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ABSTRACT

This paper presents detailed calculations of the energy deposited by energetic photons in spherical,
uncharged, interstellar dust particles. The interaction of the photons in the solid creates fast electrons
from photoionizations, Auger transitions, or Compton scattering, which deposit a fraction of their energy
in the dust. Fluorescent transitions following a K-shell photoionization in iron also contribute to the
heating. The' efficiency of the dust heating depends on the initial photon energy and on the grain size
fclnd composition. Calculations are performed for carbon and silicate particles of radius 50 A to 1 um,
irradiated by photons with energies between 10 eV, which is about equal to the threshold for the ejection
of photoelectrons, and 1 MeV, beyond which pair production dominates the photon interaction in the
solid. Our studies present a consistent treatment of the partitioning of the energy of photons that inter-
act in the dust into an absorbed fraction and a fraction that is carried away by ejected electrons. The
results are presented in tables listing the energy deposited in a dust particle, E,,,, as a function of inci-
Sent pfhgton energy, E,, and plots depicting the energy carried away by the ejected electrons as a func-
ion of E,.

The results of this work are useful for calculating dust temperature fluctuations and equilibrium dust
temperatures in astrophysical environments in which the dust is exposed to hard ultraviolet and X-ray
emission and for calculating the photoelectric heating of clouds exposed to similarly hard radiation

fields.

Subject headings: dust, extinction — radiation mechanisms: nonthermal — ultraviolet: ISM

1. INTRODUCTION

The absorption of UV/X-rays by interstellar dust par-
ticles is a subject of considerable astrophysical interest,
since it provides an important channel for the conversion of
high-energy photons into infrared (IR) radiation. Analysis
of this emission can then provide important information on
the energy balance and dust IR emission in astrophysical
environments as diverse as active galactic nuclei (Voit 1991),
nebulae that are irradiated by the nonthermal emission
from an embedded pulsar such as the Crab Nebula (Dwek
& Werner 1981) or G320.4— 1.2 (Arendt 1991), circumstel-
lar shells around exploding stars (Dwek 1985), and super-
nova remnants (Shull 1980; Wheeler, Mazurek, &
Sivaramakrishnan 1980; Draine & Woods 1991).

Simple estimates of dust heating by ultraviolet (UV) and
soft X-rays were presented by Shull (1980) and by Wheeler
et al. (1980), who calculated the IR signature of ambient
dust heated by the radiative output of a supernova remnant
that exploded in a molecular cloud. Similar estimates were
used by Dwek and Werner (1981), who calculated the IR
signature of dust swept up by the remnant and heated by
the cavity radiation field. More detailed calculations on the
energy deposition by X-rays were presented recently by
Voit (1991), who considered the heating of dust in active
galaxies.

More recently, Laor & Draine (1993) calculated the
absorption and scattering efficiencies of silicate and graph-
ite dust over the 1 A to 1000 um wavelength region (E, ~
1073 eV to ~ 10 keV) using Mie theory, the Rayleigh-Gans
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approximation, or geometrical optics in the appropriate
wavelength—grain size regimes. They used these results to
calculate the heating rate of dust particles assuming unit
efficiency for the energy deposition at these wavelengths.
This assumption has only limited validity, depending on the
combination of grain size and incident photon energy, since
a fraction of the energy of the absorbed photon is carried
away by escaping photo- or Auger electrons.

In this paper we present detailed calculations of the
energy deposited by photons in the 10 eV to 1 MeV range in
spherical and uncharged astronomical graphite and silicate
dust. The calculation of the energy deposition by UV/X-ray
photons in the dust consists of (1) determining the probabil-
ity that the photon will interact with the solid and (2) calcu-
lating the fraction of the photon energy that is deposited in
the solid. The method in which we calculate the photon
interaction probability in the solid depends on the size of
the dust particle and the energy of the incident photon. A
wavelength approach using Mie scattering theory is used
when the wavelength of the incident radiation is compara-
ble to the grain radius, and an atomistic approach is used at
higher energies at which molecular or solid state effects do
not affect the absorption process. The interaction of the
photon with the solid results in the ejection of a photoelec-
tron and the possible creation of a cascade of Auger elec-
trons. The energy deposited by the photoelectron as well as
the Auger electrons in the solid is then calculated using
formulae for the electron energy losses in solids.

The current study improves on previous ones in several
important ways: (1) it presents a self-consistent treatment of
the energy absorbed by the UV/X-ray photons in the dust
and that carried away by the escaping electrons; (2) it takes
into account the anisotropic distribution of the emerging
photoelectrons; and (3) it presents a more detailed energy
spectrum of the emitted Auger electrons compared to
earlier calculations by Shull (1979). The effect of the aniso-
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tropic distribution of the emitted photoelectrons breaks the
symmetry of any given atom with respect to the incoming
radiation, so that the problem cannot be reduced to the
analytical solution presented by Voit (1991). Furthermore,
it causes a slight enhancement in the amount of energy
deposition over that expected from an anisotropic distribu-
tion of emerging photoelectrons. The magnitude of this
effect is, however, small and will be discussed in § 2.2.2.

The photon interaction cross sections, electronic energy
levels, and Auger transition probabilities used in the calcu-
lations were taken from the Lawrence Livermore Labor-
atory’s Evaluated Photon Data Library (EPDL) and
Evaluated Atomic Data Library (EADL). The energy depo-
sition by the photoelectrons is presented in § 2, that depos-
ited by the Auger electrons in § 3, the total energy deposited
in the dust is presented in § 4, and the energy carried away
by escaping electrons (the photoelectric energy yield) is cal-
culated in § 5.

2. ENERGY DEPOSITION BY PRIMARY PHOTOELECTRONS

2.1. General Considerations

The various physical processes underlying the interaction
of X-rays with matter are lucidly described by Agarwal
(1979), which has extensive references to earlier work. Con-
sider the interaction of a single photon of energy E, with a
dust particle of radius a. Let b be the impact parameter of
the incident photon (see Fig. 1). The probability that the
X-ray will penetrate the solid to depth z without interacting
and then interact within a distance z and z + dz in the grain
is given by (e.g., Reif 1965, § 12.1)

P(z, E,)dz = 2 sinh (A1dz/2) exp (—42)
~ Aexp(—Az)dz when Adz <1, (1)

where A is the linear attenuation coefficient (cm ') of the
X-ray in the solid. This quantity is a function of photon
energy and grain composition and can be written as

NE) =LY f(A)o(A, n, E), )
ﬂ A,n

where o(A, 7, E,) is the photon interaction cross section
with atom A via an atomic process © (photoelectric,
Compton, or pair production), p is the mass density of the
solid, u is its mean atomic weight, and f(A) is the frequency
a given atom A occurs in a unit of dust composition. The
summation in equation (2) extends over the atomic constit-

ejected
photoelectron

z incident photon

\ ) b

FiG. 1—Schematic diagram depicting a photon incident on a spherical
dust grain with impact parameter b. This geometrical approach is valid
only when the grain size parameter x = 2ma/A > 1. See text for details.
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uents in the dust composition and over the relevant physical
processes. For silicates, represented by an (MgSiFe)O, dust
particle, p = 3.3 gecm ™ 3; u = 172my (my = hydrogen mass);
f(Mg) = f(Si) = f(Fe) = 1, and f(O) = 4. For graphite dust
particles,p = 2.2 gem ™ 3; u = 12my; and f(C) = 1.

The total energy E,. (a, E,) deposited by the photon in
the dust is given by the following expression:

E4ep(a, E)) = J;d VP(r, E)
x Y [[(A, m, E)E(A, m, E,, b, 2)], (3)
TA

where E (A, 7, E,, b, z) is the energy deposited in the dust as
a result of an interaction with an atom A at the location (b,
z) in the dust via a particular atomic process 7, I'(A, w, E,) is
the probability for that interaction, and the summation is
over all possible atomic processes © and grain atomic con-
stituents A. There is an implicit dependence of I" and E,; on
atomic parameters. The integral in equation (3) is over the
grain volume V, and the function P(r, E,) represents the
probability per unit grain volume that the incoming photon
is absorbed at the location r in the dust. The method for
calculating P(r, E,) depends on whether the photon behaves
like a wave or like a particle in its interaction with the solid.

A particle approach to the interaction is valid when the
following two conditions are met: (1) the incident photons
have well-defined trajectories; and (2) the interaction of the
photons with the solid can be described as a weighted sum
over all interactions with the individual atoms that consti-
tute the solid, i.e., the interaction can be expressed in terms
of individual atomic cross sections. The first condition is
met as long as the wavelength of the photon is small com-
pared with the size of the particle, i.e., when 4 < a. Defining
the grain size parameter, x, as x = 2na/A, we take the tran-
sition to occur when x = 60, or equivalently when E (eV) =
(11.8 eV)/a(um). The second condition is valid as long as
molecular and solid state effects, which affect the photoab-
sorption cross sections, can be neglected. Comparisons
between experimental photoabsorption spectra for the
vapor and solid phases of various elements show the
absorption by solids is atomic-like at energies above 50 eV
(Henke et al. 1982).

We therefore adopt for each grain of radius a a particle
approach when E, > E_; = max {(11.8 e)/a(um), 50 eV}
and a wavelength approach at energies E, < E;,. The
probability P(r, E,) for the two energy regimes is given by

, E(r) - EX(r)dV

dVP(r, E,) = Qus(a, E,) I, B0 B0V when E, < E

_ (4a)
1 a zo(b)
=3 J; 2nbdb J; P(z, E,)dz

when E‘y = Ecrit > (4b)

where [, P(r, E)dV = Q,ua, E,) = E; ' [, E(r) - EX(r)dV is
the dust absorption efficiency which is calculated from Mie
theory, E(r) is the electric field of the incoming wave at the
position r in the solid and E* is its complex conjugate. The
probability P(z, E,) in equation (4b) is given by equation (1),
and the upper limit z, in the z-integral is the maximum
possible penetration depth at impact parameter b, which is
given by 2(r? — b?)!/2 (see Fig. 1). We note that the integral
of P(r, E,) over the grain volume is less than unity if the dust
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particle is transparent to the incident radiation and can
exceed unity when Q,,. > 1. Our approach for calculating
P(r, E,) in the wavelength regime (E, < E_,;) is identical to
that used by Watson (1973) to calculate the effect of the
finite grain size on the bulk photoelectric yield from solids.
Details of these calculations will be presented by Smith &
Dwek (1996).

We extended our calculations down to energies of 10 eV.
Even in the 10 eV-E_,;, energy interval the results incorpor-
ate some aspects of atomic theory when we calculate the
relative probabilities for the various subshell transitions.
However, in practice the energy deposited in the solid at
these energies is dominated by the residual atomic excita-
tion energy which does not depend on the details of the
interaction. As explained in more detail below, we will
assume that this residual excitation energy is absorbed in
the solid. At the high end, we terminated the calculations at
photon energies of 1 MeV, beyond which pair production
becomes important. Within the 10 eV to 1 MeV energy
range, photoelectric emission dominates the interaction of
the photons with the solid at energies below ~ 50 keV, and
inelastic Compton scattering dominates the interaction
above that energy.

