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ABSTRACT

Cooling of the 6 cm and 2 cm levels of inﬁerstellar Hzco‘byw-
a collisional pump is verified by.a-séries of accurate quantum :
mechanical calculations. The j = 3 ortho doublet is found to be

1, .
v an integral part of the collisional pumping scheme.
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’Dﬁringuthe:past few years, considerable interest has developed
arOund.obserﬁatioqs of anomalous absofption in interstellar
formaldehydé. This absorption is anoﬁaious beéaﬁse it implies
an exgitationvtemperature for;two roﬁational states lower than
both thé_backgrouﬁd radiation_tempéraﬁure (v 2.7°K) and the
expected kinetic temperature (10-20°K). Thése obsérvations are

widespread throughout space aﬁd are seen in 1) the 110 « 111

| (6 cm) transition of HZCO-(Palmer gg_gl.'1969;.Dieter 1973;

Minn and Greenberg 1973), -2) the'211 + 279 (2 cm) transition of

H,CO (Evans, Cheung and Sloanaker 1970;Evans 1973; Evans et al. 1975) and

2
3) the 110 « lll-transition'of'the isotbpe H213C0 (Eyans et al.
1975). To obtain such loﬁ excitétion temperatures requires a
nonthermal  cooling mechanism.
A number of pumping models have been proposed that involve

transitions to highef rotational states of H2C0 and then radiative

decay. The pump or force causing the excitations has been

variously suggested as being due to COlliSions‘(Townes and Cheung

1969)or to radiation at millimeter (Solomon and Thaddeus 1970;
Thaddeus 1972a), infrared (Litﬁak 1970), -and ultraviolet (Oka.1970)
wavelengths. Evans et al. (1975) have recently given a convincing -

discussion indicating that the collisional pump is the only model

‘that accounts for all the observations and satisfies necessary

criteria.
Since the collisional pump appears to be the kéy to understanaing
interstellar cooling of HZCO, several workers have attempted to

theoretically verify this model by determining the appropriate



rotational cross sectinns (Townes and Cheung 1969; Theddeus 1972;
Evans 1973; Augustin and Miller 1974; Evans_ggpél. 1975; Evans
1975). Tnese calculations suffer from either using‘approximate
1nteractionApotent1als (ﬁard or soft éphere), apprbximate:dynamics |
(elassicel or semi-clessical calculations) or inappropriate
. approximations (Born or sudden). In the present study, both the
interaction potential.end feSulting cross'éections and rates are
determined using accurate quantum mechanical methods in order to
obtain a.reliable test of the collisional pumping model.

For these calcula;ioné, the most probable scatterer H2 is
~ replaced by He to reduce the scope of the computetion. It is
anticipated that the main conclusions of this study will not be
seriously altered by this choice of scattering particle. To -
determine the interaction po;ential-for.nheeHéCO-He system, we
have solved the eleettonic Schrodinger eduation 1nclnding electron
correlation (Garrison, Lestef;and Schaefer 1975). fhe interaction
.is highly anisotropic and has a 35-40°K attraction arising mainly
from dispe;sion effects. The well depth is believedireiiable to
n 202, ) |

' For the dynamics, quantum nechanical.eroSs sections were
vconputed following an exnension of the Axthnrs and Dalgarno (1960)
cnupled-channel formalism te the scaﬁtering nf an asymmetric rotor
'by an atom (Garrison, Lester and Miller 1975). A toﬁél of 16 ortho
uzco stares were included in the coupled-channel expansion. Note
that 4—8 states are energeuically open at the scattering energies

considered. Total inelastic cross sections were calculated at a
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1972b),‘i;e., state 1 1s 1

-3-

total éfelz eneréies for 20° < E(°K) £ 95°,vwhere E is the sum
of the internél energy of_ﬁzco and tﬁe relative kinetic energy.
DefaiIS‘of these calculations and results will be published
elsewhere (Garfison, Lester, ;nd‘Miller, 1975). -

Inelastic cross sections were obtained for the lowest 8

~ortho levels of H,CO. (For convenience the energy levels are

numbered in ascending order of energy (see Figdre 1, Thaddeus

1’ state 2 ;s 1 0’ state 3 is 212,

_ 1 1
etc., thus the low excitation temperatures occur between states
1 and 2 and between states 3 and 4.) Many of the cross sections

exhibited resonances at one of two energies, B oral = 32.7°K or ‘

47.7°K. These energies correspond te the j'= 3 and j = 4 ortho

doublets, respeétively. Boltzman averaged,rate constants were
determined frbm theée cfoés séctions and are given in Table I
for a kinetic_temperatﬁre of 15°K. Because the jv= 4 cross
sections are not‘determined.at enoﬁgh énergies to form a Boitzman
avgtage; only.rate constants for j = 3 aré tabulated.

