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ABSTRACT

Title of thesis: Topics in Astrophysical X-ray and Gamma Ray Spec-
troscopy
Roger W. Bussard, Doctor of Philoscphy, 1978

Thesis directed by: Doctor Reuven Ramaty

We have investigated a number of topics relating to astrophys-
i;al cbservations that have already been made or are currencly planned
of spectral features, mostly emission lines, in the X-ray and gamma
vay regions of the electromagnetic spectrum. These topics include:
the production of characteristic X-ray and gamma ray lines by none
thermal ions, 5pgctra1 featﬁres indﬁced by processes occurring in
strong magnetic fields, and the positron annihilation line at 0.5
MeV. Although astrophysical spectroscopy in this regime is quite

.yOung, a number of conclusions can be dréwn from existing observa-
tions and upper limits, and much can be learned from experiments
currently under consideration.

First, we have calculated the rate of X-ray production at 6,8
keV by the 2p to 1ls tramsition in fast hydroéen~ and helium=-like
iron ions, following both electron capture to excited levels and
collisional excitation. We used a refinement of the OBK approxi~
mation to obtain an improved charge exchange cross section, This
and the corresponding -ionization cross section were used to determine

equilibrium charge fractions for iron ions as a function of their



energy. The effective X=ray line production cross section was found '
to be sharply peaked in emergy at about 10 MeV/amu. Since fast ions
with sinilar energies -can also excite nuclear lévels, we have cal-v
culéted the ratio of selected strong gamma ray line emissivities tg
the X~ray line emissivity. We use these calculations to set limits
on the gamma ray line int;nsity from the galactic center and the
radio galaxy .Centaurus A, and we find that these limits are gemerally
lower than fluxes reporteé in the literature, In addition, the
presence of interstellar dust grains can give rise to a very narrow
line profile for some gamma ray lines from nuclear excitations.

In a grain, a nucieus with a long lived excited state-may be stopped
before emitting the gamma ray. We have compiled the relevant range
and energy loss relations and have then shown the results of this
effect for several examples,

The intense magnetic fields (of order 1012 gauss) believed to .

’ exist at the surfaces of X-ray pulsars céuld produce observable
sfrﬁcture in their spectra. Such fields sevefely quantize the motion
of'electrons in the transverse plane, and line emission and absorp-
tion can occur accompanying transitions between levels. We have
confirmed a previous calculation of the rates for these processes,

and we have calculated the cross section for electron-ion Coulomb
collisions in strong fields. This cross section is gignificantly
modified by the éuantization due to the ﬁagnetic field. We have then
calculated the line production rates for direct excitation by accreting

material and by excitation from thermal collisions. The results are



compared with recent observations of Hercules X-1, and we find that
the interpretation of the spectrum in terms of an emission line is
less likely than that of an absorption feature.- Future observations
%ith higher spectral resolution should resolve the question.

¥Finally, we have studied the annihilation of galactic positrons
in order to.evaluate the probabilities of various channels of anni-
hilation and to calculate the spectrum of the resulting radiation,
The narrow width (FWHM less tham 3.2 keV) of the 0,51 MeV iine ob-
served from the galacticncentér direction (Leventhal et al. 1978 a,b)
implies that a large fraction of the positrons should annihilate in
a medium of temperature less than IOSK and ionization fraction greater
than 0.05. HIT regions at ‘the galactic center could be possible .sites

of annihilation.
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1. IHTRODU?TIQN

Astrophysical informatlon from our galaxy comes to us primarily in the
form of electromagnetic radiation, from radic frequencles to high energy
gamma fays. 'In'the attempt to understand the nature of various astrephysical
objects and regions and their physical processes, much can be learned from the
observations in éarticular of spectral lines and features (broadened lines,
absorption edges, cutoffs, atc.) For example, red-shifted lines in the
spectra of extragalactic ohjects lead us to believe that the universe
is expaunding, since the amount of shifting is proportional to the distance
to the object., Locally, lines from electronic transitions in atoms allow
determination of relative elemental abundances,'the spin flip line of atomic
hydrogen at 2lcm wavelength ﬁas been used to map neutral ﬁydrogen in the
galaxy, and the rotational franéition lines of molecuies give the galactic
distribution of dense molecular clouds.- Moreovér, the simultaneous observation
of two or more lines usually provides information oﬁ &he physical conditioms
in the source, such as the density and temperature.