2.2. Photoelectric Emission
2.2.1. Probabilities and Cross Sections

In the energy region where photoelectric emission is the
dominant means of photon interaction, the cross section for
interaction with any given element A can be written as

(A, E) =Y PyuE,, A, )Jo(A, i, E,) )

where the sum extends over all atomic subshells i. The prob-
ability P,,(A, E,) in this case is equal to the probability that
the interaction will result in the ejection of a photoelectron
from a particular subshell i of atom A and is given by

f (A)aph(A’ i: Ey)
ZA,if(A)aph(A’ i, Ey) '

The kinetic energy of the ejected electron, E,, is given by
E, — E4(A, i), where E,(A, i) is the binding energy of elec-
trons in the atomic subshell i of element A. Throughout
this paper we will use X-ray notations to specify the elec-
tronic configuration of an atom. In standard spectroscopic
notation an electronic configuration is characterized by a
principal quantum number n, azimuthal quantum number
{I} ={0, 1, 2..., n— 1}, symbolically written as {s, p, d,
...}, and total angular momentum j = [ + m,, where m, =
+ 1 is the spin quantum number. The {n, I, j} = {2, 1, 3/2}
configuration is therefore symbolically written as 2ps,. In
X-ray notation, the principal quantum numbers {n} = {1, 2,
3, 4, ...} specify the shells: {K, L, M, N, ...}, so that the
various n = 2 subshell: 2s;,,, 2p;,,, and 2p;;, are in this
notation written as L1, L2, and L3, respectively. Analytical
fits to photoionization cross sections were presented by
Verner & Yakovlev (1995); however, the photoionization
cross sections for K, L, and M shells and electron binding
energies used in this work were taken from Cullen et al.
(1989) and D. E. Cullen (1990, private communications).
The relative contribution of the various L1, L2, L3, M1, etc.
subshells to the total L, M, etc. cross sections were esti-
mated from the discontinuities in the cross sections across
the appropriate threshold energies.

Pu(E,, A, Q) =

(6)
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2.2.2. Angular Distribution of Ejected Photoelectrons

The ejected photoelectrons have an angular distribution
which in the Born approximation is given (by Compton &
Allison 1935, p. 564; and Agarwal 1979, p. 185)

sin? ()

[1 — Bcos (6)]*°
where f = v/c, v is the velocity of the ejected electron, and 0
is the angle between its velocity vector and the direction of
the incident X-ray (see Fig. 1). The angular distribution is
symmetrical in ¢, the angle around the z-direction. The
distribution function £(6) peaks at an angle 6,,,, given by

€08 (Omad = (2B) '[(1 + 872 — 1] . @®)

The maximum is at ,,,,, = /2 for f < 1 and tilts strongly in
the forward direction when f — 1. We denote by x(6, ¢) the
distance traveled by the electron before exiting the dust
particle. This distance is given by

x(0, ¢) = a{— b + [<2>2A2 + B:Illz} )
a a

a*—b*—z

b )

¢ = ™

where
A =sin 6 cos ¢ — cos 0

and (10)

B__Zz,/az—bz—zz

a2

The energy deposited by the ejected electron is obtained by
integrating its energy loss function, dE/dx, over the traveled
distance:

_ [ (4EN,. . R(EY
E40, ¢) = L ( dx’)dx if x(0, ¢) > P
= E, if x(6, ¢)<@, (1)

where R(E) is the range (in g cm ~2) of the electron with an
initial kinetic energy E, which is given by

= o[ () ar.
o b

The energy E, 6, ¢) needs to be averaged over all possible
angles 0 and ¢. For practical purposes, the energy deposi-
tion in equation (11) was calculated by assuming that all the
electrons are emitted at 6 = 0,,,,. The result was then aver-
aged over all possible ¢ angles.

To examine the importance of the anisotropic distribu-
tion of the emitted photoelectrons on the energy deposited
in the solid, we ran a set of models in which their angular
distribution was assumed to be isotropic. The results of
these calculations, performed for a grid of grain radii
ranging from 50 to 1500 A, show that the isotropic models
consistently underestimate the energy deposition. The frac-
tional error introduced by this assumption depends on the
energy of the ionizing photon and the grain size. It peaks at
photon energies at which the dust optical depth is about
unity, and ranges from 20% to 60% for grain radii of 50 and
1500 A, respectively.

(12)
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2.2.3. Electronic Stopping Power

Electron ranges in various media have been calculated in
the 20 eV to 10 keV energy range by Iskef, Cunningham, &
Watt (1983) and by Berger & Seltzer (1964) for energies
between 10 keV and 1 GeV. An analytical fit to the experi-
mental ranges in the 20 eV to 1 MeV region was presented
by Dwek (1987; eq. [3] and Fig. 1). There is a discrepancy
between the figure and the equation (pointed out by Hiroshi
Itoh; private communication), with the figure depicting the
correct functional dependence of the range versus electron
energy. Fortunately, this error did not affect the calcu-
lations in Dwek (1987) and subsequent related papers, since
they used the correct functional description for the range.
For purpose of this paper we derived an improved fit to the
experimental data over the 20 eV to 1 MeV energy range.
The resulting fits for R(E) are of the form

4
log;o R(E) = ao + Z,l a, logi, (E), (13)

where R(E) is in units of g cm ™2 and E is in eV. The coeffi-
cients {a,, a,, a,, as, a,} in equation (13) are {—8.1070,
1.0596, —0.27838, 0.11741, —0.010731} for graphite or
carbon dust, and {—8.1245, 1.1102, —0.31900, 0.12908,
—0.011757} for silicates.

The energy deposited by a fast electron in a slab of
material is then calculated in the following way. Let E, be
the energy of the incident electron and R, (in g cm ~2) be the
thickness of the material. The range R, of the electron can
be calculated from equation (13). If R; < R,, then the elec-
tron is stopped in the slab, and the energy deposited, AE, is
simply equal to E,. If R, > R,, then the electron will
emerge with some energy E,, and AE = E, — E,, where E,
is derived from equation (13) with R = R, — R,,.
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3. ENERGY DEPOSITION BY AUGER ELECTRONS

3.1. General Considerations

The ejection of a photoelectron from a given level i
creates a hole that can be filled by an electronic transition
from an upper level j. The j — i transition can occur by a
usual radiative process (fluorescence) or by a radiationless
(Auger) transition accompanied by the ejection of a second
electron (an Auger electron) from some energetically
allowed level k. We will designate this Auger transition by
(i, j, k), and the probability for its occurrence by P(i, j, k). If
j and k belong to the same shell, the transitions are referred
to as Coster-Kronig transitions (e.g., Agarwal 1979). Fol-
lowing the initial i-shell ionization, the atom is left with an
excitation energy that is equal to the subshell binding
energy, E;. Ideally, all this excitation energy should be rel-
eased by the various Auger or fluorescence transitions.
However, as the number of vacancies in the atom increases,
some of the Auger transitions become impossible because of
the lack of j or k electrons, and the atom remains in a
multi-ionized, excited state. The interaction between elec-
tronic configurations will cause these states to de-excite
radiatively, and the photons are most likely to be absorbed
within the grain. Therefore, we will assume throughout this
paper and that this residual excitation energy is absorbed in
the dust (see § 3.3 for more details). Table 1 (adopted from
Lee et al. 1990) lists the binding energies, E;, for the various
electronic subshells (i = K, L1, L2, etc.), the fraction of this
energy that is released in the form of Auger electrons or
radiative transitions, and the residual excitation energy
stored in the atom after all allowable Auger and fluores-
cence transitions have been exhausted. For initial K-shell
vacancies, the residual excitation energy constitutes a small
fraction (never more than 10%) of the binding energy. For

TABLE 1
SUBSHELL BINDING ENERGIES AND RELAXATION PROCESSES FOLLOWING A SUBSHELL VACANCY?

RELAXATION PROCESS

ELEMENT SUBSHELL Eyina (€V) X-Ray Emission Auger Effect Residual Excitation

Carbon .......... K 291.01 1.6302 (—3) 9.003 (—1) 9.8071 (-2)
L1 17.56 0.0 0.0 1.0

Oxygen .......... K 537.28 6.0090 (—3) 9.1354 (—1) 8.3000 (—2)
L1 29.23 0.0 0.0 1.0

Magnesium...... K 1294.50 2.6346 (—2) 9.5056 (—1) 2.3084 (—2)
L1 89.46 1.4766 (—3) 7.6860 (—1) 22992 (—1)
L2 56.55 2.2632 (-3) 7.5437 (—1) 24336 (—1)
L3 56.24 24198 (—3) 7.5289 (—1) 24468 (—1)
M1 6.89 0.0 0.0 1.0

Silicon ........... K 1828.50 44613 (-2) 9.3357 (—1) 2.1814 (—2)
L1 151.55 1.7806 (—4) 8.0028 (—1) 1.9955 (—1)
L2 108.67 24491 (—4) 8.3206 (—1) 1.6770 (—1)
L3 : 107.98 24597 (—4) 83139 (-1) 1.6836 (—1)
Ml 13.63 0.0 0.0 1.0

Iron.............. K 7083.40 3.1501 (—1) 6.7451 (—1) 1.0475 (-2)
L1 842.96 3.5909 (—3) 9.2020 (—1) 7.6211 (-2)
L2 733.55 4.3939 (-3) 9.3616 (—1) 59442 (—-2)
L3 720.69 3.8059 (—3) 9.3602 (—1) 6.0181 (—2)
M1 101.01 1.3411 (-5) 6.4915 (—1) 3.5082 (—1)
M2 68.04 1.9834 (—5) 6.2950 (—1) 3.7048 (—1)
M3 66.45 1.9488 (—5) 6.2245 (—1) 37753 (—1)
M4 1291 0.0 0.0 1.0

* The fractions of the binding energy E,,,4, released in the various relaxation processes, were calculated by

Cullen 1989 for the infinite recombination case (see § 3 for details).
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initial L- and M-shell vacancies, the residual energy can be
in excess of 20% of E,, since relative to initial K-shell
vacancies, they have fewer allowed de-excitation modes.
The fraction of the initial subshell binding energy that ends
up as residual excitation depends on the assumptions made
in the Auger calculations, a subject we discuss in some
detail below.

Table 1 shows that most of the excitation energy is
carried away in the form of Auger electrons, with fluores-
cent transitions accounting for less than 4.46% of this
energy in all atoms with Z < 14. They were therefore
ignored for all elements except iron, in which radiative tran-
sitions following a K-shell ionization can carry as much as
31.5% of the excitation energy. A description of the energy
deposition calculations following a fluorescent transition
will be given in § 3.4.

Lee et al. (1990) present, in addition to the information
given in Table 1, the number of Auger electrons and their
average energy for all elements from Z =6 to 100 as a
function of their initial subshell vacancy. However, the
energy deposition in a dust particle with a size comparable
to the range of the emerging Auger electrons requires a
more detailed description of their energy distribution. To
illustrate this point, consider a hypothetical dust particle
consisting of pure magnesium. Suppose now than an inci-
dent photon created a K-shell vacancy in a Mg atom
located at the center of the particle. The K-shell vacancy
will be filled by a radiationless transition that will result in
the ejection of an average number of two 577 eV Auger
electrons (see Table 4; a detailed explanation of the calcu-
lations leading to the results in this table will follow).
Suppose now that the grain radius is exactly equal to the
stopping length of a 577 eV electron (about 100 A). Using
these average quantities we would conclude that the total
energy deposited in the grain is 1154 eV. However, the
detailed energy spectrum of the Auger electrons (Table 4)
reveals that 97% of their energy is carried by a ~ 1200 eV
electron, with most of the remaining energy carried off by
an electron with an average energy of ~35eV. The 1200 eV
electron will deposit only ~330 eV in the grain, so that the
total energy deposited by the Auger electrons is only ~ 365
eV instead of the 1154 ¢V inferred from a simple calc¢ulation
that uses an average energy for the Auger electrons.

We calculated the detailed spectrum of the emerging
Auger electrons, using the EADL Auger transitions prob-
abilities. We will first discuss our calculations of the energy
distribution of the primary Auger electrons for the various
elements considered in this paper. These calculations are
straightforward, compared with those for the electrons that
are subsequently emitted, since the energy distribution of
the latter electrons depends on the detailed evolution of the
cascade in the presence of more than one electronic
vacancy.

