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SUMMARY

Solid hydrogen coated graphite particles may be expelled from regions of star-
formation into the general interstellar medium. The solid para-hydrogen
mantles, which contain a small proportion of ortho-Hs could be stable against
evaporation in the general interstellar radiation field. They are also stable
against physical and chemical sputtering in H 1 regions. Extinction efficiencies
are calculated for solid hydrogen particles and for graphite particles with solid
hydrogen mantles. Graphite core—solid hydrogen grains are capable of pro-
ducing excellent agreement with the interstellar extinction observations from
20 0001100 A. The graphite core radius may be in the range 7o = 0:04—0-06 p
and the solid hydrogen mantle radius in the range r = o0'15—0-25 u. The albedo
and phase function of these particles are consistent with the requirements
imposed by/the diffuse galactic light.

I. INTRODUCTION

It has recently been argued (1), (2) that solid hydrogen mantles may be accreted
by graphite grains within dense interstellar clouds. At gas densities ~ 103-10% cm~3,
2H —~>Hj recombination on grain surfaces occurs if the grain temperature Tg<7°K
(2). Subsequent condensation onto the grains takes place if the partial pressure of
Hs exceeds the vapour pressure of solid hydrogen at the temperature of the grain.
The critical condition at molecular densities ~ 103-104cm™3 is that Ty is less
than ~3-4°K (2), (3).

Several dark clouds are known (4), (5) to be anomalously deficient in neutral
hydrogen as indicated by the strength of the 21-cm line. From an analysis of this
data it could be argued that solid hydrogen may have condensed on the grains
if the optical depth at visible wavelengths exceeds 3 or 4 mag. (2). Many of these
objects and also Bok’s globules (40) do indeed have optical extinctions exceeding
7 or 8 mag. The conditions therefore seem appropriate for the formation of solid
hydrogen mantles.

The lack of detectable H 11 regions in young stellar associations such as Cygnus
IT has been interpreted by Wickramasinghe & Reddish (1) to imply that solid Hs
condensed on the grains prior to extensive star formation within the nebula.
It would appear reasonable to suppose that a significant fraction of the hydrogen
coated grains are injected into the interstellar medium after star-formation has
taken place. The fragmentation of individual protostar clouds into central stellar
condensations and circumstellar shells, as the observations indicate (6), would
seem to support the view that a considerable quantity of hydrogen coated grains
are blown out of the contracting stars. It is probable that such a process is associated
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with the transport of angular momentum out of the central stellar condensations
(7). Some of these grains may reach the outer regions of the nebula and even be
expelled by radiation pressure into the general interstellar medium.

The maximum size to which a hydrogen mantle can grow in a condensing
region is determined by the graphite grain to hydrogen ratio ng/ng. For a spherical
grain, the maximum radius  is given by

re mu(ng/ng)| /3 (1)

4 s

3
where s is the density of solid Hg, ~o0-1gcm=3. With ng/ng x10712, we get
r X1+ 6u; with ng/ng X 10710 we have r ~0-3u. The mean radius of grains reaching
the interstellar medium is uncertain on account of uncertainties in the ng/ng
ratio as well as in the likelihood of destructive effects being associated with the
ejection processes. In the present paper we shall leave 7 as a free parameter to
be determined by requiring a match with the interstellar extinction observations.

In accordance with our earlier remarks we assume that the formation of solid

hydrogen mantles on graphite grains is associated with star formation. Suppose
that an increase in the smoothed out stellar mass density by 8 pstars is accompanied
by the release into the interstellar medium of a mass density increment of solid
hydrogen mantles

8Psolid Hp = OlSPstars (2)

where « is a number less than unity. Thus we have

dPsoIid Hs . dPstars
— & =% T4 (3)

It has been argued by Reddish (8) (see also (7)) that the rate of star formation
within the local group of galaxies is proportional to the average mass density of
the interstellar gas:

d Pstars

o =173 10717 pggs. (4)

From equations (3) and (4) we have

d
—@;td—ﬂig 13X 10717 apgas. (5)

With pgas ¥3 x 10724 g cm~3 and an estimated lifetime of a solid hydrogen mantle
of ~3x 107 yr (see Section 2), the equilibrium density of interstellar solid Hy is

