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,ABSTRACT

Ab initio first-order wave functioné; which include electron correla—
tion, are reﬁorted for the lowest.1£+ state of Be0. A contracted Slatér fﬁnc—
tion basis of ﬁetter théﬁ double>ieta plus polariiationvaccuracy was used,
résulting ih 157‘configuration35 éonstructed from 569 distinct Slater deter-.
miﬁants. Practical convergence in form of the molecular orbitals was obtained
using the iterative natural orbital procedure. Considerable emphasis is placed
on obtaining.the correct dissociation behavior, in the present case to a two

2 and 1522p2) wave function for lS Be pius a slightly better

configuration (ls225
than Hartfee—Fock wave function for the lD state of oxygen. The calculated
dissociation energy is 6.58 eV, compared to tﬁe Hartree-Fock value, 4.13 eV, and
the spectrdscopic value recommendednby-Gaydoﬁ 6;69 + 0.k ev. The othér spectro-
scopié constants represent a substantial improvement over the Hartree-Fock values
and are all within 10% of experiment. The dominanf configurations in the wave
function are presented, and it is seen that, contrary to the suggestion of pre-
vious workers, the 102202302h02502lﬂ2 is not particulariy important near the

equilibrium internuclear separation. The natural orbital occupation numbers

' L - +
complete our picture of the electronic structure of;lZ BeO.
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INTRODUCTION

For none of the alkaline earth oxides Be0, Mg0O, and CaO, has the elec-

’>® From symmetry considera-

tronic ground state been determined experiméntally.
tions3 and the known positionsh of the electrdnic states of the isoelectronic
molecule C2, it has been éoncludedl that the ground states of these molecules

12+, 3H, or 33". Recent experimental work”

might be seems to imply that the
. 1.+ '
ground state of Ca0 is not "X .
Thus it is not surprising that single configuration self-consistent-

field calculations have been carried out on BeO,6_9 gO,g’lo 9,11

M and Ca0. P&u
haps the most interesting of the agbove theoretical studies6"ll was that of Huo;
Freed, and Klemperer.8 They carried out near Hartree-Foék calculations oﬁ the
12+, 3H, and ;H states of BeO, and fouﬁd:the'lH state to lie below the lZ.F.“‘I‘hé
fact that the lH state is known to lie 9k06 cm—l above the lZ+ state demonstrates
clearly that electron correlation12 determines the ordering of the low-lying
states of BeO. The calculations on Mg0 by Richards, gE_gi,lo and on CaO by
Carlson, gﬁ_gl,ll also imply that £he Hartree-Fock approximation is inherently
inadequate for the prediction of the electronic ground states.

-1
In light of recently developed methods1h 6

for the éomputation of elec-
tronic wave functions for diatomic molecules, it now seems feasible to attempt
to predict the order of the low-lying states of Be0 from ab initio calculations
including electron correlation. In the present papér we report a first—step in

1.+
this direction, a theoretical potential energy curve for the lowest "I state

of BeO.



BASIS SET

i

The basis set used in the present work yields total energies slightly

below the "double-zeta plus polarization functions" set described by Nesbet.17

16

~on O, and consists

The oxygen atom basis has been given in an earlier paper 5

of a set of 5s, 3p, and 1d Slater type orbitals (STO's)_contracted18 to Us, 2p,
and 1d functions. For beryllium the Bagus-Gilbert set19 of five s type STO's
(optimized in a Hartree-Fock calculatién for lS Be) was similarly contracted

to four s _following Dunning's rules.l8 Twé 2p STO's ﬁere taken from an opti-
mized SCF calculation by Dunning20 on the 152252p’3P excited state of Be. |

do and dm STO's with exponent 1.8 (chosen by inspectiéh of earlier optimized
SCF calculations8’9von BeO)'compléted therbasis sét. Table I shows the Be atom
basis. | |