3.2. Primary Auger Transitions

Auger transitions are labeled by a set of three subshells:
the first designates the initial subshell vacancy, the second,
the subshell of the electron making the downward tran-
sition, and the third, the subshell from which the Auger
electron is ejected. The angular distribution of the Auger
electrons is isotropic, and their kinetic energy for an (i, j, k)
transition is given by E(, j, k) = (E; — E;) — E,. Tables
2.1-2.5 list the various primary Auger transitions with their
probabilities and energies for the various elements con-
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TABLE 2.1

PRIMARY AUGER TRANSITION PROBABILITIES AND
ENERGIES FOR-CARBON

Transition Probability Energy (eV)
KLIL1....... 0.41361 255.88
KL1L23...... 0.40729 264.45
KL2L23...... 0.11422 273.02
KL3L23...... 0.06320 273.03
K. 0.99832 262.44

TABLE 22

PRIMARY AUGER TRANSITION PROBABILITIES AND
ENERGIES FOR OXYGEN

Transition Probability Energy (eV)
KLiLIl...... 0.17856 478.82
KL1L23...... 0.34648 493.89
KL2L23...... 0.30206 508.94
KL3L23...... 0.16672 508.98
| 0.99382 498.29

TABLE 2.3

PRIMARY AUGER TRANSITION PROBABILITIES AND
ENERGIES FOR MAGNESIUM

Transition Probability Energy (eV)
KL1L1........ 0.082386 1115.58
KL1L23....... 0.255136 1148.64
KLI M1 ....... 0.012625 1198.15
KL2L23....... 0.390341 1181.55
KL2MI1 ....... 0.005999 1231.06
KL3L3........ 0.214390 1182.02
KL3MI ....... 0.011776 1231.37
| U 0.97265 1168.56
L1 L2M1 ...... 0.33128 26.02
L1L3MI ...... 0.65670 26.33
L1 M1 Ml1...... 0.01201 75.68
| 55 0.99999 26.82
L2 M1 Ml1...... 0.99742 42.77
L3 M1 Ml...... 0.99724 42.46

sidered in this paper. These transition probabilities are cal-
culated for single initial vacancies and are normalized so
that 2, =Y, P, j, k) is equal to the number of primary
Auger electrons emitted following an i vacancy. The sum is
over all allowable j and k levels. The last entry for each
subshell vacancy (separated from the others by a dotted
line) lists 2; and (E,.(i)), the average kinetic energy
carried away by these electrons which is given by Y ; ; P, j,
k) x E(, j, k)/?;. When primary Auger electrons dominate
the yield from a given subshell, the value of 2, (E,,ee.):
calculated from Tables 2.1-2.5, should be equal to the
energy released by all Auger transitions that is given in
Table 1. For example, Table 2.2 lists the various primary
Auger transitions following a K-shell vacancy in oxygen.
The sum 2, =Y, P(1, j, k) = 0.99382, and the total kinetic
energy carried away by the electrons is 4982, = 495 eV,
which is equal to the fraction of the binding energy released
by all Auger transitions, listed in Table 1. This equality
shows that for oxygen, all Auger transitions following an
initial K-shell vacancy are primary transitions. The situ-
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TABLE 24

PRIMARY AUGER TRANSITION PROBABILITIES AND
ENERGIES FOR SILICON

Transition Probability Energy (eV)
KLILI.......... 0.074937 1525.40
KL1L23........ 0.236702 1568.73
KLIMI23...... 0.019923 1668.54
KL2L23 ........ 0.371098 1611.85
KL2Mi123...... 0.015433 1709.31
KL3L3.......... 0.203490 1612.54
KL3MI23...... 0.030386 1709.98
KMIMi........ 0.000666 1801.24
Ko 0.952635 1600.51
L1L2Ml1........ 0.263490 29.25
L1L2M23 ...... 0.065484 36.35
LIL3MI........ 0.519480 29.94
L1 L3 M23 ...... 0.126246 37.04
LiMIMl....... 0.010320 124.29
L1 M1 M23...... 0.014967 131.39
Ll....ooi. 0.9999 33.57
L2MIMl1....... 0.067613 81.41
L2 M1 M23...... 0.589857 88.49
L2 M2 M23...... 0.334799 95.60
L2M3M3....... 0.007461 95.63
L2, 0.99973 90.44
L3IMIMI1....... 0.065666 80.72
L3 M1 M23...... 0.590846 87.83
L3IM2M23...... 0.138614 9491
LIM3IM3....... 0.204590 94.94
L3 0.99972 89.80

ation is different, for example, in iron, where higher order
Auger transitions play an important role. Table 2.5 lists the
various primary Auger transitions following a K-shell
vacancy in iron. The total kinetic energy carried away by
the electrons is 5725 2, = 3742 eV [where 2, =Y P(1, j,
k) = 0.6536; the remainder is due to radiative de-excitation
to the K shell; see Table 1 and § 3.2], significantly less than
the value of 4778 eV (= 0.67451 x 7083.4 eV ; see Table 1)
carried by all Auger transitions.

3.3. Secondary Auger Transitions

After a primary (i, j, k) Auger transition, the atom is
doubly ionized, with holes in the j and k subshells. These
holes can be filled by a radiationless transition from a j'
subshell resulting in the ejection of a second Auger electron
from k' with kinetic energy (E; — E;) — E,. or (E, — E;)
— E,., depending on which hole got filled by the " electron.
After this secondary Auger transition, (j, j’, k') or (k, j’, k'),
the atom is left with vacancies in the k (or j), and j' and k’
subshells, which can result in tertiary Auger transition of
the kind: (j,", k"), (k,j", k"), (j,j", k") or (k', j", k"), and so on.
The subshell vacancies increase in number and “move”
outward toward higher excitation levels, until all possibly
allowed Auger transitions are exhausted, and the atom is
left in a multi-ionized and often excited state.

The calculations used in this paper use a deterministic (as
opposed to a Monte Carlo) method to calculate the Auger
yield and electron energy distribution. To illustrate our cal-
culational method, we plotted in Figure 2 a tree diagram
(solid line) that follows two of the possible cascade channels,
(K L1 L1) and (K L1 L2), after the creation of an initial
K-shell vacancy in Mg. At each branching point in the
cascade (shown as filled circles in the diagram), we consider

ENERGY DEPOSITION AND PHOTOELECTRIC EMISSION 691

TABLE 2.5

PRIMARY AUGER TRANSITION PROBABILITIES AND
ENERGIES FOR IRON

Transition Probability Energy (eV)
KLILI............ 0.044166 5397.48
KL1L23........... 0.138500 5511.49
KLiMI23 ........ 0.029590 6153.06
KLIM4S.......... 0.001049 6227.70
KL2L23........... 0.220053 5628.67
K L2Mi23 ........ 0.031152 6274.72
KL2M45.......... 0.000949 6337.11
KL3L3............ 0.117770 5642.02
KL3MI123 ........ 0.060201 6289.84
KL3M4S.......... 0.003232 6349.88
KMiMl.......... 0.000787 6881.38
K M1 M23......... 0.002045 6915.35
KM2M3.......... 0.002616 6948.91
KM3M3.......... 0.001493 6950.50
K. 0.653603 572545
L1 L2M23......... 0.143996 42.29
L1L2M45......... 0.131998 96.60
LIL3MI.......... 0.154710 21.26
L1 L3M23......... 0.243212 55.34
L1L3M45......... 0.284090 109.44
LI1MIMI......... 0.003617 640.94
L1 M1 M23........ 0.019286 674.96
L1 M1 M45........ 0.010514 729.14
LIM2MS5......... 0.001121 762.18
LiM3M4s5........ 0.002944 763.66
Li1M4MS......... 0.003267 817.31
LIMSMS......... 0.000900 817.48
Ll 0.999655 96.22
L2MI M1 ......... 0.005710 531.53
L2M1I M23........ 0.113020 564.50
L2 M1 M45........ 0.010671 619.75
L2 M2M23........ 0.399615 598.66
L2 M2M45........ 0.199571 652.71
L2M3M3......... 0.008599 600.65
L2M3M45........ 0.087477 654.21
L2M4M45........ 0.163894 707.86
L2MSMS ......... 0.006972 707.90
L2, 0.995529 629.10
L3MIMI......... 0005728 518.67
L3 M1 M23........ 0.111199 553.23
L3IMI M45........ 0.011013 606.85
L3IM2M23........ 0.163701 586.20
L3IM2M45........ 0.043251 639.90
L3IM3IM3 ......... 0.239960 587.79
L3M3M45........ 0.245158 641.43
L3IM4 M4s5........ 0.106750 695.04
L3IMSMS ......... 0.069377 695.21
L3 ., 0.996137 617.92
M1 M2M4S....... 0.290840 20.19
M1 M3 M45....... 0.612820 21.73
MIM4M4s5....... 0.050134 75.35
MIMSMS ... 0.046189 75.53
Ml 0.999983 26.46
M2 M45 M45...... 0.99997 42.83
M3 M45 M45...... 0.99998 41.36

all possible Auger transitions (energetically allowed and
with electrons present in the levels involved in the
transition). We then assign a probability for a given cascade
channel. If all the cascades involve transitions that fill the
same vacancy, then their relative probabilities is simply
taken from Table 2 (which is based on the EADL tables).
This situation occurs in Figure 2 at branching points A and
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FiG. 2.—Tree diagram depicting the Auger cascade following a K-shell ionization in magnesium. The diagram is explained in detail in § 3.2 of the text.

B2 of the cascade; in the former, two transitions compete to
fill the K-shell vacancy, and in the latter, three transitions
compete to fill the L1 vacancy.

However, at some branching points the vacancies belong
to different subshells. Such a situation occurs, for example,
at branching point B1 in Figure 2, since there are competing
vacancies in the L1 and L2 subshells. In these cases we
calculated the various transition probabilities using the
Auger transition rates presented by Opendak (1990). The
ratio P(L2 M1 M1)/[P(L1 L2 M1) + P(L1 L3 M1) + P(L1
M1 M1)] was in this case taken to be 0.026/2.388 = 0.01089
(Opendak 1990, Table 2). All four transition probabilities
were then renormalized to unity. Note that the two tran-
sitions filling the L1 vacancy in Opendak’s table actually
represent all three transitions in the denominator above (see
footnote to his table).

The probabilities in Table 2 assume the presence of only a
single vacancy and that all other subshells are filled. There-
fore, all energetically allowed transitions can indeed take
place. This is essentially the assumption made by Lee et al.
(1990) in their calculations of the average energy distribu-
tion of the Auger electrons. This is clearly a simplification of
the actual situations in which, after the first cascade, some
subshells are only partially filled, reducing the probability
for a given transition. To take the existence of these
vacancies into account, we scaled down the probability for a
given Auger transition if the subshell that fills the vacancy is
only partially filled. In this, we followed essentially the same
procedure used by Jacobs et al. (1980) and Opendak (1990).
For example, the (L1 L2 M1) transition follows on the heel
of the K L1 L2) transition (branch point B1 in Fig. 2). The
L2 subshell is therefore already half vacant before the (L1
L2 M1) transition takes place, so we therefore reduced its
probability by a factor of 2 from its tabulated value.

To check the numerical accuracy of our calculational
method we examined the unrealistic case in which whenever
more than one vacancy formed, Auger transitions that filled
the outer vacancy were followed first. In addition, all tran-
sitions were performed assuming electrons were available in
the j and k shells. In this case we needed only to resort to the

probabilities listed in Table 2, since any competition
between channels that filled different subshell vacancies was
eliminated. This approach led to the cascade diagram
shown as dashed lines in Figure 2. For example, at point B1,
the Mg atom has vacancies in the L1 and L2 shells, but only
the (L2 M1 M1) channel is considered in the cascade. The
transition leads to two new vacancies in M1, and the
cascade would have been effectively terminated if it was not
for the presence of the L1 vacancy that was previously
ignored. This enables the cascade to develop further via the
various (L1 L23 M1 M1) transitions depicted in the
diagram and the subsequent fourth-generation transitions
(L23 M1 M1). The result of this model give the maximum
Auger yield, since we ignored the fact that the M1 shell is
actually vacant. The results of our calculations were com-
pared to the average number of Auger electrons and their
average energy presented by Lee et al. (1990), since they
used a similar approach in their calculations. Our results
were essentially identical to within 3% of their values.

