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COOLING OF INTERSTELLAR FORMALDEHYDE BY COLLISION WITH HELIUM AN
: ACCURATE QUANTUM MECHANICAL CALCULATION .

Barbara Jane Garrison

Inorganic Mater1a15 Research D1r1s1on, Lawrenee Berke]eylLaboratoryv
and Department of Chemistry; University of California,
Berkeley, California 94720
‘ ABSTRACT

In order to test a c0111s1ona] pump1ng mode] as a mechanlsm for
'-c0011ng the 6 cm and 2 cm doublets of 1nterste11ar forma]dehyde a
qUantum meéhanical scattering calculation is performed. To obtain
‘the intermolecular interaction between HZCO(]A])'and He(]S) two
calculations are performed, a Hartree-Fock (HF) botential surface and
a.configuration interaction'(CI)vsurface. A basis set of better than
"triple zeta p]us po]ar1zat1on" quality is used to compute the HF
portion of the potential energy surface. This port1on is highly |
anisotropic and has a slight attraction ar1s1ngtfrom induction effects
at intermo]ecu1ar separations around 9 a.u. The HF surface is modified
_through a series of CI calculations. CorreIatidn.is tound to have
A Iitt]e effect in the strongly anisotropic repd]sive region of the
| interactidn‘potentiaI but dominates the well and Iong-range‘regions.
The maximum Nel] depth is attained for In-p]ane approaches of He and .
. Ties in the range 35-40°K for arbitrary e‘at center of mass éeparation
of 7.5 a.u. The entire surface is fit to a sphertcal harmonic expansibn
to fac111tate scattering app11cat1ons

An Arthurs and Dalgarno type coup]ed channe] (cc) formalism is

presented for scatter1ng of an asymmetric top by an atom. These CC

equat1ons are 1ntegrated at 12 scatter1ng energ1es between 20 and 95° K
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For the cross section calculations a basis sef of 16 ortho HZCO states
are incTudéd, resulting in 62 channels. Resonéntes_are Qbserved

at ~20.2; 32.7 and 47.7°K. The cross sections are Boltzmann averaged
to qbtainjréte constants which are used.to solve the equations of
statistical equilibrium. The 6 cm and 2 cm doubietS'of interstellar
H2C0 are found to be cooled by cd]]isions with He.b The j = 3 ortho

doubTet plays a fundamental role in the cooling of HZCO;
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| I. INTRODUCTION  "‘
'Duriné the past few yéarS; cohsiderab]e intérest haé'devéloped
'.around observat1ons of anomalous absorpt1on in 1nterste]1ar formaldehyde.
Because this absorption is seen toward dark c]ouds, it is anoma]ous
~1mp1y1ng an’ exc1tat1on temperature for two rotat1ona1 states Iower than
either the background radiation temperature (~2.7 K) or the expected
kinetic temperature (10-20°K); These observationslare quite common in
‘the‘inters£e1lér medium énd are seen in (1) the 110 < 1]] (6:cm) transitioh-

of H,0,7" 24 27 « 2., (2 cm). trans1t1on of H.co,'0 12,13

2 1T 412 2
L and(3) the 1]0 < 147 transition of the isotope Hz]3 13

(2) the 2
Co.
To obtain such low excitation temperatures requ1res a nonthermal
~cooling mechanism. A number of pumping models have been proposed that :
involve transitions to higher- rotational $tates.of HéCO followed by |
radiative.decay. The pump or fbrce causing the ex#itations has.been
_variouslyvsuggested as being'due to col]isioné35'br to radiatioﬁ at

32,34a 22 and u1travio1etZS'Wave1éhgths. Evans,

.mf11imeter, | infrared,
g;_gl:]3 have!récent]y given a conVincing discugsioh_which indicates
that the co]]isiona] pump fs the pn]y mode]l that a¢coun£s for all the -
- observations and satisfies necessary criteria; | |

- The collisional pumping modél 6f Townes and Cheung35 is based on
c]aséicai argUments._ The.rotationa] energy level étructure gnd‘dipole
| '&11owedatran§itions of ortho H,CO are shown in Figil4.1.  Note that the
Tower levels of each doublet are connected by dfbo]e allowed transifions{
1ikeWi$e, the upper 1evels,'-Thus, if é molecule fs excited to state |
3 (2]2) it will radiate to state 1 (1]1). The classical model proposes

that both'df'the"1ower two states (j =1 doublet) are préferentia11y "
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excited by collisions tp state 3 where the molecule wi11'radiative1y_decay
to‘State 1, therefore, cooling the 6 cm (j = 1) doublet. (The intra-
doublet relaxetion is slow due to the small epergy separation between . .v‘
the levels.) A

: SinCe the collisional pump appears to be the key tofunderstanding»'

2, 10 11,13,34,35

1nterste11ar cooling of H2C0 several workers™’ have

attempted to theoretically verify this mode] by determ1n1ng the appropr1ate
rotational cross sections. These calculations have been carried out
subject to a number of limitations, including apprpximate interactipn
potentials (hard or soft sphere), approximate dynamics (c]assica]vor
sémi-c]asSfca] calculations), and other less appropriate approximations
(born or sudden). |

. In the present study the test of the collisional pump is based ppon
entirely qpantum mechanical calculations. An decurate ab-initio
interaction potential (Hartree-Fock and configuration interaction)
between HéCO dnd-He is given in Chapters II and III. For these calculations,
the most probable scatterer H2 isvrep]aced by He to reduce the scope of
the computation. It is anticfpatedvthat the maintconc]usions of this
Study will not be seriously altered by this choiéevot scattering
partic]e In Chapter IV the Arthurs and Da]garno] type coupled channel (CC) A
forma11sm is presented for scattering of an asymmetr1c top by an atom. |
Using the abéinitio potential, the CC equations are 1ntegrated to yield
rotational cross sections. Collisional rates are then determined (in
Chapter V)vfrOm these cross sections and used to test the validity of

the collisional pump as a mechanism for the cooling of interstellar HZCO.
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II. HARTREE-FOCK INTERACTION POTENTIAL

A. Introduction

This ¢hapter deals with the determination of fhe Hartree;Fock (HF)
poktidn 6f_the fnteraction pofgntial (to be used'{n'the §cattering stddy)'f
between HéCO'(]Ai) and He (]S). Because collision énergies in inter-
‘s£e11ar'spacé are small (<100°K) and the vibrationaivgnergy level

spacings Qf.HZCO are sufficiently large (>1600°K for the Towest
fUndamentél), H,CO should be wel approximated by_a'rigfd°rotor. |
 Consistent with the rigid rotor model, H,CO is constrained to a:single ,
~geometry in the calculations to be déécribéd. Ihis;resu]tsvin alsmaller
 number of degrees of freedom that must be-tfeated,ahd théreby-sfgnificantTy
- reduces the number of points ﬁeeded to map the région of the interaction
| potentiaT:required for scattering studies. |
‘At long range, the dispersion enérgy dominatés the,interéction of

He with HZCO. Lesk_20

has recently proven that thevdispersion ehergy is
unobtainable in the HF approximation so that a‘re]iable determihation of
the correlation energy contribution is required -for scattering studies

of the présent syétem. Nevertheless, it is c]éér that the HF method

can aécuratély Characteriie the repulsive anisotropy of atom-diatomic
molecule interactions‘between closed she11'sy§tem5'and yield qUantftative]y
the induction energy at 1ohg range fof suéh systems;zj The present
chapter_forms the first of a tWo-part effort in'whfch thé'second part--

“the determination of the dispersion interaction--will be presented in

the following chapter.
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B. Description of Calculations

Hartree-Fock calculations were carried out following the Roothaan
approachIWith H2C0 constrained to the equilibrium geometry of RCO = 1.208&,

33

Ray = 1.T16ﬂ,.and ZHCH = 116°31' determined by Takagi and Oka. To

CH
faci]itate'collision studies, interaction energies are presented in a )
coordinate system with origin at the center-onmnss (c.m.) of H200 that 7
is shown in Fi_g. 2.1. |
'The ‘choice of basis set was governed by two criteria. One is that
the superposition error36 be sha]]. The other is:that the quantities which
determine.the leading terms of the induction contribution to the interaction
energy at 1ong range (permanent monents of H2C0 d1pole polarizability of |
He) be reliably character1zed 4 | |
| To test these criteria, preliminary calculations were pérformed with
He constrained to 6 = 0° (0-atom end)-and 6 = 180° (C-atom end)‘approaches
to H2C0, i.e.,‘CZV geometries. Table II.1 1ists-interaction energies
‘obtained (1) in the HF model employing the basis sets used in our

recent studyv]5

of ground and excited state properties of H,CO, and
(2) using the multipole theory‘expression given in_the Appendix. The -
excellent agreement (within 0.1°K) for R > 11 a.u. 5Etweén energies
computed using both basis sets and perturbation theory indicates that the
induction contr1but1on is quite well described and furthermore that
the onset of the non-overlap region occurs for R = 11 a.u.