The above contracted basis yields an SCF energy of -T4.72919 hartrees
9

for the lD state'of oxygen, while the Hartree-Fock energy is —7&.72925.1 For
the lS state of Be our basis reproduces the Hartree-Fock energy —lh.5730é har-
trees.lg Anbindication of the usefulness of our basis set in the BeO molecule
is given by comparison of our SCF energies with fhe near Hartree-Fock results
of Yoshiminé.9 At 2.5 bohrs separation the present basis set yields an SCF
energy of -89.L44k61 hartrees, versus the moré accurate value -89.45299 hartrees,
which has been estimated9 fo lie no more than 0.0005 hartrees agbove the true
Hartree-Fock energy. The.0.00838 hartrees missing in our basis is probably due

both to the lack of additional polarization (4 and f) functions and to the

inflexibility of our sp basis.

L



THEORETICAL APPROACH
There is a growing body of e\/;idencel6’2'l’22 that a particular type of
configuration interaction (CI) wave function, here called the first—order wave
function, may provide a reasonablé descrintion of molecular structure and molec-
ular formation. This type of wave funotion was‘first used for the prediction
of atomic electron affinities23 and hyperfine_structure2h but has wider validity
since it attempts to include only the structure sensitive part of the.correla-
tion energy. Many of the types of correlation effects included in the fifst—
25

order wave function were discussed earlier by Silverstone.and Sinomoglu. The

first molecular calculations involving some of these configurations were carried
out by Das and Wah126 using their multiconfigufation SCF a,pproach.27
In general the first—oider wave function is the optimum linear com-
bination of all possible configurations in which no more than a single electron
ocoupies any orbital other than an SCF orbital or an‘orbital nearly degenefate With2
one or more of the SCF orbitals. In practice our.atomic calcnlations.include
only configuration of the above type which differ by one or two orbitals from
the SCF reference configuration. In molecules ne ha#e imposedl6’?l’22 the
further "chémical" restriction that inner_éhell orbitals remain doubly-occupied
in ali configurations.
The configurations.used in the present BeO calculations are shown in
Table II. They are of three distinct types
a) Single excitafions
b) Excitations of the type XX, > XX, where X is onme of the orbitals
30,40,50,60,1m,2m. Note fhat although the 50, 60, and 27 orbitals
of not occupied in the 102202302h021ﬂh SCF configuration, they play

‘a crucial role in our wave function.



‘c) Excitations of the type Xixj > X, Y, where Y, is not a valence

orbital, i.e. Y, is one of the higher (10,80,.... or 3m,bm,...)

orbitals in our basis.

PROPER DISSOCTATION OF %' Beo ' /

The Wigner-Witmer rules3

state that the lowest L' state of BeO cannot
dissociate to grouhd state Be and Okatbms, but rather to. ground state Be plué
the first excited state (lD) of oxygen. Any acceptable theory of'molecuiar
formation must reproduce this known behavior. Despitevthe fact that Be is

a closed-shell. atom, BeO does ﬁot dissoéiateAbroperly in the Harffee-FQck
approximation. While th¢ sum of the Hartree-Fock atom energies is —89.30227,19
a R = 5.5 bohrs the molecular HartreehFock energyg is -89,2689kL. The reason

for this improper dissociation behavior is thét the Hartree-Fock configuration

for lZ+ Be0O

10° 20° 302.hg2 11rh .
can describe the lS state of Be but cannot describe the lD state of O, since
a linear combination of two determinants represents the ML = 0 component of the |

lD IS eigenfunction for the 1322322ph orbital occupancy. The second configura-

tion required for dissociation to Hartree-Fock atoms is

102 202 302 hoe 502 lﬂe .