In Table 3 we compare the average number of Auger
electrons emitted following an initial subshell vacancy for
various elements with the results of Lee et al. (1990) and
Opendak (1990). Not surprisingly, we reproduce the results
of Opendak extremely well, whereas Lee et al. (1990) over-
estimate the average number of electrons in some cases. For
iron, we compared our results to those presented by Jacobs
& Rozsnyai (1986) as well. The table shows that our results
are in good agreement with their calculations.

Tables 4.1-4.2 present the detailed energy spectrum of
the emerging Auger electrons. The actually calculated spec-
trum has a finer energy resolution than actually presented
in the tables. For computational efficiency we represented
closely spaced energies by a single energy of the centroid.
The binning level was around 6 eV for electron energies
below 100 eV and could be as large as ~ 150 eV for energies
above ~2000 eV. The tables present average quantities of
the Auger electrons: the average number of emitted elec-
trons and their average energy. In all models, calculations
were terminated when all allowable transitions took place,
which in some cases left the atom in an excited state. We
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TABLE 3 TABLE 4.1
AVERAGE NUMBER OF AUGER ELECTRONS IN VARIOUS ELEMENTS ENERGY SPECTRUM OF EMITTED AUGER ELECTRONS®
Element Lee et al. (1990) Opendak (1990) This Work FoLLowING A K FOLLOWING AN L1
SHELL VACANCY SHELL VACANCY
Initial K Shell Vacancy
Cov... 0998 0.999 ELEMENT Eev) P(E) EeV) PE)
O....... 0.994 0.996 Carbon .......... 2624 0.9994
Mg...... 3.337 2.039 2.035
Al....... 3.290 2273 2282 Oxygen .......... 498.3 0.9959 . .-
Si..o 3233 2948 2928 Magnesium...... 26.23 04237 2623 0.9880
Fe....... 4918 4.836 4.863 42.56 0.6340 75.68 0.0120
4.704* 7568  0.0046 26.82 1.000
" ; 1167. 0.9549
Initial L1 Shell Vacancy 1231 0.0178
Mg...... 1.985 1.000 1.000 5713 2.035
Al....... 1.980 1.981 1.983 Silicon ........... 31.25 0.3962 29.71 0.7830
Si....... 1974 1.974 1.974 88.75 1.5690 36.78 0.1917
Fe....... 4.133 4.245 4.309 128.7 0.0103 90.83 0.9744
4.480° 1595. 0.9062 128.5 0.0253
. . 1974
Initial L23 Shell Vacancy i;(l)} g%g 61'83
Mg...... 0997 0998 0997 573. 2928 - o
Al...... 0.999 1.000 1.000 Iron .............. 22.68 0.3332 2215 0.4682
Si....... 0.999 1.000 1.000 43.14 22112 42.76 2.1552
Fe....... 2463 2.501 2.463 55.33 0.0626 55.33 0.2432
2.330° 89.28 0.0601 93.61 0.1623
. 109.7 0.0724 109.7 0.2841
Initial M1 Vacancy 582.9 09103 582.7 0.6041
664.2 0.5597 647.1 0.2669
Fe.oo... igg;a 1.798 1.904 5582. 0.5205 707.8 0.1252
’ 6258. 0.1262 180. 4.309
Initial M23 Vacancy 6931. 0.0069
9798 4.863
Fe....... 1.000 1.000 1.000
1.000° ® P(E) adds up to the total number of Auger electrons emitted in the

2 Jacobs & Rozsnyai 1986.

assumed that this residual excitation energy got eventually
transferred to the solid.

3.4. Fluorescence

Fluorescent transitions following a subshell vacancy can
be neglected because of their small branching ratios except
when the vacancy is in the iron K shell. In this case, the
ionized iron has a 30.9% probability of filling this vacancy
by X-ray emission. The larger entry of 31.5% in Table 1
reflects the additional radiative transitions associated with
the cascade. We assumed that the energy of the emitted
X-ray was 6.358 keV, which is the energy weighted over all
possible radiative transitions, and that the photon was
created in the center of the dust particle of radius a,. We
then looked up the energy deposition by 6.358 keV photons
incident on a dust particle of radius a, chosen so that its
effective range 4pa,/3 is equal to pa,. This energy was then
added to the energy deposition of the original dust particle
with the appropriate probabilities. The results showed that
for all incident photon energies and grain sizes considered
here, the correction to the total energy deposited in the
grain was never more than 0.5% because of the small cross
sections for the interactions of the 6.358 keV photon.

3.5. Inelastic Compton Scattering

At energies above ~ 50 keV, energy losses in the solid are
dominated by inelastic Compton scattering. The dust par-
ticles are transparent in this energy region, and we assumed
that the incident X-rays travel an average distance of 4a/3 in
the solid. The energy deposited in the grain due to this

transition. Entries in bold letters present the total number of Auger elec-
trons and their average energy.

TABLE 4.2

ENERGY SPECTRUM OF EMITTED
AUGER ELECTRONS®

Element E(eV) P(E)
Following an L23 Shell Vacancy

Magnesium...... 42.62 0.9973
Silicon ........... 90.10 0.9997
Iron.............. 22.54 0.1211
42.28 1.3333
79.21 0.0130
591.2 0.5338
6533 0.2879
707.2 0.1735

2788 2.462

Following an M1 Shell Vacancy

Iron .............. 22.30 0.9037
41.94 0.9037
79.02 0.0963
3449 1.904

Following an M23 Shell Vacancy
42.10

1.0000

* P(E) adds up to the total number of
Auger electrons emitted in the transition.
Entries in bold letters present the total
number of Auger electrons and their average
energy.
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process is then given by

4a (dE
where (dE/dx)c is the energy deposition in the solid due to

Compton scattering. Values of this function were taken
from Cullen et al. (1989).

4. RESULTS OF THE CALCULATIONS

4.1. Energy Absorbed in the Dust

To illustrate the characteristics of the energy deposition,
we considered hypothetical dust particles made of pure
carbon, oxygen, magnesium, silicon, or iron atoms. We
assumed a radius of 50 A and a uniform density of 2.2, 3.0,
1.74, 2.3, and 7.9 g cm ™3, respectively, for these “dust”
grains. The results of the calculations are presented in
Figures 3a—3e. Also shown (Fig. 3f) are the result of E., for
a 50 A silicate grain (MgSiFe)O,, with a density of 3.3 g
cm 3, Mie calculations were used to calculate the absorp-
tion probabilities only in the silicate and carbon (assumed
to be in graphitic form) grains, when the grain size param-
eter x was less than 60. For a radius of 50 A this corre-
sponds to photon energies below 2.37 keV. The particle
approach was used for energies above that value. Since no
optical constants exist for the hypothetical grains made of
pure O, Mg, or Si, we used the particle approach at all
energies, as well as for the pure ion grains.

There are four different sources of energy deposition in
the grain, once a photoelectron is produced. In our graphs,
these are labeled Photoelectron, Auger, Residual, and
Compton. The photoelectron energy deposition depends on
the energy of the incoming photon, the binding energy of
the atom and shell it came from, and where it was produced
in the dust (and thus how far it must travel to leave the
dust). We see, then, that the energy deposited by photoelec-
trons (dotted line) drops immediately after a shell opens,
since electrons coming from this shell must first overcome
their binding energy. However, the hole left by the ejection
will either fill via an Auger transition, releasing its potential
energy to the grain (dashed line), or will be counted as
“residual ” energy (dotted dashed line), which is added to the
total energy deposited. This choice of simply adding the
residual energy to E,., was motivated by the relative unim-
portance of the residual energy and the added complexity of
a more accurate treatment of the fate of this energy. The
final mechanism we considered is Compton scattering of the
photon with a bound electron (triple-dot-dashed line). Note
that although the final result of Compton scattering is a free
electron, the process is not the same as photoejection of an
electron, since the photon still exists after scattering.

By way of example, consider first the simplest case:
energy deposition in pure graphite grains. Carbon has six
electrons, two in the K shell, two in the L1 shell, and two in
the L2 or L3 shell. Since the L2 and L3 levels have nearly
equal energies for all elements (~9.0 eV for carbon), we
have combined them for ease in calculation and designated
them as the L23 shell. Similar approximations were made to
nearly identical M subshells. The energy deposited in the
dust should drop to zero at any threshold energy since the
ejected electron has then zero kinetic energy (if we neglect
the energy deposited by photoelectrons from previous
shells). However, the carbon atom is left at an excited state,
and we assumed that all this excitation energy transfers to

the solid. From 10 eV to the opening of the K shell at 291.01
eV, photons can only ionize outer shell electrons; the low-
energy electrons ejected nearly always stay in the grain, and
no Auger electrons can be formed. Thus the energy deposi-
tion in this region is dominated by photoelectrons, which
implies that the energy deposition should be proportional
to the cross section for interaction multiplied by the energy
of the photon (assuming no photoelectrons leave the dust).
Between 10 eV and 17.56 eV (the binding energy of the L1
shell), the cross section of carbon atoms remains nearly
constant, so the energy deposition rises almost linearly.
After the opening of the L1 shell, the cross section drops as
E; 3, Thus the energy dependence of the energy deposition
curve in this region is (E, — Ey;,0)E, >. However, once
photoelectrons can escape the dust, the energy deposition
decreases. This effect is evident in the gradual falloff of E
in the figure at an energy starting at about 200 eV, which
corresponds to the energy required for an electron to trans-
verse about half a dust radius. The energy deposition
sharply increases when the photon energy gets equal to the
K-shell ionization threshold. As before, the falloff in E,,
beyond the threshold reflects the combined effects of
increasing grain transparency to the ejected photo- and
Auger electrons, and the falloff in the photoelectric cross
section with incident photon energy.

Between 291.01 eV and 30 keV, the K-shell cross section
dominates. The total energy deposited by photoelectrons
drops right at the shell edge, because most of the photon
energy is used in removing the photoelectron which has
zero kinetic energy. However, the atom is now in an excited
state, and this energy is eventually returned in the form of
an Auger electron or, less likely, another photon. The Auger
electron itself is monoenergetic, so its energy deposition
variation with the X-ray energy follows the variation of the
cross section with energy (Cullen et al. 1989): ¢ ~ E 323 (at
E,yger = 262 €V, the energy deposition is only slightly
affected by Auger electrons escaping the dust). Once above
the K-shell binding energy, the photoelectron’s energy
increases with that of the incident photon. The behavior of
its energy deposition as a function of E, reflects both varia-
tions with the ionization cross section and changes in the
electronic stopping power, which results in a E; *°° energy
dependence. Above 30 keV, Compton scattering begins to
dominate the energy deposition, despite having a low (but
rising) cross section. The photoelectric cross section
becomes negligible beyond 30 keV.

All other figures for the pure element “dust” grains can
be understood in a similar fashion as above. The silicate
grain, with its large number of constituent elements and
large number of subshells, exhibits the most complex behav-
ior of Eg4,, versus E, (Fig. 3f). The figure exhibits a pattern
which represents a combination of Figures 3b—3e with the
appropriate weighing factors for the constituent elements.