Table II.2 lists basis sets A and B for_the.(HZCO; He) system.
The'HZCO basisvsets have been described préviousiy.]s The He basis sets
are due to van.Duijnevelldt8 augmented by p functibns'chosen to give an

accuraté dipole po]arizabi]ity.37 The latter functions are required to
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Fig. 2.1. Coordinate system and geometry for the H CO-He system.  The
S triads in parenthesis are the x, y and z"coordinates of the atoms.
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Table II.1. Comparison of Hartree-Fock and
multipole expansion interactio
energies (°K).*

R(a.u.) Basis Set - Multipole
+ - Expansion
Ax* B : :
o = 0° , _
5.0  2508.83 2606.14
6.0 228.96 276.60
7.0 -11.05  20.58 _
1.5 -22.29  1.83 -6.34
8.0 -18.65  -3.05  -4.30
8.5 -11.79  -3.61 - -2.99
9.0 -6.33  -2.98 . -2.12
9.5 -3.15  -2.15 -1.53 .
10.0 -1.62  -1.47 1.3
1.0 -9.63 -0.69 -0.63
12.0 -0.36 -0.38
13.0 -0.22  -0.23
o = 180° ' -
5.0 6355.97 6467.19
6.0 777.87 838.07
7.0 55.07  85.42
7.5 413  21.36
8.0 -6.91 1.78 -4.22
8.5 -7.13  -3.03  -2.93
9.0 -5.22 -3.29 . - -2.08
9.5 -3.39  -2.48 ~  -1.51
10.0 -2.08 = -1.67 oA
1.0 -0.77  -0.73 - -0.63
12.0 _ -0.37 -0.37
13.0 ' - <0.22 . -0.23

"1k = 3.1668x107% a.u. c
- :
Obtained with formaldehyde geometry of Ref. 16.

*Obtained with formaldehyde geometry of Ref. 33.
The energy differences are attributable to basis
set; differences due to geometry are negligible.




_Téb]e I1.2. Contracted Gaussian basis sets for H2CO and He.* .

“ Basis A B _

Atom . Type , Function*

0 S 0.006436(7816.54) + 0.048924(1175.82)
- + 0.233819(273.188) + 0.784798(81.1696)
S 0.803381(27.1836) + 0.316720(3.4136)
S 1.0(9.5322) e
S 11.0(0.9398)
S 1.0(0.2846) |
X,Y,Z 0.040023(35.1832) + 0. 253849(7 9040)
- .+ 0.806842(2.3051)
X,Y,Z° 1.0(0.7171)
X,Y,Z - 1.0(0.2137)
x2 Y2 22,%Y,X2,YZ7  1.0(0.8)
0

c S

< v w»n ouv »n

,Y;Z',

X.Y,Z

X,Y,Z

x2 Y2 22 XY,XZ,YZ
NS

S“

.

X,Y.Z

—t

.006228(4232.61) +v0.047676(634.882)

"+ 0.231439(146.097) + 0.789108(42.4974)

.791751(14.1892) + 0.321870(1.9666) -
.0(5.1477)

.0(0.4962)

.0(0.1533)

.039196(18.1557) + 0. 244144(3 9864)

+ 0.816775(1. 1429)

.0(0.3594)
.0(0.1146)

.0(0.8) |
.025374(48.442) + 0.189684(7.2835)

+ 0.852933(1.6517)

.0(0.46238)
.0(0.14587)
.0(1;0)

*Linéar combinations are written in the form C](a]) + Cz(az) + ...
where C,Cp, - . . are coefficients and a;,a,, . ... are Gaussian

~ exponents.
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Table I1.2. Continued.

v Basis A
Atom Type Function
He S 0.002600(233.093) + 0.019628(35.023)

+0.091421(7.9557) + 0.272853(2.2028)

S 1.0(0.66435) i |

s 1.0(0.20825)

X,Y,Z 1.0(1.0000)

X,Y,2Z 1.0(0.2000)

Basis B
0 S 0.000210(31195.6) + 0.001628(4669.38)

+ 0.008450(1062.62) + 0.034191(301.426)
+0.110311(98.5153)

S 1.0(35.4609) '

s 1.0(13.6179)

S 1.0(5.38618)

S 1.0(1.53873)

s 1.0(0.60550)

s 1.0(0.22054)

X,Y,2Z 0.002266(114.863) + 0. 017192(26 8767)

L 0.075341(8.32077)

X,Y,Z 1.0(2.97237) ]

X,Y,Z - 1.0(1.12848)

X,Y,Z 1.0(0.42360)

X,Y,Z 1.0(0.15074)

x2 Y2 22 XY,XZ,YZ  1.0(2.0)

x2.v2,722 xv,xz,Y7  1.0(0.5)



0

Ut U4303568G6

- =9~

Table [I.Z; Continued.

S ‘Basis B ,
Atom ~ Type » . Function
c s 0.000242(15469.4) + 0.001879(2316.47)
S + 0.009743(527.099) + 0. 039167(149.438)
, +0.123636(48. 8562)
S 1.0(17.6209) |
S ©1.0(6.81082)
S . 1.0(2.7276)
S - 1.0(0.75674)
S 1.0(0.30073)
S 1.0(0.11409)
X,Y,Z 0.002734(51.7233) + 0.018979(12.3397)
o +0.080806(3.77224)
X,Y,Z 1.0(1.32487)
X,Y,Z 1.0(0.50546)
CX,Y,Z 1.0(0.19827)
X,Y,Z 1.0(0.07731)
x2,v2,22 XY,XZ,YZ  1.0(2.0)
X2, x2 22.XY,XZ,YZ  1.0(0.5)
H S 0.002006(82.636374) + 0. 015345(12 409558)
\ + 0.075577(2.823854)
5 1.0(0.797670) -
S 1.0(0.258053)
S 1.0(0.089891)
| X,Y,Z 1.0(1.0) | |
‘He S 0.000059(4840.888547) + 0.000463(723.108918)
+ 0.002422(164.299706) + 0.009995(46.636262)
» + 0.034249(15.277787) + 0.096302(5.526897)
S 1.0(2.132879) - |
S 1.0(0.849674)
S 1.0(0.343643)
s | 1.0(0.138709)
CXYI 1.0(1.0)
XY.Z 1.0(0.2)
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- yield a proper description of the induction coﬁtribution to. the
interactfon energy at Tong range. Figure 2.2 piofs-the interaction
enerqgy foer2V approaches of He to the 0O-atom end (6 = 0°) and C-atom
end (0 = 180°)lfor basis sets A and B and indicafes'the magnitude of
the superposition error that accompanies the use_bf basis set A. Basis
"set B reduées the superposition error to appronméteiy'ha1f the well
'depth; .The‘c1ose agreement between interaction ghergies obtained

using basis»sét B and perturbation theory resultsvgiven in Téb]e I1.1,
and the'reaSOnable agreement between the dipo1e'moment determined
employing bésis set B and experiment, lend suppdrt'to the notion that
basis'sét_B'éhould provide a reliable descriptiOn of the HF portion of
the_intéraction potential. | |

‘C. Results and Discussioh.'

: Harﬁree¥Fock ihteractidn energies obtainedJuﬁing basis set B are
presented in Table II.3 for ¢ = 0° (He incident in the plane of
,forma]dehydé); in Table II.4 for ¢ = 30°, in Table fI.S for ¢ = 60°, and
in Table II;6 for ¢ = 90°1(He'incident in the perpendicular bisectofvv
plane of HZCO), Owing to‘HZCO-symmetry, only 0°’<.¢v< 90° need be
considered. Because the interaction potantial islp1annéd for scattering
studies at energies <100°K, R = 5 é.u. was arbiffari]y chosen as the
minimum R fqr computations. At this separation, thé interaction is
exponentiai,with repu]Sion énérgies ranging up to several thousand
degrees K; see Tables II.3-1I.6. The maximum R. treated was chosen as the
onset of agreement between HF and perturbation theory induction energies
which, as discussed in relation to Table II.1, océqrs at ~11 a.u.

BeCause-of théAlarge repulsion at 6 = 140° due to”the_He—H interaction,
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~ Fig. 2.2. Basis set dependence of the'interacti'on energy vfor C
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geometry: — — — Basis A for 6 = 0°,
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»_B for 8 = 1.80°.
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 Table II.3. Interaction energies (°K) for ¢ = 0°.*
: R (a.u.)