Psolid Hy X . 4X 10726 g cm—3,

If a ~0-25, that is 25 per cent of the mass of protostar associations is ejected in
the form of solid Hy, we obtain an equilibrium mass density

Psolid Hz X 10726 g cm—3,

Such a density of solid Hs in the form of particles of radii ~ 1075 cm could contri-
bute appreciably to the observed interstellar extinction.
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2. STABILITY OF SOLID Hg MANTLES IN H I REGIONS

It was implied throughout the preceding discussion that the condensation of
solid Hs onto graphite particles could take place only in the interiors of dense
clouds where there is some shielding from the general interstellar radiation field.
Once formed, however, the solid hydrogen mantles could be quite stable even
in an unattenuated interstellar radiation field. The requirement is that the crystal
possesses optically active transitions at frequencies ~ 10 cm~1. It has been argued
by Hayakawa (g9) that such impurity levels could arise because of the interaction
of low energy cosmic rays with the solid hydrogen. The oscillation of weakly
bound impurity atoms in the crystal lattice is also expected to take place at
such frequencies (10).

In molecular hydrogen the nuclear spins may be parallel (S = 1, ortho-
hydrogen) or anti-parallel (S = o, para-hydrogen). The energy difference between
these states is ~ 339 cal/mole. The rotational energy levels accessible to the ortho-
molecule corresponds to J = 1, 3, 5, ... and those for the paramolecule are
J =0, 2,4, ....At temperatures exceeding ~100°K the equilibrium concen-
tration of para-hydrogen in an Hjy gas is ~30 per cent. As the temperature is
lowered the para-form becomes increasingly stable, and at ~ 30°K, the equilibrium
para-concentration exceeds go per cent. If the hydrogen mantles froze out of a
Hj gas at 3 °K, the crystal will be close to 100 per cent para-hydrogen. The situation
in our case, however, is that the mantles grow out of a gas at a considerably higher
temperature containing an appreciable ortho-concentration. If the ortho-to-para
transition is not completely achieved at the grain’s surface, it is reasonable to
suppose that an ortho-concentration of a few per cent becomes frozen into the
solid mantles. Sears and van Kranendonk (x1) have argued that for ortho-concen-
trations 2 per cent in para-hydrogen crystals pairs of ortho molecules interact
through quadrupole—quadrupole interactions and the v = 1, J = 1 levels are
split by 6 cm~1. According to van Kranendonk (12) the same splitting, 6 cm™1,
occurs for the ground vibrational state = o, J = 1. Even though the oscillator
strength of the individual transitions may be low, a sufficient number of ortho-
molecules could exist for Qans X1 to be attained at ~ 6 cm~1. Thus the required
transitions at » *10 cm~1 may occur quite naturally because of ortho impurities in
para-hydrogen crystals.

A solid hydrogen grain at ~3°K would be in equilibrium with an ambient
Hsz gas of density ~ 1072 cm~3 and temperature ~100°K (3, Table 2, L~ 300
cal/mole*). Accretion would take place if the ambient molecular hydrogen density
exceeds ~1072 cm~3. If the ambient Hy density in the interstellar medium is
equal to this value the grain will not evaporate. If the Hy density is less than
~ 1072 cm~3 the grain will evaporate in a timescale of ~ 108 years; as we shall see
later other destructive processes are also operative over timescales < 108 years.

There is some evidence (39) to suggest that solid Hg-surfaces may be quite
inefficient in catalysing the Hy recombination through physical adsorption pro-
cesses. If this were so, the neutral hydrogen gas in the general interstellar medium
may not easily be deposited on to already existing solid Hy particles.

* If the effect of impurities is neglected L may be somewhat lower. The arguments in
this paragraph would still be valid if the grain takes up a lower temperature say Tg~2+7°K.
Such a temperature is indeed possible if the crystal possesses transitions at ~ 6 cm~1 which
we have discussed.
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In spite of the rather weak crystal binding of Hz, ~ 300 cal/mole, it is likely
that solid hydrogen grains are stable against both reactive and physical sputtering
in H 1 regions. For an H 1 region with gas temperature Tgas~ 100°K, the gas
atoms impinging on grains have energies ~ 1072 ¢V. Although the binding energy
of Hy in its crystal is closely similar to this, L~ 1-3x 1072 eV, the threshold for
physical sputtering is expected to be considerably higher. A crude estimate of the
threshold energy V.25 to produce a 25 per cent sputtering yield is

2
Vogs> 11 M)— LeV (6)
4myims

where m; is the mass of the impinging ion and ms is the mass of an Hy molecule
(see Lynds & Wickramasinghe (x3)). This is probably an upper limit to the actual
threshold energy. For the case of either H or He atoms impinging on solid Hj
the sputtering threshold given by equation (6) is

Vo.2a5~0:16 eV (7)

much higher than the average kinetic energy of gas atoms in an H 1 region.