The results of our calculations are given in Tables 5.1 and
5.2, which present the value of the product Q,.(a, E,)
x Eq45(E,) for graphite and silicate grains, respectively, for
grain radii a(A) = 50, 70, 100, 200, 500, 700, 1000, 2000,
5000, 7000, and 10%, and a range of photon energies between
10 eV and 1 MeV. For a = 50 A the tabulated values are
represented in Figures 3a and 3f for, respectively, graphite
and silicate grains. Probabilities for absorbing the incident
photons in the dust were calculated using the wavelength
approach (eq. [4a]) for energies below E ;(eV)=
11.8/a(um), and using the particle approach (eq. [4b]) at
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F1G. 3.—Continued

higher energies. Energy depositions in the wavelengths
regime exhibit sometimes an oscillatory behavior with grain
size, typical of Mie theory calculations in which the effective
absorption cross section of the dust oscillates around its
geometrical value. A consequence of this behavior is that
occasionally, the energy deposited in the dust exceeds the
energy of the incident photon, representing a beam-focusing
effect. In the particle regime, Q, (a, E,) = 1.

Absorption probabilities in the wavelength regime were
calculated using optical constants of graphite (Table 5.1)
and silicate grains (Table 5.2). In this regime the results of
Table 5.1 are strictly applicable to graphite grains. Calcu-
lations for amorphous carbon (AC) grains using the optical
constants given by Rouleau & Martin (1991) show that the
energy deposition in AC grains is generally smaller in the
10-20 eV region by an average factor of ~4fora = 50A. In
the particle regime the entries in Table 5.1 are applicable to
amorphous carbon grains as well.

Figures 4 and 5 depict the fraction of the energy of the
absorbed photon that is actually deposited in, respectively,
graphite and silicate dust particles as a function of incident
photon energy for various grain radii. Laor & Draine (1993)
assumed an energy deposition efficiency of unity in their
calculations (see their eq. [26]). Our results show that this
assumption is valid only for large grains, where this fraction
is about unity up to photon energies of =~ 10 keV.
However, as the grain radius decreases, this fraction falls
below unity at progressively lower energies.

Finally, we point out that for astrophysical applications,
the results of Table 5 need to be corrected for the effects of
grain charge that, depending on its sign, may assist or
impede the ejection of the photo- and Auger electrons from
the grain’s surface.

5. PHOTOELECTRIC YIELDS

A quantity of great astrophysical interest is the photo-
electric energy yield, which we define here as the average
energy carried away by electrons that escape the dust per
incident UV/X-ray. This energy can be calculated in the
following way. The probability that a photon of energy E,
incident on a dust particle of radius a, with an impact
parameter b, will emerge from the dust particle without
interaction is given by

z0
P.(a,bE)=1— f e *dz .
(1]
The energy escaping the dust due to its transparency to the
incident radiation, E.(a, E,) is obtained by averaging the
product E, P, (a, E,) over all possible impact parameters b,

giving
E a z0
E.(a,E)=—% I 2nb db(l — ‘[ le~ % dz) .
na- Jo )

Figure 6 shows the value of E(a, E,) as a function of
incident photon energy for a = 50 A and 1.0 yum graphite
and silicate grains. Some effects due to the discrete nature of
our calculations can be seen in the a = 1.0 um cases; if the
calculations could be done in a continuous fashion, we
expect that the escaping energy would not fall off quite as
quickly at lower energies.

We thank James Rathkopf and Rick Cullen from Law-
rence Livermore Laboratory for sending us the EADL data
and explaining their calculational method, Alice Trenholm
for lending us her mathematical expertise, and David