6 5 6 7 8 9 10
0 2606.14  276.60  20.58 -3.05 < -2.98 -1.47
30 2044.04  237.92  20.15 -3.26 -3.55 .-1.66
60  837.23 101.05  6.60 -3.67 -2.67 ~-1.03
90 621.14  76.45  5.52 -1.52 -0.98 -0.37
120 7220.33 1178.99 169.48 21.63 = 2.0Z -0.15
140 15852.93 2474.73 352.67 46.22 4.8  0.01
160 11942.20 1774.97 235.29 25.72  0.82  -0.86
19 838.07 85.42  1.78° =-3.29 -1.67

“See footnote * of Table II.1.

Table I1.4. Interaction energies (°K) for ¢ = 30°7*‘

160 . 9735.36

- -0.18

. R(a.u.)

9 5 6 7 8 9 10
30 1967.52  226.04  18.50 -3.12 -3.29 -1.56
60  840.15 .102.82  7.62 -2.92 -2.32 -0.95
90 . 563.52  70.95  6.26 -0.74 -0.70 -0.33

120 4468.44  735.56 109.13 14.39  1.27 -0.22

140 10343.96 1642.55 236.61 30.93 . 2.91 -0.23

1431.19  185.02 18.57 -1.01

See footnote * of Table II.1.
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Table II.5. Interaction energies'(bK) f@r ¢ = 60°.%
2 R(a.u.) -

:3 5 6 7 8 9 10
30 1813.06 202.06 15.16 -2.83 -2.77 -1.35
60 1  830.64 ]O3f06 8.69 -1.84 =-1.77 -0.80
90°  555.09  72.21  7.22 - -0.21 -0.54 -0.31
120 -°1608.87 = 240.09 30.45 2.74 -0.32 -0.44
]40} 13942.97 590.33 - 75.57 6.93 ‘~0.55 -0.73
160 6138.00 97.83  5.87 -2.03 -1.30

* .
See footnote

~Table I1.6.

* of Table II.1.

Interactidn energies (°K) for ¢ = 90°.* -

- .

* ' :
"See footnote * of Table

1
(-

R(a.u.) _

5 6 7 8 9 10

- 30 1735.15 189.98 13.48 - -2.70 - ;2;50 -1.25
60  819.62 101.86 8.84 -1.47 -1.53 -0.73
90 _'589.43 80.31 8.63 -0.06 --0.53 -0.31
7120_ 888.84 115.70 11.74  0.09 »-0.7]‘ -0.46
- 140 2060.27  262.98 23.82 -0.87 -1.78 -0.93
160  4670.12 606.53 60f25 0.3 -2.86 -1.44

11.1.
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0 was sampled at the unevenly spaced values of 0, 30, 60, 96; 120,
140, 160 and 180°. A total of 156 energy points wére computed using
basis set B.

Figube 2.3 broadly summarizes the results contained in Tables‘II.B

through I1.6 in the form of equipotential plots for He incident in (a)

the HZCO'p]ane (¢ = 0°) and (b) the perpendicular bisector plane
(¢ = 90°). For ¢

is the large repulsion at small R due to the H'atom. At ¢ = 90°, however,

0°, a slight attraction at R = 9 a.u. is evident as

the équipotentia] plot is very nearly symmetrica]’about 8 = 90°. (Note
that the opening of the zero contour is an artifact of having used the
spherical harmonic expansion to generate the p]pts and reflects stight
inaccuracies in the fit functions.) These and'Othér features are more
clearly shown in the planar projections presented'in Figs.2.4-2.7. The
reduction of the strong repulsion due to the H atoms as He approaches
for increasingly large out-of—(HZCO) plane angles ¢ is detailed inv
Fig. 2.4 for R = 7 a.u., in Fig. 2.5 for R = 9 a.u., and in Fig. 2.6
for R = 10 a.u. Figure 2.7 presents another view of the R dependence
of the interaction for He incident in the plané:of H,CO and shows the
pronounced decline of the repulsion due to H at R‘ﬁ 10 a.u. which |
portends the onset of the non-overlap region describable by multipole
theory. From:perturbation theory, the form of thé long-range induction
energy is.cogze. At R=09 a:u, (Fig. 2.5), thié functional behavior is
perceptibfe»in the bisector plane approach (¢ = 90°)1 Note that by

R =10 a.u. (Fig. 2.6), the He-H interaction is much less repulsive

and the long-range forces begin to dominate.



Fig. 2.3.
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Contour plots of the 1nteraction potential for He incident in the p]ane

of- HoCO (¢ = 0°) and He incident in the bisector p]ane (¢ =
-in °K. c.m. denotes center of mass

90°).
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The HF interaction energies obtained using basis set B have been fit

to an expansion in spherical harmonics, viz.

L
. max L .
REDEDY 2 e e (R Yy (o) L ()
: =0 m=-1%

Ab initio energy points were supplemented by additional points determined
by the method of splines to yield a dense grid to féci]itate the
determinatidn of the radial coefficients. THe HF energies werévaccurate1y
reproduced usfng Qmax = 12 by both 1east-squares and numerical integration
procedures. Formaldehyde symmetry leads to Vzm(R) - vg_m(R), for m an
*eVEh'integer; and to 49 unique nonzero terms through £ = 12. The Vom
‘coefficients are given in Table II.7. These coefficients have been fit
to the radﬁaf function o
v : .

A e-BR -6 - DR

Vém(R) - { 0

A, B, C and D are listed in Table I1.8.

- CR (2)

v A
.
oo
oo,

v
[

[ )

'D.. Summary and Remarks

Using a basis set of better than triple zeta plus polarization
quality, a Hartree-Fock interaction potential forithe H2C0-He system
has been determined for fixed geometry of HZCO'suitable for rigid rotor .
scattekfng_studiés. The potential energy surfétebis highly anisotropic
for He incident in the plane of H2C0 énd has a Sma11 (<3°K) minimum at
R =9 a.u. The ab initio surface agrees closely with interaction energies
'detérmihed'from perturbation theory for R = 11 a,u;,which is indicative

of the onset of the non-overlap region.
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Table II.7. Radial.coefficiépts v%m(R) of spherical
: harmonic expression (°K).
R(a.u.) s
g m 5 6 7 8 9 10
0 0 2580.1 374.7  46.9] 3.47  -0.93 - -0.68
1 .0 -3253.8 -531.2 -77.89 -11.50 -2.05  -0.41
2.0 37731 527.4  64.57  5.40 -0.83  -0.72
2 2 1144.5 188.8  27.81 3.48  0.29 0.0
30 -296.6 -20.8 2.79  2.39  1.00 0.24
3 2 -2139.1 -355.0 -54.02 -8.19 -1.35  -0.23
4 0 -1003.4 -208.0 =-37.17 -6.22 -0.87  -0.09
4 2  2383.1 388.2  58.51 8.26 * 1.00 0.09
4 4 2237 34.6 . 4.26  0.31  -0.02  0.00
5 0 1348.7 224.7 35.37  5.66 1.02  0.22
5 2 -1541.8 -241.5 -35.86 -5.39 -0.89  -0.17
5 4 -415.2 -63.7 -8.33  -0.98 -0.09  -0.0]
6 0 -827.2 ~-134.2 -20.56 -3.25 -0.54  -0.09
6 2  764.2 115.6 17.03  2.50 0.35  0.05
6 4 4579  66.6 8.65  1.05 0.1 0.01
6 .6 32.0 3.4 -0.16 -0.15 -0.04  -0.01
7 0 290.0 48.4  7.50  1.12 0.20  0.05
7 2 -185.8  -30.0 -4.49 -0.67 -0.13  -0.03
7 4 -369.9 -49.5 -6.23 -0.73 -0.07  0.00
7 6 -63.1  -7.5 -0.06 0.18 - 0.04 0.01
8 0 51.8 4.9  0.50  0.14 0.05  0.02
'8 2 -65.1 8.2 -1.12  -0.21 -0.05  -0.01
8 4  253.6  32.6  4.05  0.48 0.05 .0.00
8 6 731 8.5  0.32 -0.13 -0.03  -0.0
8 8 12.3 1.1 0.23 0.01  0.00 0.00
9 0 -101.9 -16.0 -2.44  -0.41 . -0.07  -0.01
9 2  106.3 157  2.29  0.35 0.05  0.00
9 4 -145.5 -18.9  -2.37  -0.29 = -0.03  0.00
9 6  -64.3  -6.9 -0.45 0 0.02



-22-

Table II.7. Continued.

R(a.u.)