This work consists of a theoretical consideration of spectral features,
ﬂpstiy emission lines, from a very new astrophysical window, that of ¥X-rays
+and soft gamma rays (about 6 keV to 6 MeV). Some of the features‘consi&ered
have been observgd and others are possibly observable by currently planned
experiments. Measurements in this spectral region must be carried out fro&
6alloons, rockets or satellites because of atmospheric abserption. Tﬂe

) first line considered results from the electronic transition from the 2p state
to the ls state in highly ionized iron at ~ 6.8 kev; the iron Ko line.
Elements with higher Z, and consequently higher Ka line energies, are far
less abundant than iron, and lower energy Ko line protons (from lower Z
elements) will sufferx mudh-absorption,’via'photoionization, propagating through

1



the interstellar medium, The 2p state.is populated follwing charge exchange
and radiative recombination to excited states and the subsequent cascade, or
by excitation if the ion already has one or two. electroms., Since these
processes occur most readily when the relative velocities of the Interacting
particles is about one tenth of the speed of light, X¢ emission can be produced
in a plasma witﬂ temperature n1107K, or in regions with significant fluxes of
fons with energies ~. 10 MeV per nucleon. In the former case, the emitting
iron atom is essentiall& at rest, and the lire profile suffers little Doppler
broadening. In the latter, the iron has the velocity, ~ .lc, mentioned above,
leading to a line width (FWHM) ~ 2.4 keV. Thus the broad 6.8 keV line is a
_tracer of low energy cosmic rays, Another type of line feature considered
Yesults from the excitation of nuclear levels in strong interactions by

- nuclel with the same energies. For example, a carbon 12 nucleus can be
excited in a collision with an energetic proton, and it will subsequently
deexcite by emitting a 4.44 MeV photon. Next, we consider the possibility
that the strong magnetic fields associlated with pulsars can give rise to line
features analogous to the cyclotron lines from plasma in weaker fields. For
a field strength of 1012 Gauss, for example, the fundamental cyclotron fre-
quency corresponds to a photon energy of ~ 11 keV. Finally, we treat the
production of the 0.511 MeV liﬁe.from the annihilation of pogitrons with
electrons for various galactic sites. All these spectral features have been

gbserved or could be observed by detector systems presently under consider-

ation as for the Camma Ray Observatory, for example.

A search for the Ko line of highly ionized iron was begun in the late
1960's and early 1970's by rocket born proportional counters (Holt et al.
1968 and 1969) and Bragg crystal spectrometers (Kestenbaum et al, 1971 and

Griffiths 1972). Although this search was not fruitful, the iron line



eventually was observed from some weaker sources with improved, more sensitive
detectors: .young supernova remnants (Serlemitsos et al. 1973, Briskem 1973,
Becker et al., 1976, Pravdo et al. 1976, Davison et ai. 1976), collapsed stars
in binary systems (Serlemitsos et 51. 1975, Pravdo 1976, Pravde et al, 1977a},
and clusters of galaxies (Mitchéll et al. 1977, Serlemitsos et al., 1977}).-
ﬁlthough it ﬁow appears that the line emission from young supernova remnants
is consistent with that from a thermal plasma, low energy cosmic ray iron
nuclei undergoing charge exchange with the ambient medium were originally
proposed to explaiﬁ this line (Serlemitsos et al, 1973). Nucleons with these
energies also produce éamma ray lines by exciting nuclear levels and in
Chapter 1Y, we have calculated the ratic of the gamﬁa ray line emission to
the iron Fa ePission produced in this way. These célculations, together with
X;ray observations are used'té place limits on gamma-ray line production by
fast ions in various sources.

Astrophysical gamma ray spectroscopy is as young as that -for X-rays. In
two large solar flares of 4 and 7 August 1972, Chupp et al,- (1973, 1975),
using a Nal scintillation detector flown on 0SO-7, reported observations of the
0,5 MeV annihilation line, the 2.2 MeV line from neutron capture on hydrogen,