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...459..686D

(0).861'8  (0)i6sL’s  (0)eee0'y  (0)9espz  (0)26€9'1  (0)86ZT'T  (1-)28618  (1-)16€L’s  (1-)e660°%  (1-)965%C (1-)26€9'1  (1-)8622'1  (z-)8618 (Z-)16€L'S  (2-)€660°F  00°0000001
(O)eve  (o)egose  (0)20z2z  (0)pzeot  (0)e880°T  (1-)ozer's  (1-)e1vvs  (1-)6s0s'e  (1-)LoziT  (1)vee9l  (1-)€880°1  (2-)ozol's  (2)El¥v'S (z-)6808'c  (2-)2022°T  00°0000¥9
(o)vegs'z  (0)6118'1 (o)zvez't  (1-)1gor's  (1)8out's  (1-)ozsse  (1-)vssg  (1)6118'1  (1-)zver1  (2)is9s2  (2)2941'¢  (T-)ozsse  (2)vssse  (2)6118'l (z-)zv62'1  00°0000Z€
(0)zsel'1 (129962 (1-)z929's  (1-)sove  (1)pozze  (1-)8zos'1  (1-)eserl  (2)e9v6l  (2)1929'¢  (2-)L80%°€ (z-)porzc  (2-)8zoL1  (z-)zser'1l  (g-)sob62.  (€-)09L9'S  00°000091
(1-)oz6z'9  (1-)osor® (1-)psvi'e  (1-)6888°1  (1-)26SC'1  (2)1¥bbe  (2)6s6C9  (2)1L0v%  (2-)eLvl'e (z-)2888°'T (2-)169C°1 (e£-)pevb'6  (£-)ss6T'9  (€-)890%%  (€-)9L%1'€  00°000001T
(1-)288e%  (1)1120€  (1)zest'z  (1)ug1et  (2)toie8  (2-)esss'e  (z)ovsed  (¢-)iesoe  (2)1261C (z-)zs1e'1  (e-)8s9.'8  (g-)9sss'9  (e-)sesey  (e-)egoo'e  (€-)9161°C  00°00008
(1-)090%1  (z-)p829'6  (z-)sses's  (z-)pegov  (2)1889C  (2-)z010C  (z-)zose'l  (e-)evee's  (£)0859'9 (e-)2986'¢  (€-)9es9o'z  (e-)osse'1  (g-)ogze'l  (¥-)os¥z'e  (¥-)0P6S'9  00°0000%
(1-)9g9s't  (1-)o¥00°'T  (2-)s¥6s's  (2-)v2L9C  (2-)891s'T  (2)18¢0°1  (€)969C9  (£7)980°% (e-)v69LT  (£-)809s'T  (¥-)80z8'6  (¥-)e60TL  (¥-)oo6v'y  (¥-)2086C  (¥-)8920°CT  00°00002
(0)zozoe  (0)61gw1  (1-)9ggos  (1-)oco9z  (1-)8oset  (z-)esios  (g-)ogese  (2)pesee  (g-)osoet (e-)o1es'9  (€-)2s29'€  (e-)osevz  (£-)s9ee't  (¥-)s98sL  (¥-)2€€€%  00°0000T
(0)vosve  (0)ogoo'e  (0)cose'l  (1-)osze9  (1-)1686C  (1-)9sss'l  (z-)zL08'8  (2-)zsved  (2)1svee (z-)spse'1  (g-)s89s's  (e)1996'F  (€-)2899'z  (€-)298%'1  (¥-)220€'8  00°0008
(o)tose's  (o)wesp's  (0)¥6so'e  (0)sv0'l  (1)pzvey  (1-)zzose  (1-)6s86°1  (z)eoess  (2-)8sss¥ (z-)1e0r'z  (z-)zosUl  (e-)1zogss (€7)8120'%  (g)osezz  (€7)0L%2°1  0G'€80L
(0)gose's  (0)eesv's  (0)gesoe  (0)6sv0'l  (1-)6Zviv  (1-)sz08'c  (1-)088E’l (z)11z2L  (z-)e9ss v  (z-)esore  (T-)eosT'l  (g-)8zos.  (£9)1ezov  (e-)zseze  (€-)1L¥T'1  O€'€80L
(1)o81'1 (0)zz81'2  (0)8291°% (0)900s'1  (1-)o619'9  (1-)osze'e  (1-)9006'T  (1-)g6%0°'T  (2)¥pst'e  (2)es18T  (z-)oeesl  (e-)seL6'6  (£-)oees  (£7)L9S6'C (€-)9L¥9'1  00°00S9
(1)2v0ez (1)ppep'1 (0)680s'6  (0)22%2%  (0)1L16'T  (0)2¥901  (1-)ezzo'g  (1-)ovore  (1-)eess'l (z-)o0e6'9  (z-)eots'e  (z-)zosez (2)vwod'1  (e-)ver6'9  (€7)%0L8'€  00°000S
(1)6eze (1esees (Devtve (Dowvee't  (0)es802,  (0)ogse'y  (0)p8s6't  (0)9600'T  (1-)sv6S'S (1-)z9eec  (1-)e19T'1T  (2-)opwe's  (2-)osely  (2-)919zC  (Z-)18%C°1  00°00SE
(z)2e50'1  (1)esog’z  (Dwvors  (Dzissz  (esorT  (V)iste’t  (0)6g999  (0)8185'e  (0)S088'1 (1-)6z19°2  (1-)8z98'e  (1-)eetve  (1-)2sez'1  (2-)zL89'9  (2-)2L99'€  00°00ST
(2)szo9't  (z)oszr't  (1)6000'8  (1)e29%  (1)8086C  (1)oeeoc  (1)peveT  (0)osevs  (0)9L€T¥ (0)e¥p9'1  (1-)ozzi's  (1-)st10'¢  (1-)zzes'e  (1-)ooge't  (2-)zS1€L  00°000C
(z)1988'1  (z)esze't  (1)sotg's  (1)z1es's  (1evese  (1)eeese  (1)ezost  (0)zsoos  (0)geoL's (0)osszz  (0)9660'T  (1-)9ses'9  (1-)vwse'e  (1-)9118'1T  (2-)112L6  09'8Z81
(2)soss'1  (2)zose't  (1)szis's  (1)ezes's  (1)ig6s'e  (1)sosse (122991  (0)1ttee  (o)ssor's  (0)sssee (0)0o00oT't  (1-)otvl9  (1-)essee  (1-)zzi8'1  (T-)9¥TL'6  OF'8Z81
(z)0s9z  (z)ogos't  (z)eseel  (1)sesee  (1)szvs (1)suee  (1)9sevrz  (D)er1or  (1)€2z0t (o)26%s%  (0)102T'z  (0)ogoe't  (1-)essv'9  (1-)szeee  (1-)2918'1  00°00ST
(D)gez1'e  (z)zarzz  (Q)we9ot  (2)wiion (1)zgess  (T)sovey  (Dovste  (1)esgoz  (Dise't  (0)ioseo (0)82p1'e  (0)z298'1 (1-)seer6  (1-)9gho'v  (1-)6129°C  O0OSET
(yoeee's  (z)zovvz  (2)e8821  (2)igeo'l  (U)woszs  (niuies  (Usvsve  (Votgee  (1)teost  (o)osers  (0)vevoe  (0)28S1'T (0)z6%0'T  (1-)9zoe's  (1-)29.8'T  09'%6Z1
(z)seee'e  (z)sovwz  (2)zess't  (2)veeo'l  (1)ogozs  (Vwese's  (1oggve  (1)wesee (122081 (0)ctvzz  (0)psvoe  (0)69s1z  (0)86%0'1T  (1-)zS0e's  (1-)9LL8'CT  OV'%6Z1
(oro1%  (z)oczl'e  (o)ievee  (zlovew1  (1)ieegs  (oztys  (1vesey  (Dozuze  (1)sgoze  (Deevyl't  (0)p10ze  (0)TI6L'€ (0)9s29'1  (1-)6268'8  (1-)1008'F  00°00T1
(z)zeoz's  (z)e691%  (2)peeze  (T)se9rz  (2)690S'1 (z)1081'1 (1)e8vs.  (1)ogges  (1)eser'e  (1)680C  (1)6122°1 (0)osgo's  (0)iz¥s'e  (0)ov00'T (0)6290°'T  00°0S8
(D)s18%'s  (2)pveoy  (2)poos'e  (2)zeeos  (2)egest  (2)ieovl  (2)22001  (D)egeos  (Upstoe  (1)zevsz  (1)TTvsl (Dzert (0)1e9z'9  (0)ogse'e  (0)oL8L'T  04°0T2
(2)o18%'s  (2)zveoy  (z)eoos'e  (2)ieeoc  (2esesT  (2)osov't  (2)az001  (1)1960L  (1)est0Q (mevez  (DzwvsT (1)szert  (o)seoze  (0)eosee  (0)1284°'T 89022
(zyossv's  (z).e8.%  (2)e1sov  (z)eseez  (2)tostz  (2)vieol  (2less1l  (D)gvoes  (1)esoes  (Dowve  (1)6261C  (1)0zset (0).6008  (0)2118%  (0)¥e€THT  00°099
(D)eszo's  (2)zeLov  (2)ssery  (2)weeee  (2)sevaer  (z)sssoz  (z)vosvl  (gloweot  (1)seers  (1)ivesv  (1)9669c  (1)€2¥6'1 (1)26211  (0)sse1’L  (0)90ET'%  6T°LES
(z)sszoe (2)ieLov  (z)ssers  (2)seeee  (2lozvee  (z)ogsoe  (2)posvl  (2loviol  (1)e€6lL (1ozesy  (1)8669Cc  (1)p2¥6'1  (1)262T'1  (0)ose1’2  (0)OIETY  LTLES
(Q)eesss  (z)zoze'y  (2)ovl®  (z)ssee  (2lozser  (g)evare  (z)eossl  (gjeeort  (1)evsy's (wsvos  (1)1v8ez  (1)zrotz (1)evee't  (0)e211'8 (0)9ST8'F  00°00S
(@zisve  (2)ovore  (g)seece  (z)seore  (2deizge  (g)weosz  (2dozioe  ()zeas't  (2)wwozt  (u)ssers  (T)osesy  (1)i6S%'€ (1)sev1'z (1)881e'T  (0)S€86°L  00°0SE
(z)9606z  (z)eso6z  (z)esss'z  (z)ososz  (z)seor  (z)sseve  (g)wesoe  (z)evoul  (e)sesel  (1)emage  (T)erise  (1)iestvy  (1)0essT (1)zzvs'1 (0)s816'8  2O'16Z
(over't  (@pirt  (etzs's  (Dzesv's  (Dsgere  (1)seesz  (1)gese'r  (1)osge't  (o)ovess  (1)sves's (1)es1z'9  (1)2999'y  (1)evsez  (1)epz8'T  (1)60S0°T  00°16Z
(ovees't  (2)esezt  (1)sszs's  (Diogv'e  (Desesy  (1)8sspe  (Deszez  (1)2so1 (Ussert  (o)sozes  (0)ssese (0)ooss'z  (0)p219'T  (0)zszo't  (1-)1¥PT9 00052
(D061 (@ewwet  (sotrt  (Dpizes (Ve (Dyovyy  (1)essoe  (1)ue0zz  (vsstet (o)eoses  (0)stugv (0)szioe  (0)oszeT (o)oszs't  (1-)o1es'6  00°00Z
(2)98ze1 (z)68%2'1 (z)psert (1)29806  (1)9%¥T°L (1)pesgs  (V)1zzy (1)zesyz  (1)92es’l (1)v6z1°1 (0)¥809°2 (07112 (0)zesze  (0)2185c  (0)6SSL'T  00°0¥1
@211 (D)zoert  (2)onzor  (Vevers  (Vesiss  (Dwezes  (Dzewy (Do (1)e£90T (1)essz’T  (0)stps's  (0)zges9  (o)zseey  (0)zzvoe  (0)SL01'Z 00021
(z)es.o1 (2)1eso1 (Z)p110°1 (1)z6¥6'8  (1)8L09°L (1)zzvse (1)zzese  (1)ezesz  (1)¥20TT (1)e68¢€'1 (0)6LL¥'6  (0)ozsl'z  (0)o1i8'y  (0)zose'e  (0)LLPE€T  89°801
@1s201  (2)ogsot  (g)eriot  (1)sve's (18092 (1)szese  (Dozese  (1)ogesr  (1)seoze  (1)968e’l (0).6.%'6  (0)ops1s  (0)ozisv  (0)eosee  (0)Z8%€T  99'801
(2)zvo0'1 (Dvzoss  (1)8p19'6  (1)9sze'8  (1)896GL (1)2889'9  (1)8ss0v  (1)6160°c  (1)zzves  (1)0Z6¥'1 (1)egzo'1 (0)6082°2,  (0)99gz's  (0)e199'c  (0)¥98S°'T  ZO'101
(Z)ovoo't  (1)2006'6  (1)pe1oe  (1)6vzi'e  (1)eses’s  (1)88e9'9  (1)e9sos  (1)pesoe  (1)42veT (1ezev't  (1)oszo't  (o)szsL'L  (o)oser's  (0)ez99e . (0)zL85T 00101
(186’8 (1)21z6'8  (1)svass  (1)esees  (Deeews  (1)sos9'9  (1)vssey  (1)osvee  (1)gosse  (1)eeeol (1)96s1'T  (0)¥698's  (0)2120'9  (0)1¥¥2%  (0)¥0€0'C  00°06
(1spog'e  (DeesLe  (1)eoss'e  (Dp1vee  (Dvesee  (Devzos  (Drroes  (1)sosse (1ozesz  (1)eess’t (vzert  (1)p811't (0)ez64'2  (0)19%9's  (0)SS60'%  SO'89
()szog'e  (1)ez6r9  (evazo  (1)ee99  (1evses  (voveos  (1otoer  (Dossse  ()esesz  (1)uees't  (V)izevt  (T)881TT (0)e66LL  (0)zobe's  (0)0L60F €089
(Nosze's  (1zvzee  (1)8819's  (1)2699'¢  (Dogvey  (1)vsop's  (1)s220%  (1)osese  (1)zesoe  (1)609CC (1)0s69't  (1)169e'1  (0)9vsL6  (0)co1z's  (0)pTIE’S  ST'9S
(Doszos  (Vszzes  (1)sotos  (Dszess  (Dsvvey  (D1zovs  (1)8920%  (1)esese  (eesoe  (Dvroge  (1)9869'T  (1)96se’T (0)sgsL 6  (0)e1z2  (0)oSIE'S €299
(1)ooos'y  (1)00oss  (1)weevs  (1)essvy  (1)ez9se  (1)egore  (1)6L99°€ (1)s6eee  (1)8€%0°€ (1)ogov'z  (1)1646°1 (1)eoso't  (1)2¥vT1 (0)sgeee  (0)zeTi'L  00'S¥
()esezz (Vzisez  (1)sesee  (U)zesez  (Dsesee (1)sueze (seszz  (vgeeee (1)ste (1)126'1 (D1evs'1 (Detvs T (1)2s¥z1 (1)21101  (0)o¥eT's  00°0€
(Dssze't  (1egve'1  (Dzeoet  (eewrt  (Dewvrt  (peesze't (Dotzor (Dweest  (Dites't (1)esso  (1)98522 (Duvez  (1)essec  (1)221€c  (1)¥E¥0C  00°0C
(D1zeo't  (1)6e90'T  (Degor'1  (1)2i8r1  (1)g0sz'T  (Devoet  (1)stigT  (Vevior  (1gssst (v (VLvvve (1ooegz  (1)2v08C  (1)9gozz  (1)oLssT  OCTF1
(o1eo't  (1)pe90'T  (Dreort  (Dzzstt  (Dzoszt  (1)zeoe't (120181 (Dzesor  (Dezigsl  (Dysire (1)90vve  (1)8929C (1)ov6Lz  (1)¥o61z  (1)19%9°1T  8T'%1
(1)99zo't  (1)ssso'r  (1)es60'1  (1)ezstt (k21 (Desset  (1)igost  (D)zegot  (1)gsvel (Desstz (geovrz  (1)i1sesz  (1)st02z (121202 (1)86%%°1 0091
(Dep10T  (1)29v0'T  (1)99go't  (oostt  (V)1I9z 1 (Dezvet  (1)uwsy1 (1)seeo T (1)v818'1 (evirz  (1)sszez (V)seesc  (1)eosz  (1)80¥8'1  (1)8492°1  ¥9'€l
(D10t (1)ogvo'T  (1)esso'l  (Dzeort  (1goszt  (Dptee't  (1)sesyT  (Dwseor (19181 (D)serre  (1)ovese (1)eees'z  (1)ezevz  (1)eszg1  (1)18SC°T  ZT9€l
(0)eses's  (1)2810T  (1)2ps0'1  (1)2per'T  (Dooget  (1)9eezT  (1)82v1  (Doesg't  (Degert  (piwwoe (Deiste  (1)8892°C (ypis't (1)ietz't (0)esyre ST
(o)sszg's  (1)ovior  (1)9eso't  (v)eeert  (Deetzt  (Visezt  (oszwt  ()anigt (1)662L'1 (1)zecoz  (1)esprz (U)p19zz  (1)g66L'1  (1)9002°'T  (0)8950'8  €4°C1
(0)o0ss'6  (0)zess's  (1)zzzot  (Dogor't  (Dzwstt  (V1esz't (12181 (D)zeigt (189l (D)esgse't  (1)60£0°C (1)ees6't (1)8¥1e'Tt  (0)9oez's  (0)pSTHS 0021
(0)se1e6  (0)8809'6  (0)p8se's  (1)s290T  (Vegpt  (Dostet  (Deseet (Dol (Dyeeor  (Dzs18T  (1)90v8'T  (1)Ev6ET (0)veLes  (0)egov'y  (0).088°C 0011
(0)e960'6  (0)s18e's  (0)ooez's  (1)28%0'T  (1)zozrl  (L)eesT'T  (1)81eet  (1)ogey T (T)ewLSl (Dov1¥'1  (0)2zsL6  (0)sssse  (o)sgzre  (0)ighe'l  (0)esoe'T 0001
wrl ' Y000 Y000S Y000€ Y0002 YO00Ss1T Y0001 y00L yoos yooe yooz Yos1 Yoot Yol yos (A?) *oq
SNIVYD) L1SN(J ZLIHAVYD) NI NOILISOdd(] AD¥INY TVIOL
I'¢ 4T19dVL
1d989 7 69y I Iy 9661