'y 5 0
9 8 -23.9 .8 .51 .06 =0.01  0.00
10 0 39.9 .0 .90 0.17 0.03  0.00
10 2 -36.1 3 77 -0.12 -0.02  0.00
0 4 59.0 .8 .99 13 .01 0.00
10 6  53.5 .6 .45 .02 .01 0.00
10 8 28.9 4 .57 .07 .01  0.00
10 1 1.2 1 .03 0.00 0.00 0.00
1M 0  28.2 :9 .77 0.10 © 0.01  0.00
11 2 -25.5 N .62 .09 -0.01  0.00
1M 4 -11.0 5 .20 -0.03 ~ 0.00  0.00
11 6 -39.8 .2 .34 .01 .01 0.00
1M 8  -29.4 .2 .54 .06 .01 0.00
1m0 2.7 .5 .07 .01 .00 0.00
12 0 -55.2 .3 .45 .22 .03 -0.01
12 2 49.2 7 15 0.17 © 0.03  0.00
12 4 -8.0 .0 .12 0.00 . 0.00  0.00
12 6 26.1 .7 .23 .01 - '0.00 - 0.00
12. 8  28.0 .9 .49 .06  0.01  0.00
12 10 3.7 .6 .09 0.0l  0.00 0.00
12 12 0.0 .0 .00 .00 . 0.00 0.00
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the HF interaction.*

= ||

*

Vo

“Distance units

are-a.u.

* - . D
‘Values in parenthesis

and energy:units'are
are powers of '10. '

1

o

°K.

)

).

- m A** B C** ‘ Dx*
0. 0 3.034(7) 1.845 -4.793 (6)  5.635 (7)
10 -2.483 (7) 1.751  1.226 (7) . -1.186 (8)
2 0 5.449 (7) 1.890 -6.558 (6) ~ 7.320 (7)
2 2 8.094(6) 1.735 -3.628 (6)  3.789 (7)
3- 0 -1.056 (8) 2.586 -7.069 (5)  1.354 (6)
3 2 -1.546 (7) 1.736  8.259 (6) -8.037 (7)
4 .0 -3.534 (6) 1.535  9.527 (6) = -9.868 (7)
4 2 1.853 (7) 1.759 -6.595 (6)  6.644 (7)
4 4 1.891 (6) 1.774 -7.562 (5)  8.072 (6)
5 0 9.850 (6) 1.748 -3.935 (6)  3.771 (7)
-5 2 -1.483 (7) 1.810  3.471 (6)  -3.309 (7)
5 4 -3.876 (6) 1.773  2.176 (6) -2.133 (7)
6 0 -6.766 (6) 1.773  2.240 (6) -2.139 (7)
6 2 9.097 (6) 1.867 -6.458 (5)  6.286 (6)
6 4 5.635 (6) 1.849  -1.443 (6) - 1.405 (7
6 6 1.054 (6) 2.084 -1.275 (5)  1.425 (6)
7 0 2.065 (6) 1.736 -9.935 (5) . 9.736 (6)
72 -1.527 (6) 1.765  6.644 (5) -6.362 (6)
7 4 -7.489 (6) 1.970  4.087 (5) -4.048 (6)
7 6 -1.423 (6) 1.999  2.603 (5) - -2.759 (6
8 0 6.528 (6) 2.380 -1.211 (5) . 8.455 (5)
8 2 =-2.540 (6) 2.123 -6.083 (3)  2.294 (5)
8 4 6.741 (6) 2.032 -1.058 (5)  1.096 (6)
8 6 2.284 (6) 2.072 -1.670 (5)  1.855 (6)
8 8  2.483 (6) 2.440  7.301 (4) -6.220 (5)
9 0 -1.018 (6) 1.827 1.612 (5) . -1.453 (6)
9 2 1.458 (6) 1.900 -5.968 (5)  5.435 (5
9. 4 -3.530 (6) 2.011 9.729 (4) -9.621 (5)
9 6 -3.149 (6) 2.154  7.576 (4) -8.948 (5)
9 8 -1.829 (5) 1.749  9.982 (4) -1.005 (6)
*
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Table I1.8. Continued.

A** B C** D**

0 618 (5) 1.909 -2.721 (8)  1.752 (5
2 -5.311 (5) 1.916  1.599 (4) -1.309 (5
4 .374 (6) 2.003 -4.401 (4)  4.150 (5
6 146 (6) 2.191  -2.969 (4)  4.099 (5
8 .936 (5) 1.818 -8.167 (4)  8.218 (5
1 .088 (6) 2.730  9.658 (3) -8.540 (4
0 532 (5) 1.681 -9.677 (4)  1.023 (
2 - -2.037 (5) 1.763  7.733 (4) -7.618

4 .004 (5) 1.950  1.693 (4) -1.453

6 .502 (6) 2.206  1.243 (4) -2.111

8 106 (5) 1.881  7.275 (4) -7.134

1 562 (4)  1.691  1.133 (&) -1.127

0 .809 (5) 1.730  1.869 (5) -1.840

2 697 (5) 1.811 -9.500 (4)  9.246

4 694 (5) 1.982  2.674 (3) -5.278

6 1.825 (6) 2.232  7.190 (2)  5.528

8  4.479 (5) 1.913 -5.518 (4)  5.421

10 2.446 (4) 1.734 -8.733 (3)  9.300

12 .358 (1)  1.273  3.639 (2) -4.978
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Since=the Hartréé-Fock_mode] cannot describevdispersion,contributions,
which_frdm_berturbation theory should dominate the long-range interaction
in the present system, correlation studies wi]T;be needed to chplement

results presented here.
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APPENDIX
The'ihduction contribution to the long rangeﬂihteraction between

H,,CO and He may be written,4

; 172
VR8.0) = 22 (4202w (R) vy (000) (D)
The lowest order nonzero terms are
voo(R) = -1l S
Vo(R) = vgo(R) o (A3)
vio(R) = <18 uaezz/5R7b o | (M)
Vao(R) = (2/3) v, (R) - (5)
v ) 12 . ol
vp(R) = -ua(8/15)% (0, -0 IR (h)

Hére; o is the dipole po]arizability of He, u is the dipole moment of
H2C0,_énd'eiiv(ii = xx,'yy and zz) are the diagonal components of the
quadrupolé moment tensor of HZCO. Note thaf th; dfpole-induced dipo]ev
contribution (R'G) is two orders of magnitude 1érger than the quadrupole-
induced dipole.term (R'7). o |
Thevyaiués of mo]ecu]arvproperties used to c&nstruct the entries

in the third column of Table II.1 were taken fromARéf.']S. They are:

-1.1249 a.u. 0

u -0.1481 a.u.

Yy

8

o = 01773 au. 0, = -0-0292 a.u.

ZZ

‘An experimental dipole polarizability (1.397 a.u.) was used for he]ium.9
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IITI. EFFECT OF ELECTRONlCORRELATION

A. Introduction

'In the'orevious chapter we discussed a HartreefFock (HF) interection
potential-for'the HéCO(]A])-He(]S) system. It.1$ known fhat_fhe HF method
describesfon]y the average ihferact{on between elecfrons of colliding
moleCUIesfs Hence for neutra]eneutral interactioheg-the HF-method-cannoﬁ.
provide anhaccurate desoription'of the interaction'energyﬂin.regions where
fhe‘dispErsion interaction pTays anvimportaht ro1e; since the dispersion
interaction arises from the instantaneous motuaT response of one molecule
to'another.4' Therefore, a corre]ated'calculatioh.is'required to yield
this*contribution to the interaction energy.4’2p ‘Because accurete
scattering €ross sections at very low energies are sought_for the.

13,34b,35

H2C0 -He - system, it is 1mportant»to-determihe the correlation

-,correct1on‘to the HF potential.

It is useful to divide the H2C0 -He 1nteract1on potential into three
parts--a h1gh]y anisotropic repulsive reg1on at sma]] 1nternuc1ear ”
separat1ons, a reg1on conta1n1ng_the energy m1n1mum at intermediate
distanceé, and e long-range regioh. The domineting‘forces in these

regions have different physical origins which dicfate'the use of selected

_'methods for each. Since electron correlation is only a small fraction

of the interactioh energy at short range (where cTosed-she]] repulsive

forces dominate), the potent1a] energy surface in th1s region is be11eved

to be we11 descr1bed by our prev1ous HF results. 19

In the non-overlap
reg1on, perturbat1on theory estimates show that the dispersion
ihteraction is dominant and that induction contributions (obtainable in

the HF approximation) are negligible. Little is‘known a priori about
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the region near the minimum. Since the HF well aebth is qdfte small
(~3°K), it is clear that the CI contribution will significantly alter
the potenﬁfa] in this region. Therefore, CI calculaticns are needed
to complete the interaction potential for the H,CO-He system.