The atomic wave functions for lS—Be and lD 0, consistent with the molec-

‘ular wave function described in the previous section, go somewhat beyond the

Hartree-Fock approximation. For Be the configuration included are 132252,
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ls2523s, lsészhs, ls22s3s, 1322shs, 1522p2; and ls22p3p. Upon applying. the -

22,30 to this Be wave function,

Bender-Davidson iterative natural orbital procedure
all but the 1322s2 and 1522p2 configurations are annihilated (i.e. their coef-
ficients in the CI exbansion go to zero) and an energy of -14.61359 hartrees is
obtained. This energy can be compared to tHe £wo configuration SCF result of
Clementi and Veillard28 _1h,615h5‘hartrees, obfdined with a iargér basisvset. ,
qu lD oxygen the configurations ingiuded'were ls22822ph, is2s23s2ph, lstghSQph,:

15225352ph, ls225h52ph, and 1522822p33p were included and the computed energy

was —7&.72936, only 0.00011 hartrees belbw the Hartfee-Fock energy;lg Thus we
see thaf our BeO wave function should dissociate t§ a tw6 configuration SCF wave
function for befyllium.plus a wave function only slightly beﬁter than Hartree-.
Fock for lD oxygen.

Using the 153 configurations given in Table II the calculated BeO energy

at 6 bohrs separation was -89.33523 hartrees, or 0.00772 hartree above the sum

of the atomic energies -84.34295. The reasonifor this apparent slight ﬁaximum
in our potential curve is‘that configurations arising from two additional
orbital occupancies mustbe included to obtain the correction dissociation.

At large separation the 4o, 60, and 27 hatural orbitals are essentially
the 2s, 2?0, and 2pT Be atom orbitals. 'Thus the four electron molecular "éub—

2

configurations” 202h02, 202602, and 20 on® are required to describe the Be atom

132232 and 1822p2 configuratibns. However, as pointed out above, the eight
electron functions lc72'30.2:].1r)'L and 1023025021ﬂ2 are needed to describe the lD 0

SCF configuration. It follows that in order to describe the dissociation of

' lZ+ Be0D we must include all configurations which arise as products of the four

and eight electron subconfigurations, i.e.,



20° lg® - 10%30° 11rh
26° 60° ® 1023950 in°
202 2ﬂ2

Two configurations arising above,

16° 262 302 502 602 1m°

16° 20° 30° 50° in? on

are not included in our 153 configuration wave function. Although these two
configurations are of the fype that éhould ih_general be included in first-order

. 23 . : 3 .
wave functions 3 (see section above on Theoretical Approach), they were excluded

because they are guadrupole excitations with respect to the SCF reference state.

After including the four additional configurations arising from these two

orbital occupancies, the calculated énergy at 6 bohrs was -89.34422 hartrees, -

or 0.00127 Hartfées beldw the asymptotic limit. These four extra configura-
tions were also included in'ou: célculations at R =_h,O bohrs. However, for
smaller bond distances these quadruple excitations become unimportant;6 and were
excluded sihce;we do not intend to egplicitly demonstrate the correct dissocia-
tion behavior for the other electronic states of BeO. On the basis of the pre-
vsent results and our O2 expefieﬁce,l6 where one quadruple excitatiqn was required
to attain correct dissociation, we conclude that unless one is willing to go to
a complete first-order wave function wifhin_the chosen basis,31 a certain amount

of thought is required for each state under consideration.
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COMPUTATIONAL PROCEDURE
For our basis_éf;th‘énd.éﬁ orbitaié;vll;802vdistinct non&aﬁishing two-
electron inﬁegrals~over mdlecular drbitais muéf be computed. A completely humefi-
cal procedure, deséribed eisewh_ere,lh is uéed.to directly compute ﬁhese integrals
over the orthogonal moleculaf‘orbitals. SYmmetry-adaptéd lZf configurations were
éonstruction by diagonalization of the 6perat6r ﬁ? —-(%J.Ov over sets of Slater

15

determinants with MS = 0. The 157 cbnfiguration'(h and 6 bohrs only) wave

function is constructed from 569 distinct Slater determinants.