For the case of reactive sputtering (e.g. Ref. (14)) detailed chemical reactions
must be considered. The best candidates for the destruction of solid Ha grains
are reactions with O and C:

O+Hz+A;»OH+H

C+Hs+Ay—>CH+H (8)
C++Ha+ Ag— CH++ H.

The endothermicities in these reactions are Aj;~o-71eV, Agzx1-oceV,
Az~o-77 eV and typical activation energies are in the range o-2-0-3eV. The
fraction of collisions which lead to reactions, and therefore to sputterings, involve
exponentials in 7" which are steeper than

exp (—4000/T). (9)

In H 1 regions with T< 100°K, the reaction rates of equation (8) are therefore
completely negligible. In cloud—cloud collisions where 7> 1000°K, destruction
of the solid Hy grains would readily take place. The life time of a solid hydrogen
mantle is thus the mean cloud-cloud collision time ~ 107 years.

3. REFRACTIVE INDEX OF SOLID HYDROGEN

Extensive measurements of the dielectric constant K of liquid para-hydrogen as
a function of the mass density p have been published by Stewart (17). Since the
refractive index is related to K by K = n2 we thus have

n = n(p)

available for liquid para-hydrogen. This function is plotted in Fig. 1.

Although no published data is available on the refractive index of solid para-
hydrogen, its average value is unlikely to be significantly different from that appro-
priate for the liquid with the same mass density. The molar volume of the solid at
~3°Kis ~22-5 cm3/mol (18) so that the mass density is p £0-089 g cm~3. At this
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value of p the liquid refractive index (Fig. 1) is ~ 1-1. The average refractive index
of solid hydrogen is therefore likely to be close to 1-1, somewhat larger than the
value #=1-05 which was previously used (32).

Q0]

105

100 I I | ] ! ] | I
0 0:05 010

Plg cm3)
F1G. 1. Refractive index of liquid para-hydrogen as a function of density.

On account of uncertainties in the precise value of this quantity we shall
present calculations in the subsequent sections for two typical cases: n~1-1,
1-05. It will turn out that there is no significant difference between these cases
from the point of view of fitting the extinction observations. Nor are our results in
this respect sensitive to the precise value of the refractive index # as long as it is in
the general range ~ 1-13-1-03. The distinguishing feature of solid hydrogen is that
it has a refractive index closer to unity than for most other solid materials.

Pure solid hydrogen is a perfect dielectric with zero absorptive index. The pre-
sence of impurities, or of radiation damage could give rise to a small absorptive index
typically in the range o-o01-0-05. In the following sections we discuss results of ex-
tinction calculations for spherical solid Hy particles and for graphite particles
covered with spherical solid hydrogen mantles. The refractive index measurements
of Taft & Phillipp (19), (20) are adopted for the graphite cores. For solid hydrogen
we consider several cases:

m = 1-05—1k (10)
m= 1-1—1R (11)

with & = o, 0-01, 0+02, 0-05.

The real part of the refractive index, », is expected to be almost completely
wavelength independent. The value of 2 may decrease slightly from the infra-
red into the ultra-violet, but this effect is unlikely to produce a significant modifica-
tion to the calculated extinction efficiencies. The dissociation continuum of Hy
starts at A< ~goo A. Thus strong absorption effects of the type discussed for ice
particles (27), (28) would not arise until A< 1000 A. We thus consider the assump-
tion of a constant complex refractive index for solid hydrogen to be a reasonable
one for the present purposes.
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4. EXTINCTION EFFICIENCIES FOR SINGLE SOLID
HYDROGEN PARTICLES

The extinction efficiency Qext of a spherical solid hydrogen particle of radius a
may be calculated from the Mie formulae as a function of x = 27a/A, where A is
the wavelength. For the case # = 1-05 the Qexi(x) curves are plotted in Fig. 2;
the three curves correspond to k& = o (pure dielectric), and 2 = o-o1, k = 0-05.
Similar curves for # = 1-1 are plotted in Fig. 3.
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Fi1c. 2. Extinction efficiencies of spherical hydrogen particles as a function of x = 2ma/X;
dashed curve continuous curve and long dashed curve are respectively for the cases k = o-0,
0'02 and 0-05 respectively.

