 2] FHO X201
FH FetaAol it A7t Basie, Yoyt &
ol 315 = 2 FH TR} 240 od
Al H3kst= Ao digh A7t dasiet

o

N
oXx %2 rlo

A A

H ¢4t= US. Department of Energy, Nuclear
Energy Advanced Modeling and Simulation Integrated
Performance and Safety Codes Programi} 2012 7+l
etu heddt XAJH|E 4=3%|%it} Sandia National
Laboratories is a multi-program laboratory managed and
operated by Sandia Corporation, a wholly owned sub-
sidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL1.85000.
19 YRS Folt o] B8 FA AW HA
A=,
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