29,30 was

The Bender-Davidson iterative natural orbital (INO) procedure
used to obtain optimum or.nearlyboptimum sets of molecular orbitals. .For 02 ﬁhe'
use of symmetry orbitals provided rapid and consistent convergence of the INO
vprocedure.16 However, for BeO there is less symmetry and use of Hartree-Fock
atomic orbitals gave slow conﬁergence. By first carrying out a molecular SCF
‘calculation, convergence was greatly improved. For example, at R = 2.4 bonrs,
the energies of the successive INO iterations were -89.57126, —89.57675, -89;58i2h,
-89.58220, —89.58?51, and —89;58253 hartrees. For R = 2.1, 2.3, 2.5, 2.7, and 2.9
bohrs the above procedure, ﬁeginning with molecular SCF orbitals, was followed and.simi-
lar trends wére‘observed. However, at larger separations, the nafural orbitals are
éxpeéted»to be closer to the atomic than to the molecular SCF orbitals. For this
reason at 4 and.6 bohrs the most useful starting orbitals were just the atomic

SCF orbitals. At 6 bohrs only a single INO iteration was carried out and at

4 bohrs only two iterations were required.
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SPECTROSCOPIC CONSTANTS
Table ITI gives the cal@ulated tétal energies at eight intefnuclear
separstions. 'Calculated spectroééopic constants are cémpared_with Yoshimine's
near Hartree—fock values and experiment in Téble Iv. Eicept for De’ the expéri-
mental spectroscopic constants aie those of Lagerquiét.32
The experimental value of De giveh in Tablé v deserves special atten-
tion.T For the léwest li+ state of Be0, vibrational levels'up to v = 16 (at

2.56 eV) are known32 and extrapolation yields a value of D, of 5.9 eV. However,

3

0

by fhe Wignef—Witmer rules,” the A 1H state of BeQ must also dissociate to lS
Be + 1D 0. PFor the A lH“state vibrational leveis'up-to v = 25 (lying 4.4 eV

33

above the v = 0 level of the 1p* state) have been observed > and extrapolate to

a value of 6.78 eV.  Gaydon weights the A lH extrapolation heavier and concludesl

. ' . :
that the spectroscopic value of D. for the 1s* state of BeO is 6.6 * 0.4 V.

0
Adding %-we = 0.093 eV, we obtain for D_ the value 6.69 +.0.4 eV given in
Table IV,

Our gb_initio value of the‘dissociation energy of lZ+ BeO is within

experimental error. For the 02 moiecule, a neafly comparable calculationl6

yielded a dissociation energy 0.49 eV less than the precisely known experi-
mental value. However, our basis set for O

above the Hartree-Fock energy,3h

5 yielded an SCF energy 0.53 eV

whereas for BeQ our SCF energy is only 0.23 eV
9 :

abbve the Hartree-Fock energy; Thus we see that for Oé our ab ihitio De dif-
fered from experiment by almost exactly the deviation of our SCF energy ffom
the Hartree-Fock energy. If we add 0.23 eV to.our calculated De for BeO we
obtain a value 6.81 eV, which is close to the 6.87 eV obtained by Lagerqvist‘s

extrapolation of the A lH vibrational levels. For comparison, the mass-spectro-

metric v&lue35 (which refers to the as yet annown ground state) is

\J/



6.68 + 0.1 eV, Although we will not make any conclusions concernlng the ground

state until calculations are completed on other states (32 3y~ 3H), the

, and
fact that ab 1n1tio calculations ‘of disSOC1ation energies now seen to be in a
positlon to rival: exteriment 1ndicates a s1gnif1cant advance in theoretical
chemistry. | o

Table IV also Shows that our calculated spectroscopic constants are in

51gn1f1cantly better agreement with experlment than the Hartree—Fock constants

The percentages of experiment obtalned were r_ 98 6%, W lO9 5%, wx, 103. 77

B, 102.9%, o, 91.6%. Our calculated potential energy curve is compared with'

the Hartree-Fock curve in Fig. 1.
ELECTRONIC STRUCTURE

For five internuclear separatlons, the most 1mportant configuratlonS'

are given in Table V. One 1nev1table result seen in Table V is that as R

becomes larger the single configuration,approximatlon becomes progressively worse,
that is the coefficient of the first natural'configuration becomes smaller. It |
is significant that all of the most important'configurations involve only the
valence.orbitals'30—6o, 1w, and éﬂ, which, .in a simpler apprOXimation arise from
the 2s and 2p atomic orbitals-on Be and 0. Near ry thevdouble exoitation