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...459..686D

(1)es12'1  (0)ozes's  (0).¥60'9  (0)gesoe  (0)esevz  (0)vsee'l (06811 (1-)szes's  (1-).960'9  (1-)89s9€  (1-)62€%'2  (1-)p8ze't  (1-)6812°1  (2)sees's  (27)9¥60'9  00°0000001
(0)se1z'e  (0)p6be  (0)2901%  (0)ovobz  (0)9zv91  (0)ozez'l  (1-)iglze  (1-)zebe's  (1-)g901%  (1-)6e9vz  (1-)9zvo'l  (1-)ozez't  (z-)ogrz's  (z-)16vL's  (2-)9901°%  00°0000%9
(0)2010%  (0)z208z  (0)6v00z  (0)220z1  (1-)9210'8  (1-)6210'9  (1-)9800%  (1-)8s08'C (1-)1p00°C  (1-)h20C'1  (2-)26108  (2-)9110°9  (2-)9.00%  (2-)€S08'C  (2-)L€00°T  00°0000Z€
(0)6092'1  (0)s6zz't  (1-)ssore  (1-)ebze  (1-)9esve  (1-)8vi9c  (1-)9tvs1 (1998121  (2-)LL69'8  (2-)9p1T's  (2)eweve  (2-)9v09c  (2-)pses’t  (2-)evie't  (£-)2029'8  00°00009T
(0)1920'T  (1-)96%0°2  (1-)62¥6'%  (1-)z268T  (1-)%€06'1T  (1-)691%'1  (z-)ovses  (2-)oszs'e  (29)80%9%  (2)1L94T  (2-).9e8'1  (z-)size't  (e-)z101'6  (£-)p6ve'd  (€)€beg¥  00°000001
(1-)zzv06  (1-)p2p0'9  (1-)61€T%  (1-)208eC  (1-)096%'T  (1-)000T'T  (2-)e9s1's  (2-)e6sey  (¢-)osev'e  (2-)9g90z  (2-)su9e'l  (z-)zg00't  (e-)6€€9'9  (€-)1009°'%  (£-)6€9Z'€  00°00008
0)12067  (0)2269'1  (0)6%101  (1-)986s%  (1-)1108°C  (1-)0z991  (z-)oLve'e  (2-)ese09  (z-)9eze'e  (2-)60¥0Z  (2-)910z'1. (£-)9091'8  (€-)evoL'¥  (€-)9926'C  (£-)8906'1  00°0000%
(Deeze'e (129121 (0)szive  (0)zsige  (0)6v96'T  (0)pevpz1  (1-)68SL9  (1-)ozeod  (1-)s08v'C  (19)1¥61'1  (2)L€289  (z-)eLizv  (z-)esozz  (2-)68¥T'l  (€-)19€%'Z 0000002
(@)vs28'1  (2)ie611  (V)wivss  (1)2909°€  (1)szzoz  (1)osee't  (o)vsozs  (0)8zook  (0)osszz  (0)8200'T  (1-)ozez's  (1-)sziee  (1-)€289'T  (z-)osee's  (2-)6g¥y'Ss  00°00001
(2)eossz  (2)z099'1  (z)pesor  (1)29v6%  (1)ogeoz  (1)goos1  (1)91s0l  (0)1zz99  (o)zisey  (0)toerz  (0)§9211  (1-)oogks  (1-)L€s9'€  (1-)2996'T  (I-)PEIT'T 000008
(2)s1667 (2)1616'T  (2)ogtzt  (1)wiss's  (1)zoegz  (1)eeesl  (1)9o2101  (0)60L19  (0)vevse  (0)oess1  (0)12€0'1  (1-)%0299  (1-)9s6v'e  (1-)6846'T  (1-)9LLTT  0S'€80L
(@)16611  (1)16L2  (1)28006  (1)6162C  (1)2001T  (0)911g'9  (0)vesee  (0)esi8'T  (0)z¥¥0'T  (1-)900g¢¥  (1-)8sie'  (1-)60s¥'1  (2-)9g9gs  (z-)osze'v  (2-)6¥09°'C  0£'€80L
(@ozkb1  (1)iges's  (1)2p9z9  (1)ostoe  (1)¥p1g1  (0)8%6'8  (0)ozsey  (0)esive  (0)o0se't  (1-)g016's  (1-)o6zo'e  (1-)oess'l  (2-)vivg'6  (2)8S19's  (T)veiee 000099
(2)es¥pz  (2)pe291  (2)esyTl  (Vezblo  (1osose  (1)sivze  (zetrt  (0)szoe's  (0)9osz'e  (0)zeoe't  (1-)ovss'e  (1-)ggozy  (1-)ovele  (1-)z1ve'1  (2-)996€°L  00°000S
(@)zseev  (2)aieze  (2)aveze  (z)sseel  (1)seszs  (1)sees's  (1)sezee  (Veize't  (1)s.80'T  (0)gsewyd  (0)91s1z  (0)220e1  (1-)2289'9  (1-)L299°€  (1-)L0ST'Z  00°009€
(2)ecors  (z)sisvs  (2)60z0%  (2)evevz  (2)eoss't  (2)sevl't  (1)ssore  (1)eesv'y  (1)8e22z ~ (1)zzerl  (o).e8z9  (o)eess'e  (0)sz96'1  (0)9690°'1  (1-)2L1T1'9  00°00ST
(@)esezs  (2welis  (2)1iees  (e)ezose  (z)oseze  (2)z6vo'l  (2)eevo't  (1)zvas'e  (1)oveey  (1)2080C  (1)z6901  (0)pszoe  (0)stove  (0)6z06'1  (0)1€2Z'T  00°000Z
(z)ssir'6  (2)igzos  (z)sovs's  (o)weise  (2)egsvz  (2)i6vs'T  (2)1621'1  (1)8104°2  (1)6sse'%  (1)p0ovz  (1)989z'T  (0)iovgs  (0)eese'e  (0)s281C  (0)pp¥e’l 098281
(@)19zo's  (2)evite  (2)oLiow  (z)zesss  (z)isee'l  (2)essy'1  (1)2€9e'6  (1)seoce  (1)ss20%  (1)6000c  (1)6e90'1  (0)oziv'e  (0)sezie  (0)0199'T  (1-)9162'6  0%'8Z81
(2)eov1's  (z)osog s,  (z)ssiss  (z)sovse  (2)oissz  (2)zevel  (2)osszt  (1)20v9'8  (1)9gos's  (1)6z66C  (1)¥ho91  (1)p250'1  (0)ossz's  (0)g9vie  (0)099LT 000081
(z)s1sv's  (Z)zTel'L (z)6s%2°9 (z)se61'y  (z)osve'z  (2)ssezc  (T)Lssv'l (Z)9t10'1 (1)cosg9  (1)6285'c  (1)9zeoz  (1)611€'1 (0)zevL'9 (0)zzzoy  (0).¥12'C  000S€1
(2)6c0s'6  (z)ovess  (z)eezve  (z)sbied  (2)9esoe  (2)ziser  (2)worst  (2)szeon (1)61scs  (1)s1ese  (1)6z81c  (1)estvl (0)zspes  (0)zevey  (0)e91€T  09'%6T1
@)16sv's  (2)6Lo8'9 (2)o1vbs  (z)ivzoe  (2)esesz  (z)sves'l  (z)ogez't  (Vettes  (1)sz1t9  (D)veeze  (1)s1i6't  (1)e2vz1 (0)1s%%'9  (0)9999€  (0)es6’l 0¥ 'v6CL
(2)6zs9s  (z)ouses  (z)zeors  (R)osozv  (2)s1zoe  (2deosez  (2)ozeo'lt  (2)9oert  (1)zesss  (1)oseey  (1)zissc  (1)esest  (1)LLs0't  (0)vess's  (0)yevz'e 0070011
(2)zs06'2  (z)eo0e2  (z)110s'e  (2)e610¢  (2)s9es'e  (2)secoe  (g)ersie  (2)8sbst  (2)e160'1  (1)18%1'9  (1)o6ise  (1)e81§C  (1)sL69°1 (0)e6c0z'6  (0)28€%'S  00°0S8
(2)e1z2'9  (z)2e08'9  (T)zosos  (2)¥81v®  (2)6sove  (2)sewsz  (2)eove'l  (2)vveeT  (1)z6Ls6  (1)zers's  (1)oosee  (1)vosgc  (1)8¥6E'1 (0)goeg's  (0)oves®  0L°0TL
(2)zsvz'9  (z)esss's  (z)e902%  (z)sveve  (2)oossz  (2)pvvoz  (2)o1zv'l  (2)zeoo't  (1)govts  (1)p1v0%  (1)662%C  (1)1g98°'1  (1)99€0°1 (0)6998's  (0)o10¥'E  89°0ZL
(z)12e6's  (2)evov's  (g)ocesy  (2)eo69'e  (2)zgos'z  (z)ssvzz  (2)poss'l  (2)8Lev'1  (1)sg0r'8  (1)ostov  (1)6€8C  (1)8s6zc  (1)9zsz'1  (0)160z°.  (0)TOET'F 00099
(z)ssoz's  (2)zsse'y  (2)lovev  (2)eoes'e  (2)oscoe  (z)otvee  (g)eess't  (2)ose't  (1)s96L6  (1)pseos  (1)Lv96€  (1)pes8Lc  (1)8299°1  (0)9199'8  (0)ETIL'Y 627288
(2)9%20%  (2)ezve's  (g)sezses  (2)esse'l  (2)160%'1T  (Z)egso't  (1)esess  (1)1sve's  (1)tozse  (1)s16z2  (1)1064°'1  (1)2082°1  (0)8sve’s  (0)1961%  (0)ve8TT  LT'LES
(z)ogeo'd  (2)eosy'e  (2)9116C  (2)2690T  (Z)990S°'L (Z)zist'1 (V1061’8 (1)vevss  (1)996T%  (1)z2evT  (1)9292'1 ° (1)z69T'1 (0)o8e9 L (0)6z6¥'%  (0)990S°Z  00°00S
(z)pooce  (z)soe1'e  (z)pseec  (z)zseez  (2)8906'1 [€AL29X-R 1 (Z)essT'1 (1)¥999'8  (1)6cec9  (1)1260'%  (1)zessc  (1)sPSOT (1)zvee't (0).989'8  (0)6L1S'S  00°0SE
(2)ozzsc  (2)zeosz  (z)evsor  (z)isses  (2)i986'1  (2)8469'1  (2)ploc't  (1)osce's  (1)s6082  (1)1228%  (1)sezee  (Lvpeise  (1)zsso't  (1)9sit't  (0)60¥¥ L 20’162
()vzisz (2)190sz  (2)zveer  (z)osses  (2)i986'1  (2)8469'1  (2)sioe'l  (1)wege's  (1)101se (w8 (1)sezee  (1)ozisz  (1)esgol  (1)811'T  (0)L1%%L  00'162
(2)wesvz  (z)eovc  (2)1L0vz  (2)681zT  (2)2296'1  (2)zwes1  (2)evse'l  (2)zes0'1  (1)e61v's  (1)99vs's  (1)szbee  (1)soe6c  (1)8e96'l  (1)68ve’l  (0)9€1T'6  00°0ST
(2)zge6'1  (z)egest  (2)i6L6'1  (2)velsl  (2)ogeLt  (2)8099'1  (2)zotvl  (2)s1Lrt  (1)881%'6  (1)zosv'e  (1)eses®  (1)sssse  (1)oseyz  (1)e60L’T  (1)096T'T  00°00T
(z)166€°1 (Z)os6E'T (z)186€'1 (Z)z68¢e'1 (z)8z9¢e'1 (z)seze'1 (Z)1Leet (2)z950'1 (1)2221°6 (1)868L°9 (1)1%80°'S (1)eL%0'% (1)¥098°'C (1)6190°C (1)898%'T  00°0%1
(2)zes1'1  (z)ze61'T  (2)os6T1  (z)ogsT'l  (2)sz8T'l  (2)209T'1  (2)zoor't  (1)eze9s  (1)beos'e  (1)es6s'9  (1)esgos  (1)v6s0%  (1)1sze'z  (1)6selc  (1)ovse'l 00021
(z)g980'1  (z)s980'T  (2)e9s0'l  (z)oeso'l  (2)80L0'1  (2)soso'l  (1)ziese  (1)zesos  (1)89.1'8  (1)ovvvo  (1)svios  (1)s180%  (1)ezoez  (1)6621C  (1)9109'T  89'801
(2)8980'1  (2)8980'T  (2)e980't  (2)2080°'1  (2)ze90'1  (2)voect  (1)vzose  (1)86806  (1)z8s1'8  (1)e9vbo  (1)eL10e  (1)ogsoy  (1)2896C  (1)¥881z  (1)8€19'T 99801
(z)p010°1 (z)vo10'1 (z)zo10'1 (2)6900°1 (1)1ev6'6  (1)ogse's  (1)pzsss  (1)zosos  (1)ezers  (1)soe6v's  (1)1012%  (1)soov'e  (1)6svbz  (1)896L°1 (1)seze’1 zo'101
(z)zot0'1  (2)zo10'1  (2)ootol  (2)29001  (1)izve'6  (1)erss'e  (1)gosz's  (1)ogsos  (1)ozers  (1)oosr's  (1)860zy  (1)eoov'e  (1)8%vz (1)9geL’t  (1)¥eTe’t 00101
(1)s1006  (1)21006  (1)11006  (1)ess6's  (1)osie's  (1)esss8  (T)eeses  (1)ssevs  (1)eve99  (1ozezs  ()oeets  (1)8vsee  (1)6zovz  (1)Lpegt  (1)pege’l 0006
(D¥s08'9  (1)pgos'9  (1)esos'e  (1)ecos'e  (1)g98s'9  (1)e69e9  (1)960z'9  (1)ogve's  (1)eses's  (1)9geod  (1)oesze  (Dwore  (1)szsez  (1)eois't  (1)209e'l  90'89
(1)zoos'9  (T)zoog'e  (1)1908'9  (1)1908'9  (U)zz82'9  (1)zoseo  (1)so1z9  (1)svve's  (1)oses's  (Doveodr  (Vovere  (1)osore  (1)pesee (DITI8T  (1)609€°T  €0°89
(1)esz9's  (1)2sz9's  (1)9szos  (Dzweos  (1)bizs  (Vvezes  (Vogsors  (1)zsesv  (1)88ss%  (1)e9gse  (1)otore  (1)6s99z  (1)ovzoe  (1)1ovs't  (1)819T'T  9T'9g
(Dogzo's  (Voszos  (1)ogzes  (V11zos  (Vozszs  (1)eozzs  (1)seors  (1)ssesy  (1)9928'%  (1)essee  (1)seste  (1)oseoz  (1)ie20z  (D)1ove'l  (1)129T'1 €299
(Dz6a1v  (Dzezt'y  (1)pests (1)9s81d  (1)s22T%  (1)zo9tvy  (1)ze01v  (1)8966'c  (1)esiee  (1)gevee  (1)evpez  (1)zsvz (UpL16T  (1)6sLv1 (1)TLETT 00°SH
(Doszoz  (1)e9goz  (Dwevez  (Vzzeoz  (1)ovsoz  (1)sseoz  (1)ovore  (1)szeoz  (1)s6v9c  (Dessvez  (1)eiezz (1)eges't  (1)9819'T  (1)pL0e1  (1)€2€0T  00°0E
(Dezev1  (Dotov1  (1)8psp'1 (1)89es'T  (1oses'T  (1)6ze91  (1)2pe2'1  (1)s698'1  (1)666'1  (1)p1zze  (1)zeees  (1)82kz  (1)8pevz (1)6s0ec  (1)0i86'T  00°0C
(Desst'1 (Dpez1  (otzzt (1)gvet  (1pev1 (Vozist  (eever  (ezert  (osve't  (Diszte  (1eszz (1)osvzz  (1)sze6l (1)9vor't  (1)00¥0'l  0T91
(Devoz't (t)szezt  (1)z69z1 | (DwLbeT  (Dpeer T (1901t (1)8991  (Deoss'1  (eLver  (Vezztz  (1)es¥zz  ()9vbez  (1)o9es't  (1)sssvyl (1)99€0l  8T'RL
(Dzgoz't (1)ze1zt (1)ogszt  (1)eseet  (1)p61pT  (Dvosv1  (Doleor  (Uwseet (Dvoge't  (1)sestz  (1)sezzz  (1)esiez (1)zozs'l  (D)peiv'l  (1)S200T 0051
(Dezestt (Dies11 (Nzozzt  (1)zsezt  (1)evse't  (1)etovt  (1)zoss't  (1)eovs’t  (1)8968'1  (D)1vzz  (1)ee6lz  (Du6lz  (1)6e28'T  (1)o09e't  (0)6199'6  ¥9°€L
(1)z181°1 (1)1181°1 (1)z812'1 (1)zgez'1  (1)ez8e’tl (1)¥es¥°1 (1)eves'1 (1)o6€L'T (1)6¥68'1 (Vyzzrz  (1)9161z  (1)ogelz  (1)11L8°1 (1)99s€'1 (0)69zs'6  Z9€l
(Dovzot  (D¥sort  (12svrt (1)gzzt (1)isoe't  (1)psset  (T)esist (19199t (Detisr  (1)z880C  (1)ovgoT  (1)6690T  (1)pog9't  (DiserTT  (0)L2e8L  SLTL
(D820t ()e901't  (Dezept'1  (T)zzzzt  (1)9zoe't  (1)seset (1)1 (1)e6s9't  (V)veos'1  (1)99goz  (1)1180C  (1)2890C  (1)p6z9't  (1)oezt'lt  (0)9§8L°L €221
(199201 (1)evsor  (1)s160T (D)o 1  (D)zzse't  (1)seze't  (Dossyr  (1)eges't  (1)stra't (1)e0s6'l  (1)8896°1  (1)eses'T  (1)zszet (0)968L8  (0)S0L6'S  00°CL
(0)se296  (0)9696'6  (1)1ego't  (1)2201T  (D)ossT't  (1)s19zt  (1)isser  (1)ezes't  (1)szoor  (1)86921  (1)psos1  (1)860%'1  (0)p608'8  (0)8699'S  (0)e9es’e 0011
(0)szze's  (0)eoize  (0)209s'6  (1)¥8zo'l  (D)esoT'T (D2t (Dptogr  (1)eser't  (1)oiss'T  (Dees 1 (1)86€'1  (1)88101  (o)evze's  (o)gvise  (0)8999C 0001
wrf Q1 Y000 Y0008 Y000€ Y000z Y00S1 Y0001 Y00 Yyo0s yooe yooz yost Y001 YOL yos (A2) *