Since only small van der Waals attractions arise from dispersion
forces, spécial care must be given to the type of CI calculation
performed. Of course, one would like to determine the correlation
contribution to the interaction energy from a fui] CI claculation but
that is ét p§esent economically unfeasible for most systems. Extensive

3’23’3]_which similarly has a small van der Waals

work on the'He2 system,
minimum, guides our approach to this problem. By carefully choosing
configurations for the He2 system, the dispersfon energy was calculated
directly (Di-CI)?’23’3]The main advantage of this method is that the.
error due to lack of completeness of thé basis set (superposition
error) is:e]iminated.23 However, it does not take into account change
~in intramolecular correlation of each molecule with internuclear

distance. Since the change in intramolecular correlation increases

with decreasing intermolecular distance, this method overestimates the

23 theiihtermo]ecu]ar and the

- well depth. As shown by Liu and McLean,
intramolecular correlations are not additive, thus one cannot add the
dispérsioﬁ energy and fhe intramolecular correlation to obtain the
total CI cohtribution. To iﬁclude intramolecular correlation, a CI
calculation may be performed which includes all single and double
excitations from the HF reference state (S+D CI). Such a computation

approximates the total CI energy including dispersion and intramolecular

correlation enerng It also includes the superposition error, however,
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which generally leads to an artificial increaseviane11 depth. for

23b

Hezva full CI was carried out yielding a well depth of -10.7°K that

23a

is bracketed by the DI-CI value (-12.1° K) and the S+D CI limit result

). 23a - Unfortunately, as of this‘writingg.fheré is no basis upon

(-9.3°K
‘which to présume that this brackéting will ho]d'rigorously for other
systéms.-fHOWever, it does shqw that intekactiOnfehergies obtained by -
the‘various methods are roughly edua] - For the larger H2C0 -He system,
1t is econom1ca]1y feasible to perform on]y D1-CI and S+D CI ca]cu]at1ons

B. Description of Ca]cu]at1on

To obtain the CI energy, we initjally chose to ca]culéte the
dispersion énergy by the following prqcedure‘(Di-CI): (a)'compute the
Herngrgy'of.the system, (b) localize the occupiéd orbitals,38 (c) generate
cOnfigUrafions that include single and doub]e.excﬁfations corfesponding'
to remova]'éf one electron from a H,CO orbital and;one-eiectron from
the He orbftal, and (d) p]acé the excited e]ectrOns intd all poséible
spin and Symmetry’a1lowed>combinations 6f HF virtual orb_i’tals.41
(in all Di-CI ca]cu]étions, the two—1owest orbité]s, which correspond:
to 0 and C TS cores, are frozen, i.e., no excitatfbn§ are permitted;)

By ca]tulating the dispersion energy in-this_mqnher‘ no superposition
error arises. Using this method at R = S‘and 11 a.u. for both 6 = 06‘

' (O-atom end) and 180° (C-atom end) yields an 1nteract1on at the C atom
end that 1s tw1ce as attract1ve as that at the 0O-atom end; see Table III.1.
This f1nd1ng 1s contrary to what one wou]d expect from HF results where, .
"for‘f1xedR,‘the interaction at the C-atom end was more repulsive than |
thaf at the 0-atom end. To verify these va]ﬁes,iSfD CI ca]culationg'.-

42

were perfqrmed at the same geometkies,_again ho]dihg the lowest two



-30-

orbitals fixed. The S+D CI interaction energies were in close accord |

with Di-CI values. As in the He,, study,23

the Di-CI procedUre‘yié]ds
a 1arger-ﬂe1] depth than the S+D CI method. v’

In thé HF H2CO—He study, a very large basis set (basis B) was used
to reduce the supekposition errof. Since the expensé of using basis |
B for the two-typés of CI éalcu]ations described above is presently
ProhibitiVé,bbasis'A was reexamined. At R = 8 a.u. and 6 = 0°, the
superposftion'error is at most 7°K. Since Di-CI and S;D CI computatiohs
are in reasonable agreement using basis A, we feé] that the super-
position error is likely not larger than 75K for the geometries
considered.here. For these reasons; it is felt that basis set A should
provide‘én adequate description of the well and long-range Yegions and,
therefofé; is used for the remainder of the ca]¢§1ations;

L A]though‘the Di-CI and S+D CI methods yield ﬁqmparab1e resuits, the
avai]ab1e S+D CI compufer code is faster'and, therefore, was the one
used for the bulk of the ca]cu]étions. CI computations were performed
at 14 geometries: © = 0° and 180° for R = 5, 7, 8 and 11 a.u.; 6 = 90°,
¢ = 0° (plane of H,CO) for R =5, 8 and 11 a.u.; and 6 = 90°, ¢ = 90°
(bisector plane) for R = 5, 8 and 11 a.u. The number of configufations
included in the CI wavefunctiohs depends, of cdursé; on the molecular
point group. As discussed elsewheke,3o.each configuration is a pure
spin eigenfunétibn with.S.= 0. The geometries 6 = 0° and 180° correspond

90°, ¢ = 0°

to C, symmetry (19452 configurations in the S+D CI), 6

2v
corresponds to CS symmetry (37779 configurations) and 6 = 90°, ¢ = 90°
also corresponds to C, symmetry (34419 configurations), but a different

plane of syhmgtry is involved.
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C. Results and Discussioh- '_

Cofkeiation energies are given in Table ITI.1. These values dd
not iﬁclude fhe HF interaction energy and thus hqét_be addéd to the
HereSUTts to get the complete interaction poteniié].v Because of the
Timited iﬁfofmation avaj1ab1e for 6 = 90°, no cofrélation contribution
| ‘ to the ¢ dependence can be ascertained. ol
To facilitate the use of the enérgy surfaCe:inpséatteriﬁg calculations,
_ thevcorrelafion contribution is expanded inASpheffca1 harmonics . Fd]]owing
Ed. (II;]) the angular dependence of the correlation contribution is

expressed in the form
. o 1 2 ‘
V(R,0) = vOO(R) + V10(R) coso + 2 vzo(R)(3cos 8 -1) (1)

Inverting Eq. (1) gives

Vgo(R) = V(R,0°) + v(R,120°) ¥ 4v(3,903) B

vqo(R) = V(R’Oo),é V(R,180°) -‘ »- | s
and |

vyo(R) = W(R0T) *+ V(R,180°) - 2V(R,90°) W

From Eqs. (1) through (4), the correlation contribution can be interpolated
for all deéired values of R and 6. The potentials‘V(R,e) havé:been fit
" to the radial function |
V(R,0) = Ae BR - cr® | o (5)

where A, B and C for 6 = 0°, 90° and 180° are given in Table III.2.
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Tab1e IIT.1. Correlation energies (ECI-EHF) for HZCO-He.*
5 0° 90° 90° 180°
R(a.u.) o 0° 0° 90° 0°
5 -0.000891 -0.000737 -0.000709 - -0.002247
-281.4 -232.7 -223.9 -709.6
7 -0.000171 --- " -0.000294
-54.0 --- -—— -92.8
8 -0.000064 -0.000040 -0.000026 -0.000115
-20.2 -12.6 . -8.2 -36.3
(-22.9)** | o (-41.9)
1m ~ -0.000005 -0.000001 -0.000001 -0.000009
-1.6 -0.3 -0.3 -2.8
(-2.9) | (-4.9)

*Order of entries in the table: energy in a.u. and °K, where
1°K = 3.1668%10-6 a.u.

*k '
Energies (°K) in parenthesis are from the Di-CI calculation.
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-:_ Table III.2. Parameters for the corre]at1on

1nteract1on *

6 o A%k o o B .. C**'

0° -1.30529 (4) 0.80863 8.19754 (5)
90° -5.58237 (4) 1.11606 2.08846 (5)

180°  -8.00165 (4) 1.01991 -3,46152 (6)

D1stance units are a.u. and energy units
are °K.

Va]ues in parenthesis are powersvof_lo.
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' Cohtour»p]ots of the HF and CI interaction energies in.the plane

2COI(¢ = 0°) and the bisector plane (¢'= 90°) are given in

of the H
Fig. 3.1.  As expected, the strongly repuisive region is virtua]]yv
uhchangedfby including electron correlation. TheAcorrelatidn con-
tribution_increases the well depth from 3°K in the HF surface to
35—405Kahd§hifts the minimum inward from 9 a.u. to 7.5 a.u.

Based ohithe close agreement of.the Di-CI and S+D Ci calculations
-in thé we]l region (Rv= 8 a.u.), the ffna]’CI interaction energies |
are beTiéved reliable to ~20%.

D. Summary

A CI calculation has been performéd to asceftain the_ro]e of e]eCtrbn
correlation on the interaction potential between a rigidvformaldehyde
mo1ecu1e'ahd a helium atqm. Efforts,wére concentrated on the region of
the energy minimum and at large intermolecular distances where correlation
effects are expected to have their 1akgest'effe¢f.