2¢ and the 6.1 MeV lime of 1°0. Lingenfelter and

the 4.4 MeV line of 1
Bamaty (1967) had earlier made p;édictipns of gamma ray line fluxes in solar
flares, and interpretations of the observations may be found in Ramaty and
Lingenfelter (1975), and Ramaty et al. (1975, 1977). More recently, a balloon
flight bearing a high resolution, high purity germanium detector has observed
8 strong line at 510.7 40.5 keV ffom‘the direction of the galactic center with
flux (1.21 ip.Zé)xloas photons cm—zs—l (Leventhal, McCallum and Stang 1978a,
b). We cénsider the imglications of this result in Chapter IV. 1In previous

observations of the galactic center from two pioneering balloon flights in



November 1970 and November 1971, a group at Rice University, using a scin-
tillation spectrometer, reported a marginal observation of a line at 476 +24
keV with a flux-of (1.8 #0.5) x 10“3 photons cmfzs—l (Johnson, Harnden, and
Haymes 1972, and Johnson and Haymes 1973). Despite the low significance of
the feature due to background problems, many interpretations of this eﬁiésion
were made, including: (i) cosmic ray excitatiom of interstellar iLi Eo if%
478 keV level via 7Li(p,g')_-,Li* (Fishman and Clayton 1972) and aﬂefa,p)jLi*
(Kozlgvsky and Ramaty 1974), (ii) gravitationaily redshifted positron annihil-
ation radiation from neutron star surfaces (Ramaty, Borner, and Cohen 1973

and Gutﬁrie and Tademaru 1973), and (1ii) positronium annihilation from its
triplet state via three photon decay (Leventhal 1973). Then in April of

l§74, the same group, using a similar instrument but with smaller opening
angle, failed to observed the above mentioned feature but saw instead a
feature at 530 +11 keV with a flux of (8 jﬁ.Z)xlO—4 photons cmfzs—l {Haymes

et al. 1975). Aside from detector problems, time variability seems the most

Likely interpretation of the discrepancy. We note that in all three obser-

vations, the significance of the features was ~ 3¢,

The Rice University balloon flight in 1974 gave evidence for an emission
line at ~ 4.5 MeV in addition to the 530 keV line from the direction of
the galactic center (Haymes et al, 1975). We note that more recent observation
from HEAC-L has failed to confirm this feature, however. The ~ 4.5 MeV line
was also seen from the radio galaxy Ceniaurus A; again at about the 3¢ level
(Hall et al. 1976). A detailed treatment of the production of gamma ray lines
Py energetic particle reactions is given in Ramaty, Kozlovsky and Lingenfelter
(1979); essentially all possibly observable lines are comsidered, and they
find that the line at ~ 4,4 MeV from the first excited level of 120 should
be the most easily detected line produced, especially for the lower resolution

Nal scintillation detectors. Observations of the gamma ray lines produced



by energetic particle reactions, together with the iron line discussed above,
would incicate concentrations of IOW'énergy cosmic rays, and thus perhaps
provide information on the sources of the cosmic particle radiation.

Finally, we nofe that Jacobson et -al. (1978)'have reported observations
of a transient event in June of 1974 which included 1ines at 0.413, 1.79,
2.22 and 5.95 MeV, seen by a Ge(Li) high resolution detector. An interesting
interpretation of this event is given b; Lingenfelter, Higdon and Ramaty

~a

{1978), in terms‘of gravitational redshifts.

In Chapter II the production of certain characteristic X-ray and gamma
Tay lines by energetic but subrelativistic ions is considered. In the first
section, we have calculated x-ray production at ~ 6.6 kev by‘tha 2p to 1s
transition in fast hydrogen- and helium-like iron ions, following both
electron capture to excited levels and collisional excitation., We used a
rvefinement of the OBK approximation to obtain an improved charge exchange -
cross—s.ection. This, and the corresponding io.nizatior_l cross-section were
used to determine equilibrium charge fractioné for diron ions as functions
of their energy. The effective X-ray line ﬁ?oduction cross—section was found
to be sharply peaked‘in_energy_at about 8 to 12 MeV/amu, Since fast ions of
simila£ énergies can also excite nuclear levels, we have‘calculated the
ratlos of the 4,4 MeV and 0.85 MeV (the most intense nuclear line of 56Fe)
gamma ray line egissivities to the X-ray lige emissivity. We used these
calculations together with X-ray obser&at;ons of the galactic center from
"0S0-8 and HEAO-1 to set limits on the intensity of gamma ray line emission
from the galactic center and the radio galaxy Centaurus A, and we fing
that these limits are generally lower than those reported. In the second
section of Chapter II the effect of interstellar dust grains on the width

of certain gamma ray lines produced by fast ions is considered, Specifically,



for some re}ativgly long-lived nuclear levels, the recoiling excited nucleus
may be stopped in the grain before deexciting, which leads to a very narrow
Tine profile. This problem was originally considered by Eingenfelﬁér anﬁ
Ramaty (1977); they have treated the 6.1 MeV line of 160 in detail. One of
the difficulties they encountered was the lack of consistent range relations
through the relevant energy region {~ 1 to 100 keV/amu). 1In addition, since
the range of the recoiling ion is of the same order as typical grain radii,
straégling (statistical fluctuations in range) is expected to be important.
Therefore, for the calculations presented here, we have compiled a consistent
set of range and energy loss relations, taken the effect of straggling into
account, and considered lines from less zbundant elements. Using a Monte
Carlo simulation, we have evaluated tﬂe expected strengths of these very
narrow lines as functions of the grain size distribution for various
energetic ion spectra. Thus possibility of obtaining information from