SNIVYD ISN( LVOITIS NI NOILISOdd(] AD¥ANT TVIOL
¢S dT4VL

698

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...459..686D

100 F T '
> RiaN
L SN
. N
- ; .
£ 107 i
"
o
[oN
[
o
% 1072} )
2
S 50A radius .
? 10_3 B Total Absorbed
5 --------- Photoelectron
=z — — — - Auger
8 R gesiduol
= —---— Compton
1074 ' > ) s
10! 102 10° 10* 10°
Photon Energy (eV)
100 — o
— N
> N
L CN
AN
- .
2 10_1 ' \‘\ ]
g
g N
[0
o
5 1072f i
2
S .2um radius
E 10731 Total Absorbed '\,
§ 10 Photoelectron N
=] — — — - Auger :
g S Residual N
e —---— Compton )
1074 : i : :
10 102 10° 10t 10° 10

Photon Energy (eV)

50A radius | % N
Total Absorbed '

Fractionol Energy Deposited (eV)

1073}
--------- Photoelectron
- — — - Auger
_— EesidL{Gl
—---— Compton )
10_4 1 P 1 L - :Lm
10 102 10° 10 10° 10°

Photon Energy (eV)

N

2

hed

2 b

‘0

o

Qo

[

o

> ]

o

2 .

] 0.2um radius SRS

? -3 Total Absorbed N _

S 10 " Photoelectron AN

= - — — - Auger Ny

o ——— Residual

s, —---— Compton Y
10 ‘ : : R

10! 102 10° 10* 10° 10°

Photon Energy (eV)

F1G. 4—FTraction of the energy of the absorbed photon that is deposited in
grains of radii a = 0.005, 0.03, 0.2, and 1.0 um.

Fractional Energy Deposited (eV)

Fractional Energy Deposited (eV)

Fractional Energy Deposited (eV)
)

the dust, E,(a, E,)/E,, is plotted vs. incident photon energy for graphite

Photon Energy (eV)

-2 .
300A radius .
-3 Total Absorbed N
10 7 Photoelectron N
- — — - Auger
————— (R:esistJoI .
_ —---— Compton B
10 4 il 1 1 s
10 102 103 10* 10° 10
Photon Energy (eV)
100
N
L SN
; N
- g .
£ 107 .
2]
o]
Q
[
o
% 10721 -
o .
ui 1.0um radius A
5 -3 Total Absorbed '\, AN
S 10 °F ... Photoelectron N\ RS
= — — — - Auger N X
o —— Residual N N
w 4 —---— Compton .
10 vaal 1 1 1
10! 102 103 10* 10° 10

1072} .
300A radius o
_3 Total Absorbed RN
10 " Photoelectron N
— — — - Auger N
————— Residual SN
_4 —---— Compton .
10 1 L 1 L in
10! 102 10° 10* 10°

Photon Energy (eV)

1.0um radius \.\
-3 Total Absorbed N, N
10 " Photoelectron N
— — — - Auger hS
_____ Residual AN
4 —---— Compton )
10 ! 1 1 1 e
10! 102 105 10t 10° 108

Photon Energy (eV)

FiG. 5—Same as Fig. 4 for silicate grains

© American Astronomical Society * Provided by the NASA Astrophysics Data System

699

6


http://adsabs.harvard.edu/abs/1996ApJ...459..686D

700

DWEK & SMITH

T T T T T

Energy Escaping Dust (eV)

Ll Lol

T T T TTT

[AN
] ~

R 1 ool N Y NN

102 109

104 10° 10°

Photon Energy (eV)

Fi1G. 6—Energy carried away by escaping electrons is shown as a function of incident photon energy for S0A radius graphite grains (solid line) and silicate

grains (dashed line).

Stoutamire for his advice in programing the Auger cascade
calculations. We also thank Peter Martin for sending us the
UV optical constants used in our Mie calculations; the
referee, Mike Shull, for his helpful comments; and Ari Laor
for a useful discussion. An electronic version of Table 5 is

available upon request from Randy Smith at
rsmith@wispS.physics.wisc.edu. This research was sup-
ported by NASA’s Infrared Astrophysics Research
Program, RTOP No. 188-44-53-05. R. K. S. acknowledges
support by the NSF Graduate Student Fellowship.

REFERENCES

Agarwal, B. K. 1979, X-Ray Spectroscopy (New York: Springer)

Arendt, R. G. 1991, AJ, 101, 2160

Berger, J. M., & Seltzer, S. M. 1964, Tables of Energy Losses and Ranges of
Electrons and Positrons (NASA SP-3012) (Washington: NASA)

Compton, A. H., & Allison, S. K. 1935, X-Rays in Theory and Experiment
(New York: van Nostrand)

Cullen, D. E., Chen, M. H,, Hubbell, J. H., Perkins, S. T., Plechaty, E. F.,
Rathkopf, J. A., & Scofield, J. H. 1989, Tables and Graphs of Photon-
Interaction Cross Sections from 10 eV to 100 GeV Derived from the
LLNL Evaluated Photon Data Library (EPDL), UCRL-50400, Vol. 6,
Part A, Rev. 4

Draine, B. T., & Woods, D. T. 1991, ApJ, 383, 621

Dwek, E. 1985, ApJ, 297, 719

. 1987, ApJ, 322, 812

Dwek, E., & Arendt, R. G. 1992, ARA&A, 30, 11

Dwek, E., & Werner, M. W. 1981, ApJ, 248, 138

Henke, B. L., Lee, P., Tanaka, T. J., Shimabukuro, R. L., & Fujikawa, B. K.
1982, Atomic Data Nucl. Data Tables, 27, 1

Isk2e8f, 5%3 Cunningham, J. W. & Watt, D. E. 1983, Phys. Medical Biology,

Jacobs, V. L., Davis, J., Rozsnyai, B. F., & Cooper, J. W. 1980, Phys. Rev.
A, 21,1917

Jacobs, V. L., & Rozsnyai, B. F. 1986, Phys. Rev. A, 34,216

Laor, A., & Draine, B. T. 1993, ApJ, 402, 441

Lee, P., Rathkopf, J,, Cullen, D., & Perkins, S. 1990, Tables of Average
Distributions of Particles Emitted by Ionized Elements (Z = 6-100),
UCID-21918

Opendak, M. G. 1990, A&A, 165,9

Reif, F. 1965, Fundamentals of Statistical and Thermal Physics (New
York: McGraw-Hill)

Rouleau, F., & Martin, P. G. 1991, ApJ, 377, 526

Shull, J. M. 1979, ApJ, 234, 761

. 1980, ApJ, 237, 769

Smith, R. K., & Dwek, E. 1996, in preparation

Verner, D. A.; & Yakovlev, D. G. 1995, A&AS, 109, 125

Voit, G. M. 1991, ApJ, 379, 122

Watson, W. D. 1973, J. Opt. Soc. Am., 63, 164

Wheeler, J. C., Mazurek, T. J., & Sivaramakrishnan, A. 1980, ApJ, 237, 781

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...459..686D