A feature common to all the curves in Figs 2 and 3 is that they are linear
(Qextocx) over substantial intervals in x. In this respect they differ markedly from
the Qext curves for larger values of » which exhibit linear segments only for rather
limited ranges of x. Towards the infra-red (x—o0) the shapes of the extiriction curves
depend critically on the value of the absorptive index. It is seen that the larger &
values give rise to more linear curves as x—0.
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Fic. 3. Extinction efficiencies for n = 1-10. All the curves have the same meaning as Fig. 2.
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5. THE INTERSTELLAR EXTINCTION CURVE

The wavelength dependence of the observed interstellar extinction is usually
regarded as the most straight-forward observational test of grain models. The
sensitivity of this test has been much enhanced by the rocket ultra-violet observa-
tions of Boggess & Borgman (21), Stecher (22) and Bless et al. (23) which extended
the wavelength base of the extinction curve up to ~ 1100 A. In the visible spectral
region accurate spectrophotometric measurements of Nandy (24), (25) have estab-
lished the precise shape of the extinction curve. The interstellar extinction appears
to be strictly linear (with 1/}) in the wavelength range gooo A-4300 A for all
regions studied by Nandy. Small, but significant regional variations have been
found in the near ultra-violet (24), (25).

Dirty ice particles would appear to be quite unlikely according to the present
state of the observational data (26), (x3). While graphite particles are able to fit
the data up to ~2400 A, no agreement seems possible further in the ultra-violet.
For ice-coated graphite grains general agreement with the extinction curve extends
to A~ 1500 A (26). The agreement cannot be regarded as perfect, however, if one
takes into account the slight hump in the observational curve at 2400 A reported
by Stecher (22). The extinction curves for ice-coated graphite particles do not
- reproduce this hump. It has already been pointed out (26) that the central wave-
length of this hump corresponds to the transition between w-electrons and the
conduction band in graphite. The occurrence of such a hump, if it is confirmed
by future experiments, would be the most definitive proof of a graphite component
to the grains.

The fit for the composite graphite—ice particles is somewhat worsened if one
includes the effect of the dissociation continuum of H2O (27), (28) which introduces a
large absorptive component to the complex refractive index for A< 1800 A. The
resulting extinction curves fall somewhat short of the observations in the furthest
ultra-violet. Although the extinction observations cannot be regarded as ruling out
the graphite—ice grains, it is becoming evident that this model is not entirely
satisfactory.

Recent attempts to measure the strength of the 3-1u ice band in highly
reddened stars (29), (30) would seem to indicate that very little ice is present in the
grains. The strength of the ice band predicted (31) for graphite core—ice mantle
grains appears to be somewhat greater than the upper limits set by these pre-
liminary observations.

6. EXTINCTION CURVES FOR GRAPHITE CORE-SOLID
HYDROGEN MANTLE GRAINS

The results of preliminary extinction calculations for graphite core-solid Hg
mantle grains were recently reported by Wickramasinghe & Nandy (32). Good
fits to the observations were shown possible for a wide range of core and mantle
radii throughout the visible and ultra-violet spectral regions.

The earlier calculations (32) were limited to the case of pure dielectric mantles
of refractive index m = 1-05. In the present section we present more general
results, considering two refractive indices n = 1-05, 1-10 for the solid Hy and
including the effect of a small absorptive index. The graphite refractive index was
taken from the measurements of Taft & Phillip (20).
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The extinction efficiencies Qext(A) for graphite core-solid Hp grains were
calculated from the Giittler formulae (see (26)) for various values of core radii
ro and mantle radii . A normalized extinction F, was calculated for each case
according to the expression:

F, = Qext()l) Qext(o)
Qext()‘l) Qext(2o) (12)

Al=1-80p 1l Ayl =2-24p"1

For comparison with the theoretical curves the observational data (21)-(24) were
also normalized according to the same relation.