>ijo tybes of CI calculations were carried out. In one method
(Di-CI), the dispersion energy was calculated directly by judicious
sé1ection‘of configurations. In the second proéedu?e (S+D CI), the
interactioﬁ:eﬁergy was determined from a CI wavefdhétion built from
inclusion of all single and double excitations frdm a HF reference
state. Intgfaétion energies 6btained by the two procedures were ih’
reasonabie‘égreement; It is noted that the Di-CI hethod yields a
somewhat 1arger well depth than the S+D CI'procedure as anticipated

23

from previous He2 studies. CI interaction energies in the vicinity

of "the minimum have an estimated uncertainty of 20%.
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XBL 758-6878

 Contour p1ots of the interaction potential for He

incident in the plane of HpCO (¢ = 0°) and He incident
in the bisector plane (¢ = 90°). —— Ci interaction
potential. =---- HF interaction potential. Energies
in °K. -c.m. denotes center of mass.
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To fécf]itate scattering studieé, the CI intéraction energies were
fit to a spherical harmonic expansion. Three terms were used to
describeAthe.e dependence; no significant out-df—(HZCO) plane
dependen¢e7¢‘was obtained. The effect of correlation on the well region
is to deeben the well from ~3°K to 35-40°K and to shift the minimum

inward from-a_HZCO-He center of mass separation'of 9 to 7.5 a.u.
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IV. DETERMINATION OF CROSS SECTIONS

A. vIntroduction

In thfs_chapter an Arthurs and Dalgarno type cbupled channel (CC)

formalism'is;developed for the scattering of an asymmetric top by an.
atom. With the interaction potential described in Chapters II and
III, the cc equat1ons are integrated to determ1ne the rotational

Cross sect1ons of ortho H2C0

B. Asymmetric qu

Before treating the scattering of an‘asyhmetric;top by an atom,
the properties ef‘the asymmetric top wavefunctions will be briefly
_ summarized.‘-An excellent detai]ed diScussion'is-given by Davydov.
It ié:eonvenient to define'twqtcoordinate systems:
 fixed (SF),frame denoted by primes and (2) a bedy tixed (BF) frame
-(unprimed) which is attached to the center_mass‘ef'the top.

axes are taken to be coincident with the principal'éxes of the top.

(1) a space

The.orientation of the BF axes with respect to the:SF axes is given by

the three Euler angles (aBy).28_

The rotational Hamiltonian of the top is

i Cu
XX N
+
-
x N
+
-— L
NN

-1
2

N

2 2
AP + (B - A) 02+ (C - A) 92

;'1'Here'J2'is the square of the angular momentum openator J, J.

2

o)

(2)

(i = x,y,2)

are the components of J along the BF axes, I. are the pr1nc1pa1 moments

1 1
of 1nert1a and A= 5T B i

x %y z

1l

j
57— and C = 5%—- are the rotat1ona1
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constants. To solve the Schroedinger equation for the Hamiltonian in

(2) it is convenient to expand the asymmetric top wavefunction in a

basis setvof symmetric top (where I, = Iy) wavefunctions, wjm - The
_ Jms

asymmetric top wavefunction is, therefore, expanded as

: j , o
I3 Z j |
(1)_[_ (OLBY) = akijm.k(aBY) . (3)
— J -
| k—-J | . .
where
- 2j +1 g* .
Voo (oBy) = ¢ = D (aBy) - (4)
ijk 81T2 mjk |
J N . ) . 28 j
Here Dm k(aBY) is an element of the rotation matrix; the ay, are
J

expansion coefficients (to be determined); j(j + 1) hz, mjh (Imjl <i)
and kh (|k| < j) are the eigenvalues of-JZ, Jz.(SF projection), and

JZ (BF projection) respectively; and T labels thé asymmetric top
eigenfunctions (see below). Note that J2 and Jz' are conserved for
both symmetric and asymmetric tops while Jz_is cqnserveq only for thé'
symmetric tOp; The fact that Jz is not conservedgrésu]ts in mixing of
the (2j + 1) different values of k.corresponding to a given (j, mj) |
to form (2j + 1) states of the asymmetric top. These asymmetric top.
states areA1abe1ed by an index T as indicated.abové.

Subétitution of (3) into the Schroedinger eqUétioh']eads to
J .
2 akT{<wjmjk.|u1 wjmjk> - Ejrsk'k}v 0 (5)

for (2§ + 1) values of t. The matrix elements of # over the symmetric

top WavefunctiOns canbe found in Davydov.s_
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-The_(Zj + 1) equations given by (5) can be simplified by employing
the symmétry.properties of the Hami]tonian. TheTHamiltonian is
invarianf under the group of-the following fouriCQordinate transformations:
(1) identjtY=transformation, (2) x ~ -*, (3) y > -y and (4)_2 > -Z.
These trénsformatiohs fofm a represéntétion of the Klein Four Group
vwhigh has four one-dimensional irreducible representations. 'By |
transformihg the basis of symmetric top wavefuhctions to a set of
symmetry adébted fuﬁctions, which tfansfbrm acﬁdrding,to the irreducible
fepresentétiohs of the Four Group, the Hami1toniah;matrix (see Eq. (5))
becomes b]o¢k diagonal, thus decoupling the system of Egs. (S) info
four smd]ler:systems. The four classes of symmetry adapted functions,
X afe - |
Xigd =lzéﬁﬁnﬁk + (_jS wjmj-%]; ik.odd, s=0orl, (6a,b)
| | - (e
xﬁge" = —2——1—:1—60—1(— [wjmjk + ()3 “’jmj-k] : k even, s=0orl.
Note thatﬁtﬁére are four fypes of functions (k iS'ddd or even and
s.= 0 or 1), each of which transforms according'to'a different
1rreducib1e rebresentafion. The éxpansion (3) éah'now be restricted :

to sums over a single class of symmetry adapted functions,

odd or
even k

- jm. .
J - J
o 7 = E by ks
k=0 or 1 _
 where the state index T now also implies odd or even values of k

and a value of s (0 or 1). The system of Egs. (5), therefore, becomes

fodr smaller systems of the typé
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odd or
even k
:E : J _ oy -
ka{(Xk'slﬂkas) EjTék'k}' o . | (7)
k=0 or 1
These sets of equations can be solved by standard techniques in linear

algebra td yield the eigenva}ues EjT and expanSion coefficients bﬂT
of the aSymmetric top.

The group described previously does not represent all the
symmetry properties of the asymmetric top Hamf]tonian. The Hamiltonian
also has'inyersion symmetry (simultaneous inversion of the x, y and z
coordinates), thus the full group of the top is Déh‘= %991. (D2 is a
realization of the Four Group and i represents the inversion group.)
In Section III this additional symmetry will be used to simplify
the coub]ed_channe] scattering equations. Fdr_reference the inversion
parity of ¢imj is given by

' im jm.

F¢T J = (_)j+k+s ¢T J : | (8)

where F iS thé inversion operator. Hence the symmetry adapted
functions of (6) are automatically symmetry adapted functions of the
larger group'DZh. |

For the case of H,CO there is the additibﬁal'symmetry of inter-
changing the identical H nuclei resulting in orfho (symmetric) and
para (antisymmetric) couplings of nuclear spins. Since there is no
interaction that couples nuclear spin states during collisions with
He, ortho and para H2C0 can be treated as separate species. The
astrophysical observations of interest in this study are of ortho

HZCO; theréfore, only these states need be included in the scattering
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ca]cu]atiohs. Since the H nuclei are Fermions, the total wavefunction

must bevantisymmetric under their interchahge.. The .nuclear wavefunction

is symmetric, and therefore the kotationa] wavefunctionsvmust be

antisymmetric. Letting P be the operator that.intérchanges H nuclei

then
' Jm Jjm. :
J o (kg |
Po. I = () o, (9)
- o ‘ = Jjm,
where again t implies odd or even values of k. Since ¢T_J must be

antisymmetric for ortho HZCO, Eq. (9) shows that any states with k

odd (functions given by (6a,b)) are required in this study.
26 (

Using the rotational constants of Oka A = 38835 MHz, B = 43003 MHz;
and C = 282029 MHz) to evaluate the Hami]tOniah.matrix elements, the
energy levels of ortho-HZCO were obtained from‘thé solution of (7).

These ehérgy levels accompanied by two labeling schemes are given in

- Fig. 4.1. For the lower (upper) state of each doublet s is 1 (0).