--these features with high resolution solid state gamma ray detectors is
discusged, -

The expectation of intense magnetic fields (& 1012 gauss) at the
surfacee of neutron stars gave rise to consideration of another kind of
high energy spectral feature, since for such fields, the fundamental
cyclotron frequency lies in the hard X-ray band. Classically, it is ﬁell
known that a magnetic field will force electrons to move on a helix centered
on a field 1ine called the guiding center. As they orbit, they produce

- gyrosynchrotron radiation, lose energy as a result and consequently spiral
inward toward the'guiding center. If, however, th? field is very strong,
-the orbits of the electrons become quantized; the gyroradius of the eleétron
orbit and its perpendicular momentum take on discrete values. Radiative

transitions between levels can occur and this process results in a quanti-



zatign of the gyrosynchrotron radiation., Line emission oeccurs accompanying
transitions from higher to lower transverse momentum levels, and upward
éransitions take place with absorption of resonant phétons.

* Several observed X-ray sources, in particular X-ray pulsars, are believed
to be spinning neutron stars with the field anchored riéidly to the surface.
They are powerful sources and are thought to derive their energy from the
accretion of matter from a companion star. Hercules X-1 is the best studied
of th;se objects; it shows significant spectral changes during a portion of
its pulse phase (Pravdo et al. 1977b and 1978). Since in this picture the
pulse phase would correspond to the angle between the line of sight and the
magnetic field lines, these spéctrél changes are evidence for the effect of
the magneéic field on photon productién, absorption and scattering processes.
Furthermore, there is evi§ence for an emission feature neaé 60 keV in the .
Her X-1 spectrum (Trumper et al. 1977 and 1978, Coe et al, 1977), which has
been interpreted by these authors as a cyclotron line (see also Daugherty
"and Ventura 1977).

Although details of accretion flow onto rotating, highly magnetized
neutron stars are unknown, if the rotation is fast enough, any plasma which
fails to the surface is generally assumed to be channeled by the field into
a polar cap with_essentially Zero éitch angle (Basko and Sunyaev 1975 and
1976, Elsner and lLamb 1976). The infalling ions lose their free f£all energy
by heating the atmééphere at the polar cap. The magnetic field quantizes the
tra;sverse energies of the electrons, and transitions between levels give
rise to line radiation. The levels can be excited by collisions with the
1ﬁfalling iong or by'thermal collisions w;ph_ambigpt_ipns;“ﬁ9wgqer,_F@Eq_ﬁ
‘correct cross sections for Coulomb collisions in these circumstances was

" not known. So in Chapter III, we have calculated these by using a



relativistically correct quantum electrodynamic treatment; then we have used
thém to calculate the energy loss rate for fast zero pitch angle photons.

It was found thét thiS‘rateiis-éloger than that for-a non—magnetiz;a plasma,
but it is not reduced as much as had been predicted (Basko and Sunyaev 1975),
Including the effect of elastic proton-proton scattering, we have calc@iated
the multiplicity of cyclotron line photons pfoduced by an ion fqiling—onto

a highly magnetized, hot plasma, gnd the fraction of its emergy that goes
direétly into line photons. .We have also calculated the rate of excitztion
of the cyclotron levels by thermal electron~ion collisionsL These results

are presented in Chapter III, where we also discuss their relevance to

observations of Her X-1.

L .-

Strong magnetfc fields will also aféect the X—raf-spectra of the plasma

directly, by both modifying the Compton scattering cross section (Canuto

et al. 1971, and Gnedin and Sunyaev 1973) and giving rise to resomant
v eyclotron -absorption, i.e., absorption of a photon accompanied by an exci-
tation of the electron's transverse energy (Daugherty and Ventura 1978).