In Fig. 4 we have plotted the normalized extinction for a graphite core of
radius 7o= 0-05 pu surrounded by solid hydrogen mantles of outer radiir = o-17 pu.
The upper set of curves refer to a refractive index #» = 1-1 and the lower set to
n = 1-0§; curves I, 2, 3 represent respectively the cases for which the absorptive
index k = 0-05, 0-02, 0-0. The points are the observations in the visible and infra-
red of Nandy (24) and Johnson (33) for the Cygnus region. It is evident from
Fig. 4 that an absorptive index k~o0-05 is required in order to fit the infra-red
observations. Although it may be argued that considerable uncertainties yet exist
in the interpretation of the infra-red observations, we shall nevertheless adopt
k = o0-05 in the subsequent discussion. In the visible and ultra-violet 2 may be
somewhat less, however. At A = 2u, & = 0-05 corresponds to a conductivity
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F1c. 4. Comparison of the theoretical normalized extinction values for a graphite core of
radius o-05 p surrounded by a solid Hy mantle of outer radius o-17 p with observations
(dots) in the red and infra-red region. Curves 1, 2 and 3 refer to cases k = 005, 0°02 and o*co
respectively. The upper and lower sets of curves correspond ton = 1°1 and 1-05 respectively.
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~ 1013571 appropriate to a weak semi-conductor. It is likely that impurities
and/or radiation damage could produce such a conductivity.

In Fig. 5 we have plotted the normalized extinction caused by graphite cores of
radius 79 = o-o5u with solid hydrogen mantles of refractive index

m = 1:05—0°05L.

The several curves (ascending order in figure) correspond to outer mantle radii
r = 0'17, 0°19, 0-2I, 0°23, 0-25u. The points are the observations of Johnson

| [ [ | [
S5 m=105-0-05/
4—
3_
AT
]—.
o._
_|_
hd 1 I I 1 1
0 16 32 48 64 80 96

17X (p")

Fic. 5. Comparison of the theoretical extinction curves for graphite core—solid Ha mantle
particles withlobservations. Dots denote the mean of the observations of Johnson and Nandy.
Bars, cross with bars and circles with bars refer to the observations of Stecher, Boggess &
Borgman, and Bless et al. respectively. The theoretical curves are for core radit ro = 0-05 u;
the several curves in ascending order in the figure refer to outer mantle radii of o017 p,
0°19 [, 021 p, 023 p and o025 u respectively. The refractive index of the Hz mantle is
taken to be m (H2) = 105 —0°05i.

(33) in the infra-red, Nandy (24) in the visible, Stecher (22) and Bless et al. (23) in
the ultra-violet. In Fig. 6 the same quantities are plotted for outer mantles of
refractive index m = 1-1—o0-057; the core radius is the same as before 7, = o-o5u
and the outer mantles (in ascending order of curves) are of radii r = 0-15, 0-17,
0-19, 0-21u. The normalized extinction values plotted in Figs 5 and 6 are also
set out in Table I.

It is seen from Figs 5 and 6 that very close agreement is possible between the
theoretical extinction curves and the observations over a wide range of particle
parameters. The stability of the normalized extinction curve over the infra-red
and visible spectral region is also quite remarkable. For models with mantle
radii in the range o 15—0-21 u represented in Fig. 6, the near ultra-violet variations

4
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do not cover the Cygnus—Perseus difference indicated by Nandy (24), (25). Either
pure graphite particles, or a hydrogen mantle of radius <o-15 p would be required
in order to explain the Perseus observations.