C. 'Theory of Atom-Molecule Scattering

In this section, the Arthurs and Da]garno]_(AD) toupTed channel
or close coupling (CC) formulation is presented"for-the case of

scattering of an asymmetric top by an atom. Fok simp]icity the‘at6m

is assumed ‘spherical (in a ]S state) and the tob is also taken to be

ina sing]et_state so that the problems associated with the coupling of

spin angularvmomentum can be neglected. Low kinetic energies will be
considered; therefore, vibrational and electronic_ekcitation is not

possible.
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Ortho H,CO
Energy Levels and Transitions

33— F 5 (32.0631°K)

2 Y__4 (22.6219°K)
LU T -

2,, % 3 (21.9262°K)
140 ¥ ___2 (153987°K)
1, - 1 (15.1668°K)

XBL 758-6983

Fig. 4.1. Energy level diagram for ortho H,CO with the
dipole allowed transitions designated by arrows.
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- The Hamiltonian of the total system (top plus atom) in center

of mass coordinates is

)= (h2) W5 v xR+ V(ERY) (10)
: r _ a .

where the terms from left to right are the kinetié_energy-operator for
the relative motion of the top and the atom, the rotational Hamiltonian
(Eq. (2)) Qf,the top, and the intermolecular pdtentia]. Here u is the

reduced méSs of the total system, = (r,6',6") is the position'of the

atom in a spéce,fiked.(SF) frame and R (aBy) is the orientation of
~ the top in the SF frame.
To solve the Schoedinger equation

(% -E, ) ¥=0 o )

tot
‘an expansfontechnique is used. The total angu1§r momentum J and its
SF z'prdjéctjon J,v =M are cohservéd in this system. AD found it
convenient fo couple the rotatfona] angular momehtum (3) 6f the.top}
and the orbfté] angular momentum (1) of the co]]iding system togethér 
to form eigenfunctiohs of 3 and JZ.. Fol]dwing ADifhe radial and |
>angu1ar dependences are separated and the wavefunction»is written as
WS?PQT(?,ﬁ') - Z ]Fu:]?'ﬂ,"t'*jl‘f(r)' _.
o ghattt o
v ‘ (12)

. ygvngu(?',ﬁ') S



where J L o :

YR FRY = DT D clinmmn (13)
| | “ jm Jip
le(r ) o, “(R")

28 (r ) is a

"oy

spherical harmonic descr1b1ng the relative angu]ar momentum of the

Here, C(jZJ;m.m M) is a Clebsch-Gordan coefficieht,

colliding system and . HS(R ') is the asymmetric top function given
by Eq. (3). Substituting Egs. (10), (12) and (13) into (11), multiplying

on the left by V§§Z"T"’ integrating over r' and ﬁ', and making use of

28

orthonorma]ity relations, yie]ds the CC equations

[?Z/dr ‘ L (2' + l)lr + k?lrl] j l'T'*ﬂlT(r) ) (]4)
= (ZU/hz) E R'Z;Z<J 2‘T'|VIJ"2"T") u:]]“z"‘t"+‘]2‘1:(r)

where

K2

jit = ZU(E

st~ Sy A (s

The coupling matrix elements are defined by
(J Q'T'IVIJ"R'"T") _fde dr VJ £|T|(r R ) (]6)
x V( R ) V "2," u(r R )

~and are independent of M. For an asymmetric top and an atom the

interaction potential can be expressed as (see Eq. II. 1)

®
V(F.R') = Zo‘ Y w2y (r) vy (6,0)  (17)
A=0 v=-
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where 6 énd @ are the angles that define the ﬁosjtion of the atdm :

with fespeci tovthe top. Since (08,¢) ére not fhéAang1és.used previously
and ihfegfation over angles is required by (16), the group representation
property39’fs-u$ed to write va(e’¢) as a functfdﬁ'bf the angles r' and

R'. The potential is alternately written as

V(#,R") =-:E: (4m/2x+1)17/2 D (18)
Avy' o R _
. AI A A|

(M) Yy (R1) DG ()

‘Substitution of Egs. (3), (13), and (18) into (16) yields the explicit

form of the coupling matrix e]ements

‘ ‘ | J‘l j" v. _
st N TYIPT] j 4" E E I : "E :
<J 2’ Tl IVIJ 2’ T ) = (-)J J J ) ailrlai](":,rll(_)k vx’kll_kl(r)
_ E vklv?"‘j' k"=-j" - | _ N .

1/2. .

x L2350+ 1)(25" + 1)(20 + 1)(2e + 1)] (19)

' " A J'I j" Y | jl Q! J
0 0 0 k! k" k"-k' 2’" j" by

The (:::) are 3-j symbols and {;::} is a 6-j symbol.2
Symmetry considekations simplify evaluation df the coupling
matrix e1ements.. Conservation of parity requiresjthe coupling matrix

elements (19) to vanish unless

: - (‘Sj|+k+§{+2f - (_)j“+k“+sﬂ+£n | . . ‘ (éo)

(Recé]] from Section II that T implies odd or even values of k and

S,to be 0 93 1.) Hermiticity of the potential results in
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(\]HR:HT"'VIJ i’y = (J L' IVIJ“'Q'" "y . (2])

The boundary condition on the radial function

J - -
uj'2'1'<—j21(r) 6jj'6m"5 . exp[ (k r an/2)] (22)
K 1/2 ' . v
- jt J v caynl - _
<j'T'> .SJ’IQ'I,.[.I*_J'Q’.L. exp[&(ijr 2,11’/2)]

defines the scattering matrix SJ. For the j't' + jr transition the

integral cross section is given by

o J“'J J+j!
_ ™

JT*—JT-(23+])k Z(2J+1) (23)

J=0 e=|J-j| 2'={3-3"|

J 2

lTj'Q'T'«jQT'

where

J J ' _
TJ'Z T'«joT 633'622'6Tr' - Sj'SL'IH—jILT T (24)

The cross section in Eq. (23) has been obtained by.ayeraging over
initial projections mj and summing over final projections mj ‘. Since
the S matrix is unitary the reverse cross sections can be obtained
from the reciprocity relation
(25 +1) k
O: = O:v 1.
JT+JT (2J'+])k| J T €T

(25)
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. D. Description of Scattering Calculations

Theecroes sections - for rofational excitation of ortho HZCO by co]1ision
with He are determined by integrating the coubledfchannel equatiqns (14).
‘In orderyfoscarry out the integfationvit is neceesery to
specify the tota] energy of the system_Etot (see Eq. (11)), the numbek
of internal H2C0 states, and the integration procedure. *qu-the
.astrOphysica]'problem Boltzmann averaged rate cohstanﬁs are required

(see Sectibn VI), and according]y 12 va]Ues_of E in the range

tot

tot < 95°K were chosen. (See Table IV.1 or IV.2 for a list of values.)

The sums'on'the right hand side of the CC equatiens (14) extend,

20° < E

in principie, over an infinite number of (j,r,ﬁ)vcombinétions. Obviously,”
this is not-computationa]1y»feasible so the eums must be restricted, |
keeping on]y the important terms.  This is done;by Chosfhg a basis of
'internai’ortho H2C0 states (j,r) and then se]ecfing the va]ues Qf'

orbital aﬁgu]ar momentum £ permitfed by the triéhg]e'inequa]ities of
anguiar momentum'coupling for a given va]ue of J (tOta1 angular momentum).
' For this calculation a basis set of 16 ortho HZCO»States with

1 <j<5 were chosen. This resu]fed in a maximumjof 62 channels

((3,T,8) eombinations) coupled together. At Etoi'seless than 50°K

there arev4F8 H2C0'states energetically accessible in the asymptotic
region; The.CC equations.were integrated by Gordbh's method]7 with:

the fo]eréhce earameters VMAX; TMAX, TOLLO, TQLHI,;-CTOL set at

4 3

107" and the parameters STEST,ahd:UTEST set at ]O'vf The interaction

potential (Eq. (17)) is the sum of the Hartree-Fock contribution

(Eq. (II.1)) and the correlation contribution (Eq. (III;I)).
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E;' Results |
The efaStfc cross sections for the six 10We$£w(j < 3) ortho
H200 states are giveh in Table IV.1 and disp]ayéd.aé a function‘of ‘
Eiot in Figf‘4.2. The inelastic cross sections are given in Tab]e'IV.Z.
Se1eéted.ine1astic cross sections are plotted iﬁbFig._4.3. Reverée
transitionSYWere obtained from the reciprocity‘fe]ation (25)._
ResOhances occur at ~20.2, 32;7 and 47.7°K in many of the cross

section curves. These energies are approximately equal to the internal

energies of the j =2, 3 and 4 doublets, respectively.