An attempt has been made by Boldt et al. (1976) to explain the high energy

(~ 20 keV) steepening observed for Her X-1 (Pravdo 1976) by Compton scattering
off thermal electrons using the cross section of Canuto et al. (1971).
However, in Chapter III, we have shown that cyclotron absorption could be
imporkant in forming this feature; specifically, we have found that the
infalling ions can produce a flux of relatively high energy (~ few hundred
kéV).electrons streaming down the field lines toward the stellar surface.

The vglocitieé of these electrons are large enough that they can absorb
photons with en;rgies below the cyclotron energy because of the Doppler shift
of the pbpton's_frequency. The production rates of the highen energy electrous

and their effect on the x-ray spectra of the pulsars is discussed in

Chapter TII.



In Chapter IV, we have considered the formation of the 0.511 MeV line
by positron annihilation in the galaxy. As was mentioned above, a narrow,
intense line has been seen from the galactilc center direction at 0;5107
40.0005 MeV (Leventhal et al. 1978a, b) with a full width at half maximum
legs than the detector resolution, about 3.2 keV. Since previous estﬁmates
of the line width have been larger (e.g., Stecker 1969), in Chapter IV,
we have studiéd the annihilation pf galactic positrons in ordér to evaluate
the probabilities of various channels of annihilation and to calculate the
spectrum of the resulting radiation. Tﬁese channels include positronium
formation by charge exchange with neutral atoms and by radiative recombina-
tion with.free electrons and direct annihilation with either bound or free
elecprons. In a nearly neutral gas, charge exchange will occur before most
of the positrons can thermalize; otherwise they thermalize before amnnihilatidg,
We have calculated the fraction which annihilate in flight (before thermsli-
zation) as a function of the ilonization fraction of the wmedium by a Monte
Carlo simulation, and we have evaluated the dependence on gas temperature
of the annihilation rates for the various processes mentioned above for
those which thermalize. Then, we ﬂave calculated the annihilation radiation
spectrum for all these cases.

We find that the narrow width of the O.51i MeV line observed from the
Galactic Center implies that a large fraction of positrons should annihilate
in a medium of temperature less than 105K and ionization fraction greater
tﬁan 0.05. Since most of the matter in the galactic center region is
expected to be in neutral molecular clouds, it is difficult to reconcile
the narrow line observation with diffuse positron production umless they

are unable to penetrate the clouds. Another possibility is that the

positron source is localized very near to the galactic center itself, in
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which case the HII regions at the nucleus are possible sites Or annrucxation.
If future ogservations—confirm the small angulaf extent of the source of
thishradiation_a”mas;;ve collapsed object -at-the-galactic center is suggested.-
Chapter V is a summafy of the preceding topics, with a discussion of
possible future investigations, both theoreticaluand experimental. Séarghes

‘

for thé characteristic iron X-ray line and nuglgar gamma rdy lines wili
.
provide constraints on cosmic ray.origin~theories. High resolution spectros—
copy ‘can be useful in several ways. Nﬁclear lines from interstellar dust
could be distinguished, depending on the sizé distribution of grains,
Physical processes in the intense magnetic fields of binary X~ray pulsars

can be determined by such detectors made sensitive to as low as ~-30 keV.

And high resolution spectroscop& at 0.5 MeV can provide information on sites

of positron annihilation.



II. X-RAY AND GAMMA RAY LINE PRODUCTION BY NOWTHERMAL IONS
a) Introduction

A flux of fast subrelatlvistic ions in a medium can prodece line
emission in botﬁ the X-ray and the y-ray regions. This chapter is concerned
with the production of the lines of the 2p te ls transitions in hydrogen-
and helium—-like iron ions (at ~ 6.8 keV), and with the comparison of these
lines with the strong y-ray line at 4.44 MeV resulting from the nuclear
deexéitation of 120. The 2p to 1s'transitions in more abundant species
such as C, N ,nd 0 give rise to less energetic X-ray photons, which subse-~
quently suffer interstellar absorptiom.

The X-~xay calcﬁlations presented in this chapter are of the same
nature as those of Pravdo and Boldt (1975) who have treated X-ray line
production from energetic oxygen nuclei in the interstellar medium. Watson
(1976) has calculated the multiplicities of X-rays produced by fast iron and
oxygen nuclei interacting with ambient hydrogen, but as we shall show, inter-
stellar oxygen and irom, and not hydrogen, are the main contributors to elec-
tron capture by fast iron ions. By using improved cross sections for charge
exchange 'and excitation, we have carried out a detailed calculation of
X-ray line production from fast ions moving through an ambient medium with
solar ;ystem.abundances.