The agreement in the ultra-violet includes a slight hump at 2400 A caused by
the graphite cores which persists throughout the theoretical curves. This hump
is further accentuated if the absorptive index % in the ultra-violet is somewhat less

i i I 1 ]

m=1-10-0:05/

| ! ]
0 16 32 4-8 64 8-:0 96

l/)\(p.“l)

F1G. 6. Same as Fig. 5 except for the following changes: The refractive index of the mantle is
taken to be m(Hsz) = 1-10—0-05i. The several curves in ascending order in figure refer to
outer mantle radii of 0°15 p, 0°17 p, 0°19 p and 0-21 p respectively.

than o-o05 (see Fig. 4, and Ref. 32). The theoretical curves also exhibit a second
hump in the far ultra-violet at A~1~7-5 u=1, which is indicated to a slight extent
by the observational data. In this context it is also clear that the difference between
the cases # = 1-05 and 1-10 is quite insignificant. A further feature that emerged
from our calculations is that the present fit with observations, particularly at infra-
red and visible wavelengths, is quite insensitive to the precise value of the core
radius 7g, provided it is in the range 0:04-0-06 p.

7. ALBEDO AND PHASE FUNCTION

On the basis of the observations of reflection nebulae and of the diffuse galactic
light, it usually claimed that the albedo of grains is high y>o0-5 and that the
scattering diagram is at least moderately forward throwing. The albedo y and the
asymmetry parameter g for the grain models considered in the previous section
are set out in Table II, as functions of the wavelength. These quantities are also
calculated from the Gittler formulae.
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TaBLE I

Normalized extinction efficiencies for graphite core—solid hydrogen mantle grains: core radius is
0-05 p, r stands for outer mantle radius mu, is solid hydrogen refractive index

mH, = 1°05—0'05¢ MmHgy = I°1—0'05%
r(#) 017 0°'19 021 023 0°25 015 0°17 0'19 0°21
A1 (p)

968 389 437 470 490 502 3'83  4'54 496 5-14
9-28 374 421 453 474  4°85 367 436 479 499
847  3'53  3°94 4'22  4°41 453 341 402 4742 464
807 350 386  4-12 428  4-38 341 3'95  4°31 4°50
7:66 341 375 399 414  4°24 3'40  3°90 422 4°40
7'10 296 333 360 379 391 302 3'56 392 4712
6:61 248 289 319 340  3°55 2°48 307 348 374
6-29 224 264 295 3-16 3:32 2°17 2+76 3:18 346
581 2°01 2°37 264 2-84 2:99 1-83 2°37 277 305
5'49 1°9o 222 247 266 279 1:68 2°15 253 2-8o
5°24 1-85 2°13 236 2°52 2-65 1-60 2:02 2-36 262
485 1-84 2°04 220 234 244 1-56 1-87 2'14 236
4°40 1-85 1-97 206 2°14 2°20 1-60 1-81 1'98 2°11
403 1-74 183 1-8g 1'94 198 1-58 173 185  1°93
3-60 1°51 1'56 1-61 1-64 1-66 1-36 1°47 1°55 1-61
323 1-3% 1-37 1-38 139 1-40 1°23 1°29 1°33 1°36
2-8o 107 107 1-07 1-07 1-06 1°02 103 1°05 1°05
2°42 0°70 0-70 0-68 070 0-70 o-69 0-69 069 0-70
2°24 o'5 o-5 o5 o'5 05 o'5 0'5 o5 o'5
1-8o o°o 00 oo o-o o-o oo o-o o0 o0
161 —o0°21 —o0'2I1 —0°2I1 —O0'2I —0°2I —0'21 —0'2I —0°2I —O0-'2I
145 —o0-38 —o0-38 —o0:39 —0°39 —o0°39 —0'39 —0°39 —0°39 —0°'39
1°43 —0°4I =—0-41 —0-41 —0'42 —0°42 —0°'42 —O0'41 —0'41 —0°'42
I‘13 —o'y2 —0'73 —o0°74 —o'75 —0-76 —0'73 =—0°73 —0°73 —0'73
097 —o0-'88 -—o0'9go —0°'91 —0°92 -—0°'03 —0'8 —0‘8 —0-8 —0-89
o073 —1'12 —1I°15 —I'I7 —1°I9 —1I°20 —3108 —1-11 —1'12 —1-13
048 —1°33 —1°37 —1°41 —1'44 —1-46 —1°24 =—1°29 —1°32 —1'33

From Table II it is seen that the three casesm = 1-1—0'0t,m = 1-1—0-021,
m = 1-1—o0-05¢ for the mantle refractive index yield systematically different
results. Pure dielectric mantles with & = o produce high albedos y>o0-5 and only
slightly forward throwing phase functions. The situation for absorptive index
k = o0-03 is that the albedo y is considerably reduced, but the phase function
becomes strongly forward throwing, g>o0-5.