12 > o

is the second most important configuration. As expected, at our lar-
gest separation the excitation lﬂ2 > 502, required to describe the lD state of
the oxygen atom, becomes very important. However, near ro this configuration

1s rather unlmportant, contrary to the hypothe51s of Carlson, et al 11 con—

cerning CaQ. Carlson, et al. l:Lv'.suggest that strong configuration interaction=

2 L 2 22 - : - : - :
between the 07 and 0 O  configurations is responsible for the lowering of

the "X state relative to the triplet states of Ca0. It is our general contention
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that the correlation problem is rather complicated and that visualizing con-
figuration interaction.between '"nearly physical states" can be misleading.
For each geometry, after'oﬁr last nétural_orbital iteration the first

36

order reduced density matrix is diagonélized. The resﬁlting natural orbital

occupation numbers are given for five internuclear separations in Table VI.

These occupation numbers pfovide a simple, clear picture of the electronic struc-

Yoo R
ture of lZ BeO0. The occupation number vary is a rather smooth way with changing

R. For example, the Lo and 17 become less occupied as R increases while the
50 and.2ﬂvorbitalsvbecome:more important. It is seen fhat, after the highest

valence orbitals 60 and 2w, the océtpation nUmbers drop off sharply.
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Table I. Be atom basis. set for calculations on the BeO molecule. ZEach orbital is a linear combination of
’ atom basis was the same as that described previously.l

normalized Slater-type orbitals.

The 0

Orbital _
1s 2s 2s! 2s" 2p 2p! 3d
: Expcnent : |
1s(g é}7h8) 0.20331 -0.01969
1s(z = 2.945) 0.89756 '-o(é1113
3s(z = 3.630) -oflilhs_ -of0263o
2s(z = 1.290) 1.0
2s(z = 0.854) 1.0
2p(z 2{1033) 1.0
2p(g = ©.8352) 1.0
3d(z = 1.8) 1.0

_g‘[_



;1h_  .

Table II. Configurations in the approximate first-order wave function

 for the 'z* state of Beo.

Type Excitation

1z configurations
per orbital occupancy

Total

Configurations -

102202302h021ny 1 1
10 > 50, 60, ... 1hq 1 10
20 + 50, 60, ... lho 1. 10
30 -+ 50,,60,'}.,!1§c 1 10
ho -+ 50; 66, ... 1ho 1 10
im -+ 2w, 3m, bmw, Sm, 6m 1 5
‘302 > 502, 5660, 602, on? 1 L
3obo ~+ 502, 602; on® 1 3 :
v30h0 > 5060 2 ) 2
30lm > 502w, 602 2 b
h02>+ 502, 5060,-602, on® 1 L
holm - So2m, 6o2m 2 L
1ﬂ2 > 502,'5060, 602 i 3
1m° > on? 3 3
4o® + 5070, 5080, ..._Solhd 1 g
46° + 5080, 5080, e 5olko 1 8
ho? > on3w, 2mwhm, 2ﬁ5ﬂ; oném | A ' 1 N
holw -+ 503w, Sokmw, S05m, 506m ' 2 18
holw + 603w, 6obm, 605mW, 6067 - 'l 2 ‘>8

"(continued)

C
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Table IT. (Continued)

. .
lZ configurations

Excit fi _ " Total
Type Exci av.on per orbital occupancy Configurations
kolm + To2m, 802n; ... lhoom 2 16
1 > 5070, 5080, ... 501ko 1 8
11 - 6070, 6080, ... 60lko 1 8
112 > ow3mw, omkmw, 2n57W, 26T 3 12
TOTAL 153




. _16_

' +
Table III. Calculated total energies, in hartrees, for the lowest lZ state
of the BeO molecule. Internuclear separations are in bohrs. The computed
correlation energy is the difference between the SCF and first-order energiles.