Astrophysical y-ray line production has been investigated by
Ramaty, Kozlovsky aud Lingenfelter (1975) and Ramaty, Kozlovsky and Suri
(i977) for solar flares, and by Meneguzzi ané Reeves (1975}, Lingenfelter
and Ramaty (1977), and Ramaty, Kozlovsky and Lingenfelter (1979) for the
interstellar medium. By combining these results with the calculated X-ray
line emission, we eQaluate ratios of the X-ray and y-ray line intensities.

These can be used to set limits on the expected y-ray-line emission from

Il



12

rarious source regions for which X-ray observations are available. 4s was
nentioned iﬁ Chapter II, iron line emission has been observed from young

this emission has a narrow wiﬁth, consistent with production in a thermal
plasma with a nearly solar abundance of iron. A broadened iron feature has
been seen from.collapsed stars in binary sfstems, but the broadening is mpst
likely due to rotatiomal bulk motions, since charge exchange by the accreting
matter Is not efficient enoﬁgh to provide the observed line Iluminosity. So,
only upper iimits are available at the present time on the intensity of the
~ 6.8 keV line from monthermal particles.

b) X¥-ray Production

1) Charge Exchange, Excitation and Ionization Cross Sections
We consider energetic (about 1 to 300 MeV/amu) Fe iomns
moving through an ambient medium with solar abundances (Cameron 1973, except

for the abundance of He for which we use the results of Brown and Lockman
1976). The 2p to ls transitions in such ions having one or two bound
electrgng give rise to Kx X-rays at 6.9‘and 6.7 keV, respectively. Because
of Doppler broadening, howe;er, these 2 lines merge into 2 broad feature
centered at about 6.8 keV. For bare nuclei, the 2p state can be populated
by pha;ge exchaﬁgé with ambient étoms; for ions having one electron, the 2p
state can be popﬁlated by charge exchange or excitation; aﬁd for ions having
2 electrons, the 2p-to ls transition can only occur follewing excitation.
The method for calculating the charge exchange cross
"sections for bare Fe nuclei, a refinement of the Oppenheimer, Brinkman,
‘and Kramers (OBK) approximation; is described in Bussard, Ramaty and Omidvar
(1978). The OBK method is a Born approximation which treats target electrons

as distinguishaﬁle (Oppenheimer 1928, Brinkman and Kramérs 1930). Nikolaev
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(19671 has developed an empirical factor which brings the OBK cross secti;ns
into agreemént with existing data; we have applied this correction to the case’
of {ron projectiles. The results at five energies, tabulated by thé species
of target atom, are shown in Table II-1. The three rows for each target
element give the capture cross sections to any state which subsequently -
deexcites to the ls, 2p and 2s levels; respectively.

The charge exchange cross sectlons which lead to electrons
in the 2Zp level are shown in Figure 1I-1 as functions .of the temperature of
the ambient medium for the 5 enexgies given in Table 1. At low temperatures
(< 5x105K) these cross sections are the same as those given in Table 1. The
cross sections decreasé with increasing temperature because the target atonms
lose some of their orbital electrons. We have estimated the temperaﬁure
dependence shown by folding tpgether the contribution of the partial cross
sections for charge exchange from each electronic corbital and the ionization
fractions at a given temperature., For these partial cross sections we used
the calculations described in Bussard, Rematy and Omidvar (1978), while the
ionization fractions are from J. C. Raymond (private communication 1977).

The results indicate that the cross sections are fairly constant up to a

gas temperature of a few hundred thousand degrees, but fall off rapidly with
increésing temperature. It should be noted that the temperature dependences
shown in Figure iI—l might require some modification since the partial cross
sections were obtained for neutral targets. In subsequent calculations,
however, we only use the cross sectlon at low temperatures where the targets
which are the major contributors to charge exchange are mostly neutral. This
cross section is shown as a functiop of energy by the dotted line in Figure

IT-2.



The cross section for excitation of a hydrogen~like ion

from the 1s to the 2p configuration is given by:

S N T i S v 2 3T 4t *3] -
I 5 5 |- PN [ A6 5 (-9
(mP T Lorin

(Bates 1962), lHere Zm is the atomic number of the gas atom causing excita-~
tion, A  is the Bohr radius (,5294), and Z is the charge, in units of the
electron charge, of the ion being excited. Also, m, and mp are the electron
and proton masses, respectively, E is the kinetic energy per mucleon of the
projectile, and-IH iz the ionization potential of hydrogen (13.6 eV). The

lower limit on the integral, t in® is given by

e () (0 3 ) @

M

where AE is the difference in energy between the two levels, and M is the

MmN

reduced mass for the encounter.