Using thg comﬁuted‘rate coﬁstants, the equations of statistical

equilibrium were solved for the lowest 8 energy levels. The

‘background radiatiogvtemperature is assumed to be 2.7°K and the

kineticltemperétu:e is'v#ried from 5 to 20°K. Plots of the
excitation températufg as é function of He concentration are
displayed in Figure 1. Cooliﬁg of both the 6 cm (T,,) and 2 cm
(T34) doublets is seen ;ov§Ccur for kinetic_tehperatures between

10 and 20°K, but not for 5°K. "



- Since resonance.contributions to the cross-sections can be
large af thé lowest energies considered, an attempt was made to.
estimate their importance on the codling curves. The widths
and heights were varied by a factor of two withbnd qualitafive
change iﬁ ;he cooling curves for Hé céncentrations less than
105 moleculés/cc.. The quaﬁtitaiive change'iﬁ the excitation
temperatures; le and'T34,‘waS‘found to be iesé than 0.2°K.

Having establiéhed that the 6 cm and 2 cm doublets of HZCO o
‘are cooiéd by é'collisional.pump, the question of the relative
) importanée of the various transitions remains tp'be fully
elucidated. By varying the number of states ﬁsed‘in the equations
of statistical equilibrium, the effect of the different j doublets
‘on the cooling can be assessed. Neglecting the j = 4 levels
caused less than 0.2°K éhanges in the effective temperatures '
for He éoncentrations-at‘which cooling occurs. Omission of
the j = 3.leve1s, however, resulted in no cooling. Thus the ‘
j=3 orﬁho doublgt plays an_integral rolé in the.cooling of
nzco. ‘At low Hg concentrations (% 105 molecules/cc) radiative
contributions ;re found to dominate coliisional dipole allbﬁgd

transitions so that rate constants k12’ k13’ k24’/k34’ k35, k46

~ and k56

- transitions, e.g. kéS/kIG,'are the indicators of cooling. The

are of mindf'importance. Ratios of dipdle forbidden

large ratio of k25/k16== 6 in Table I implies that transitions -
from the j = 1 to the j = 3 doublets are the prime determiners

of the cooling.
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For collisions of the isotopic homclogue H613CO the .
&L .
Born—Oppénheimer interaction potential is the same as before

and all differences are contained in the dynamics treatment;

Tﬁey-involvelsmall changes in the center of mass of HZCO, the

reduced mass of the total system and the energy level spacing.

These differences are expected to have little effect on the

scattering cross sections. For these reasons it seems likely

13

that the j = 1 doublet of H, ~ CO will also be cooled, in agreementb

. 2
with observations.
By a series of ‘accurate quantum mechanical calculations, the

collisional pump is confirmed as a éooling mechanism for the 6 cm

G=21 and 2 cm {(j = 2) doublets of ortho HZCO. The j = 3

levels are found to be an integral part of the pumping scheme.

The authors gratefully acknowledge many helpful discussions

with Dr. Sheldon Green throughout the course of this study.
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X Table I. Rate constants® at T, = 15°K.
initial. lli ;10 212 211 313 312‘
state -
lll ——— 5.5 | 5.0 - 2.5'» 1.3 0.2
110 ) 5.6 & === 3.1 3.4 1.3 0.8
2., 25 33 41l - 2.0 34
313 1.7 1f7', 5.3 2.7 - 3.4
3. 0.3 1.1 2.1 4.9 3.8 —

a In units of 10_ll cc/molecule~-sec.

‘Figure Captions
Figure 1: Excitation temperatures as a function of He density

at selected kinetic temperatures.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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