The precise restriction on the y, g values of grains is quite uncertain, however.
The observations of the diffuse galactic light from below the atmosphere involves
several serious sources of error which cannot be completely removed (Wolstencroft
& Rose (34)). The interpretation of these observations also involve several
uncertainties; a detailed radiative transfer model for the galaxy is required before
any conclusion concerning y, g values can be reached.

The most recent observations of the diffuse galactic light (from below the
atmosphere) were reported by Witt (35). By comparing his observations with the
predictions for a plane-parallel slab homogeneous galaxy model, using Eddington’s
approximation, Witt has concluded that g = o, y = 1. This conclusion is highly
questionable mainly as a result of uncertainties in the galaxy model employed
(36)—(38). van de Hulst & de Jong (38) have subsequently re-interpreted Witt’s
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TaBLE 11

Albedos and asymmetry parameters for graphite core—solid hydrogen mantle grains with
core radit 0+ 05

m(Hz) = 11 —0-007

¥ =015 p r=o17p r =019 u r=o0°2Ipu
A(w) Y g Y g Y g Y g
021 064 0-63 073 074 0-8o 082 087 0-86
025 070 0°50 076 o-60 0-81 0-69 085 076
0-31 o-60 0°49 o-67 0-57 074 o0-62 079 0-68
0°41 0°54 0-46 o-60 o0-58 o0-66 067 072 0°73
0-°45 0°53 0°42 0-58 055 064 o-65 0+70 0°72
0:56 049 0-30 0°55 0-42 061 0-54 0-68 064

m(Hg) = 1-1—0-02¢

r=o0-15u r=0'17p r=o0'19 p r=o021p
A (w) Y g 14 g 4 g Y g
o-21 047 o-69 0°52 079 0-56 085 o+60 o089
025 0°'54 0-58 0°56 0°66 0°'58 074 0°'59 080
0-31 0°48 057 0°50 o-64 0°53 0-68 0°55 0°73
041 0°43 0°50 0°45 0-62 047 o-70 0-49 076
0°45 0°42 0°45 043 o058 o045 068 o047 o075
056 036 0°32 038 0°44 0-40 0°56 0-42 o-65

m(Hs2) = 1°1—~0-051¢

r=o0'I5pu r=o0"17p r=o0'19p r=o021u
A (k) 4 g Y g 4 g Y g
0-21 037 o077 0-40 0-84 0°42 o0-8¢9 045 0°92
0-25 0°42 0-68 0°42 0-74 0°43 o0-8o 044 0-86
0-31 038 0-66 0-39 073 040 076 041 079
0-41 0°34 ©0°'54 ©0°34 066 o035 o074 036 o079
0°45 0°33 0°50 0°33 062 033 071 0-34 0-78
o-56 027 0°35 0-28 047 0-28 0°'59 0°29 068

data in terms of a rigorous multiple scattering model of the galaxy and expressed
the v, g requirements at each of two wavelengths (U = 3597 A, B = 4348 A) in
terms of loci on the vy, g plane. We have reproduced these loct in Fig. 7. The main
uncertainty in the position of these loci arises from uncertainties in Witt’s observa-
tions which are implied by the wide scatter of his data points (35).

The area in Fig. 7 hatched by a single set of parallel lines corresponds to the
v, g values at 3000-4000 A for the cases with

I

—0°051.
1-0§ 5

The cross-hatched domain corresponds to the cases with

I'1 .
m = —0-021.
I1'05
The latter cases may be considered more realistic since the impure mantles are
expected to be somewhat less absorbing in the blue and ultra-violet than in the
red. Within the margin of reliability of the observations, the proximity of the
hatched domains to the theoretical loci is quite satisfactory.
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Fic. 7. Comparison of the calculated values of albedo y and the asymmetry factor g at
3000—4000 A for the graphite core-Ha mantle particles, with observations. The solid
curves are van de Hulst and de Fong’s representation of the observational data of Witt at
U = 3597 A and B = 4348 A. The region latched with parallel lines represents the v,
& values for the theoretical models with mm, = 1°1—o0°051; cross-hatched region represents
same values for mu, = 11 —o0-021 (see Table II).
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