The ionization cross section of firon fons in collisions
with ambient neutral hydrogen were taken from Watson (1976), but since he
conéidered a gas consisting only of hydrogen, we have scaled his cross
séctions to account for the effects of helium, There are two contributions
te these cross sectioms: one in which the target atom is not itself excited;
called the elastic part, and an inelastic part, which includes the sum over
all possible excitations of the target (e.g. Rule 1977)., For irom projec-—
tiles on hydrogen and helium, each part contributes almost equally, but the
elastic part scales as the target charge squared, while the inelastic part
varies linearly with the target charge. Also we compared the calculations
of Rule (1977) with the Watson {1976) cross section for jonization of the
hydrogen-1like iron and found good agreement. ‘

Since the energy required to ionize the iron projectiles
is so large compared to the target ionization potentials, the fonizing

collislons take place at very small impact parameters., Thus, electronic
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screening of the target nuclei is not very important, and these same results

should apply to an ionized medium. In fact, Rule (1977) calculated the
lonization cross sections for both cases, and found differences of € 10Z for
the energies under consideration.

2) Effective X-ray Production Cross Sections

The effective X-ray production cross sections were

B

obtained by folding the cross sections for captute and excitation with the

appropriate charge fractions:
P CS DI A A O S O
G = f @ 4§ @ (11-3)

exn,.
= 3 -~
O tas) = 3 }: ol (28)

vhere g, (2p) 1is the effective cross section for X-ray production following
the capture of an electron which cascades through the 2p to ls levels,

ac(n)(ZP or 2s) is the cross section for the capture of an electron into

the 2p or 2s level, either directly or following a cascade, by an ifon which

already has n electrons, Tose is the X-ray production cross section following

(n)

is the cross section for excitation of an ion with

(n)

excltation, and ¢
exc

n electrons. The cross sections o, are obtained by multiplying the cr;ss
sections given in Table 1 by (Zeff/26)5, where Zeff is the bare charge corrected
for electronic screening. The screening effect was taken from Burns (1964)

for all the cross sections consi@géed. The 2s term represents the magnetic
dipole transitiog, which occurs more rapidly than two photon emission only

in the triplet state of the helium-like ion. On the average, this state is

" populated 3 times more often than the singlet state, giving rise to the

. factor 3/4. The fn are the charge fractions or the fractions of zall ions

with n electrons.



The charge fractions satisfy the equation:
a 5- {}E Lre 1 N
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_where the subscript I refers to lenization, ny, is the hydrogen density, v
the prog ectile wvelocity, and is the time rate of energy loss. In a
steady state situation and if the energy losses are slow compared to charge

exchange and ionizat:t.on collisions, equation IX-4 veduces to

foem = £, & (r-5)

I
For this equation to be valid, the time between collisions represented by
terms on the right side of equation II-4 should be much shorter than the
energy loss time of the ions. Since the charge exchange collisions manifest

themselyes in X-ray production, we expect that this condition will be satis-

fied when the X-ray multiplicity, defined by
£ o (9
e (e Eg
1 — -— 6
N ) gt (-6

is much larger than unity. . Here p is the gas mass density,

oy = O, (2p) + Opye T 0,(25) is the total 6.8 keV X-ray production cx"oss—

section from equation II-3, dE/dX is the energy per amu l;:-st per g cmﬂz of

- matter t;raversed, and E is some energy at which 'the ions are essentially
bare., TIn evaluating equation II-6 we a.ssume that the Fe ion is in charge
"equilibrium at all energies. The energy loss rate dE/dX in a neutral medium
was taken from the tabulétions of Bafk‘a‘; a;"td Berger (1964) and Northcliffe |
and Schilling (1970), for a gas composed of H and He with 8.5% He by

number, The effective charge for the Fe ions. was taken from Northcliffe

and Schilling (1970). The losses of fast lons in an ionized medium were

calculated by using

dE LmE < . -
(I;l-( = f E. n, Ln. ('tr-n’-n,_& ) ) (]I 7)

Ginsburg and-Syrovatskii (1964), where e and m are the electron charge and
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mass, Ze the ion charge, v is the velocity of the ion, and =, is the electron
density, taken equal to the hydrogen density. .