Self-COﬁsistent First Natural? First-. - Cohputed
Field Configuration Order Correlation
| ' Energy
R=2.1 -89.39311 -89.38818 -89.52208 0.12897
R = 2.3 -89.43917 -89.43266 -89.57325 0.13408
R=2.4 -89.4k4563 '» | -~ -89.43839 | -89.58252 0.13689
R =2.5 . -89.4kkeo _' . =89.43615 -89.58h55 - 0.13995
R = 2.7 -89.k2757 -89.&1696 . -89.57355 0.14598
R = 2.9 -89.39943 o - -89.38620 ‘ ;89.55082 0.15139
R =4.0 | - _89.26641 -89.42211
R = 6.0 | -89.25988: -89.34k22
R = o - | . _89.3k295

Note that, as must be the .case, the first natural configuration energy is always

higher than the self-consistent-field energy calculated within the same basis set,

N/




Table IV. Spectroscopic constants for lZ+ 9Bel60.

¢ ¢

Energies are given in hartrees for calculations at

2.5 bohrs internuclear separation. The dissociation energies refer to 1S Be + ipo.

-1 -1 -1 -
E(hartrees) De(eV) re(A) we(cm 7) wexe(cm ) Be(cm ) ae(cm )
Near Hartree-Fock™ -89.45299 h,l3 o 1.29  1736' '.10.66 1.754 " 0.0157
This work - -89.58L55 6.58 1.313 1629 L1227 1.699 0.017k
Experiment | 6.60 + 0.4° 1.331°  1487° 11.83 1.651° 0.0190°
#Reference 8.

bFrom'spectrqscopic extrapolations of the AlIIand XlZ state vibrational levels.

CRefer_énce 32.

See text.
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Table V. Important configurations in the approx1mate first-order wave function for the
The effects of all 1r* configurations arising from a given orbital occupancy are included in the coef-

1p*

state of BeO.

ficients.
R(bohrs) _

Excitation 2.1 2.5 2.9 h.o 6.0
16220230262 B 978k 0.973h .9669 8811 0.7805
1n2_+ o .1L448 0.1566 1506 .0906 0.0009
holm  so2r .0839 0.11k2 .1469 .2492 0.1708
3oin > 6o2m L0716 0.0723 .0705 .0270 0.0007
402 +_502 .0360 0.0538 .0896 Qé836 0.0073
30ko > 5060 .0393 0.0431 .o0k73 L0241 'o.oi28
1% > 502 .0314 ' 0.023Y4 .0308 .0805 0.4920
4o? > on? L 0.0180 .027h L0760 0.2026
102 » 602 .0198 0.0132 ).0123 .030k 0.1468
401 » so22n® | .0907 0.1338
hg21n2 % 50°60° 0.0095 0.0910
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Table VI. Natural orbital occupaﬁion numbers for lZ+ BeO. The 10 and 20 occupation numbers are almost
exactly 2.0 for all internuclear separations.

30 . ho 50 60 70 im om 37
'R = 2.1 bohrs  1.9893 1.984k  0.0145 . 0.0117 - . 0.0002 3.9411 0.0577 0.0006
R = 2.5 1.9896  1.9765  0.0232 £ 0.0108  0.0002 3.9288 0.0701 0.0003
R=2.9 . 1.9900 1.9565  0.0431 0.0102  0.0003  3.9245 0.0755 0.0005
R=1bho 1.9960 1.7303  0.2619 0.0138 0.0011 3.875h4 0.1166 0.00L41
R =

6.0 1.9996 1.7877 0.5687  0.0622 ~0.0005 3.&3&7 0.1ks7 0.0008

...6-[._
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FIGURE CAPTION

Fig. 1. Approximate first-order and near Hartree-Fock potential curves for the vv

+ ' - ' : : -
lowest lZ state of Be0. The arrows in the right margin indicate dissocia-
tion limits. See text for a discussion of the first-order dissociation

limity
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accurécy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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