Table IV.1. Coupled channel ve_'laistic cross sections.* . . = ‘ R L ' R T ' )
_ Eoe(°K) e i
State 20.1668 25.1668 27.6668 30.1668 32.6668 35.1668 37.6668 40.1668 42.6668 ' 47.6668 70.1668 95.1668 ‘ o
T k) 235 229 23 345 189 179 . 170 - 163 152~ 15 93 - Lo
Lo 331 257 241 - 231 418 194 182 174 167 154 - NS - 93 RS
2, e 267 - 282 249 430 217 205 197 186~ 178 122 96 P
2y -—- . 308 306 263 414 228 2 204 195 187 124 97 o
3 - --- --- --- 1620 89 - 2717 255 204 259 135. . 103
13 _ - : , > ., ' ~
3 --- --- - R 253 288 - 293 281 1353 142 106 ey
12 B f _ . © s
45 . - S am—emee - --- S - --- 950 162 112 :
4, - .- T --- - - -—- .- .- --- 178 16 _

b*Un_i'ts are R,



Oiasic (A%)
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L | |

35 40 45
XBL 578-6879

Fig. 4.2. Elastic cross sections.
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Table IV.2. Coupled channel inelastic cross sections.'

r

Eror® _
Transition. 20.1668 25.1668 27.6668 30.1668 326668 _35.1668 37.6668 40.1668 42.6668 47.6668 = 70.1668 95.1668 .
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s
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W43
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21274
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3313
21732
2y,
21143
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33,
31343
Hirha
343
MPIE

66.0
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13.4
18.2
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ceme
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16.1
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8.5

8.9
7.0
4.7
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5.5

20.0
9.5
4.2

‘12,3
-20?2
4.2

25.0
14.1

12.7

1.6

10.5
5.7
5.4
0.9
3.5
0.9
6.3
8.4
4.7
4.5
2.5
0.6
3.5

n.e
3.4
3.0
1.1
3.7
9.5
3.9
3.3
2.8

1.9
2.4
2.6

10.0

2.7 .

6.6

8.
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. N PR . . . . . . . . . .
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Fig. 4.3. Inelastic cross sections for 1n1t1a1 states
111 and 1]0 : :
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V. COOLING OF INTERSTELLAR FORMALDEHYDE
In order to test the collisional pump as a mechan1sm for cooling
of 1nterste11ar H2CO the rotational cross sect1ons given in Chapter IV'

will be used to determine excitation temperatures | For s1mp11c1ty

e

we will assume that the on]y processes of 1mportance are'dipole
radiation and collisions. Higher moment transition probabilities are

several orders of maghitude smaller than dipole ones, and hence they

It will also be assumed that the interstellar

medium is rare enough to neg]ect rad1at1ve trapp1ng 13

are neglected here.

| Astrophys1ca1 observations indicate that the 6 cm (J 1) and
2cm (j =2) doub]ets of ortho H2C0 are coo]ed, i. e. » the excitation
temperatures T between states 1 and 2 (see F1g 4.1) and between
states 3 and 4 are less than either the 1sotrop1c background temperature
(T1so = 2. 7°K) or the k1net1c temperature (10°' ‘Tk 20°K). The

"exc1tat1on temperature is defined by assum1ng a Bo]tzmann d1str1but1on

for the popu]at1ons of two internal states, v1z,,v"

)
)

exc

'Ei _ gi»exp(-Ei/kB4T
mj gj exp(-EJ./kB T

exc

(1)

= pbpu]ation of the ith internal state
g; = degeneracy of the ith internal state -
_Ei = energy df.the ith internal state
ky = Bo}tzmann's constant.

Then if the pbpu]ations of two states are known the excitation temperature

characterizing them can be determined.
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The populations are determined by so]vingvthe'equatibns of

vSta‘t'ist'ivca"I equﬂibrmm,S
a-— Z{AJI + B p(\) + [He] k s o | 2
J#i | N
ZA1J+B (v )+[He] kis{ ng =0
J#i | ,

where Aijv1s the Einstein coefficient for spontaneous dipole emission

from stété i:to state J (Ei > Ej) Table V.]), Bij is the Einstein
coefficient for induced dipole emission ahd absorption (TabTe V.2),

p(v ) is the energy distribution of radiation at the isotropic background
temperature (2.7°K), Vs |E - E |/h and [He] is the helium con -
centration.]4 Here kij is the c0111s1ona1 ratevconstant for transition
from state i to state j obtained by Boltzmann averaging the cross |

sections-(as_determined in Chapter 1V) as follows (Table V.3):

o V2 E/kgT, -
k. (T,)) = |[——— Eo. .(E) e dE (3)
ijtk 3 Jeit !
mu(kT, ) ,
Bk :
0 o
where E ='Etot - Ei is the relative trahs]ationa]tenergy.

Assuming a kinetic temperature and a helium concentration, the
system of équétions defined by Eq. (2) is solved tor the populations.
Excitationttemperaturés are then calculated using Eq. (1). In the
1imit [He] -~ 0, i.e., radiation processes only (ho collisions), all
the excitation temperatures reduce to Tiso' As [He] -+ « the collisional
processes»become_dominant and all T__  ~ Tk. At helium concentrations -

exc
vbetween.these Timits Texc lower than both Tiso and Tk can occur.



Tab]efv.l. Spontaneous emission coefficients matrix A.*

‘Final State

Initial -

State. Ty o % Mo i 3 s he
y o o - --- --- --- --- --- ---
110 0.4  --- --- --- --- --- --- -
2, 5261.2 - - --- --- --- .- ---
2, - 6420.2 3.2 - - --- - -
3y, ee- ee- 227394 - --- - --- ---
3, - - - 275081 11 --- --- ---
by - e --- --- 58007.1  --- - -
4y, - - --- --- - 7264.6  35.4 ---

*Units df:lo‘S (molecule -sec

'. )'] .'

- =96~

B

e
£

£ w0

6 0 /



Table V.2. Induced radiation times radiation density matrix Bep.*

Initial Final State | | |
tate Ty Tg Zp Iy T3 3 Ay Ay
1y - 3.9 781.2  <m em e e e
11 I B 1) U JN U
21, 4687 == - 108 7546 - oeem e
2, - 475.0  10.8 == —e= 709.7 o= -
3,3 --- == 539.0  --- - 18.2 509.4  ---
3., e e —e- 506.9  18.2  -=-  ---  438.0 5
43 -e- mem o semses 3962 -es ses 2600
4, e e e e eee 3007 26.0 ---

*Units;of'lofg (molecule -sec

)7



Table V.3. Rate constants* at Tk = 15°K.

- Final State -

Initial o
State Ty g 215 %y 313 312 Ky Y43
I -—- 5.5 5.0 2.5 1.3 0.2 0.4 0.1

1,0 56 --- 3.1 34 1.3 0.8 0.3 0.0

2, 47 2.8 --- 3.9 38 1.3 0.6 0.1

2, 2.5 3.3 41 --- 2.0 3.4 0.6 0.3

333 1.7 1.7 53 27 -~ 3.4 2.8 0.3

3, 0.3 1.1 2.0 4.9 3.8 --=. 1.5 1.4

4, 1.0 02 1.6 1.7 54 2.6 --- 0.5
0.2

4

L 0.1 03019 0.7 2.9 0.6 -

_[.9_

*In units of 10711 cc/molecule-sec.
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F1gure 5.1 displays cooling curves (T vs [Hel) a

exc
Tk 5, 10, 15 and 20°K Cooling of both .the 6 cm - (T]Z) and 2 cm
(T34) doub]ets is seen to occur at helium concentrations between

102 and 10° em™3

for kinetic temperetures between 10 and 20°K-but
-not for 5°K.: The two remaining curves, T13 aﬁd;T24; are excitation
temperatures for pairs of states where dipole rad1at1on is allowed.
Hav1ng estab11shed that the 6 cm and 2 cm doub]ets of H CO are

cooled by a collisional pump, the quest1on of the relative importance
of the various transitions remains to be fu]ly,e]ucideted. By varying
the number ef'states used in the equations of sfatistical equilibrium.
(1imit of summat1on in Eq. (2)), the effect ofAthevdifferent j doublets
on the coo]1ng can be assessed (see Fig. 5.2). Neg]ecting the j = 4
levels caused less than 0.2°K changes in the effecfive femperetures
for He conqehtrations at which cooling occurs. dmission of the

=3 Tevels;:however, resulted in gg_coo]ing. “Thus the j = 3 ortho
~doublet plays-a fundamental role in the cooling of H2C0. At Tow He
concentratidns (flosvcm'3) radiative contributions are found to dominate
collisional dfpole-allowed transitions so that rate;constants k12’ k]3,
Kogs K35 kés; kgg and kge are of minor importence. ‘Ratios of dipole
forbidden.transitions, e.g., k25/k16’ are the inqicators of cooling.
The large ratio of k,g/kye =~ 6 (Table V.3) imp]iesxthat transitions
from the j=1+to the j = = 3 doublets are the primary . components of the
cooling mechan1sm.

For co11isions of the isotopic homologue H2]3C0 the Born-Oppenheimer

interaction potential is the same as before and all differences are

contaihedxﬁqithe‘dynamTCal treatment. They involve small changes in
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the center of mass of H,CO, the reduced mass of the total system and

the energy'Téve1 spacing. These differences éké_expected to have little

‘effect on the scattering cross sections. In agreement with observations,

these calculations indicate that the j =1 doUbTét of,Hé]3C0 is cooled.

By a series of accurate quantum mechanical calculations, the

collisional bump is confirmed as a cOo1ing‘mechéhism for the 6 cm

(3 =1)and 2 ¢m (j = 2) doublets of ortho HZCO{‘;The j 5»3 levels are

o . _
found to be an integral part of the pumping scheme.
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