Table II-2 shows the multipl%city of ~ 6.8 keV X-rays as
evaluated from equation II-6. for several values of E. TFor a neutral medium,
the multiplicity is high emough that equation II-5 should be a good approxi-~
mation. However, in an ionized medium the multiplicity is low, %?d @ence
equation TI~-5 may not be a good aéproximation. An exception is the éase of
continuous acceleration where another term is added to equation II-4 to
cancel the effects of the energy losses., But even if such acceleration is
not bresent,.we would still expect about one X-ray photon per each energetic
i&on ion, Since the multiplicity for the ionized case in Table 2 is already
close to unity, we do not expect that the use of equation II-5 will lead to
any substantial error, even in this case,

Figure IT-3 shows the charge fractions as functions of
the projectilé kinetic energy per-nucleoﬁ, caleculated by using equation I¥~5.
It shows that on the average, the iron nuclei are bare shove ~ 40 MeV/amu,
that thgy have picked up one electron by ~ 11 MeV/amu, that they have two
relectrons by ~ 10 Hevlgmu. Below about 6 MeV/amu, the average iron ion has
3 or more electxons. -When this happens, the outer electron usually takes
the energy from collislons, so thé Ko transition occurs rarely from ions
with 3 or more eiectrons.

The charge fractions shown in Figure II-3 were then used
to weight the cross-sections discussed in section Ila, according to equations
IT-3, The results are shown in Figure II-2 as the solid lines. Both curves
show the same energy dependence, and excitation is seen to be the dominant
mechanism fo; X-ray line production. Both cross—sections are fairly sharply

peaked in energy at around .10 MeV/amu. Because of the sharpness of the peak,



we estimate the width of the broad 6.8 keV feature to be = 2.4 keV, Also,
observation of this line will give the amount of iron with energy from approx--

imatelf 5 to 20 MeV/amu in the source. This number is about 10'-44 Hg of

iron per photon per sec produced, for a hydrogen density of 1 cm_3, and
varies little with the assumed spectrum of lons (i ~ 50% over the spectra
considered in th'is chapter).

¢) Results
We have integrated the X-ray production cross-sections showm
in Figure II-2 over a variety of spectra of fast ions. The abundances -of
these lons were extx:ap'olated from measurements at » 300 MeV/amu (e.g.. Meyer,

Ramaty, and Webber 1974), H: He: C: N: O: Fe = L: .1: 5.6x10 °: 2.8X107°:

3 4

5.4x10 ~: 5x10° ; and taken to be independent of energy. The spectra used

for all species are power laws in kinetic energy per amu with a low energy

cuéoff, Ec: < ’ )
E” for E>Eg

‘o o . (-3

M (E) {c.ons‘hxnt for E £ Eo

where n(Eb is thé number density of ioms per interval of kinetic enérgy}amu.
We have ‘also set n(E) equél to zero for 'E>300 MeV. As mentioned above the
-éas abundances used were taken from Cameron (1973), with-the'exceptioﬁ of
Be (Brown and Lockman 1976). They are given in Table II-1.
- The solid curves in Figure II-4 show the 6.8 keV line emissivity

per H atom for an energy con£2nt of 1 eV cm_3 in fast ions from 1 to 300
“MeVfimu. It' can be seen that the spectra which maximize-X<ray production
.have breaks at ‘around 10 MeV/amu and fall off rapidly above that energy.
This is a result of the sharp maximum in the X-ray production cross section
at around 10 MeV/amu, shown in Figure IT-2. Beéause ;f evidence that a
galactic gradient of heavy abundances exists, we have also repeated these

calculations for the same fast ion fluxes in a2 medium witl these abundances
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increased by about a factor of 5, as Ramaty, Kozlovsky and Lingenfelter (1979)
have assumeh for the Skpc ambient mediumbased on the radial gradients found
by Peimbert et al. (1978) for N and 0. These abundances are given in
parenthesis in table II-1. The results are shown by the dotted lines in
Figure II-4. The overall X—ray'production is not affected much; however, due
to the enhanced possibility for charge exchange, the production is shifted
siightly to emphasize higher energy particles.

Figure II-5 shows the ratio of 6.8 keV photons produced to the.
energy deposited in the gas by the fast ions, assuming local abundances,
Here, the X-ray line emission is maximized with respecf to energy deposited
when the speﬁtrum has a break at about 15 MeV/amu. The curves are shown for
both a neutral and an ionized gas. They have the sameﬁéhapes for both types
of medium, but since energy is lost faster in a plasma owing to collective
long range interactions (emission of plasma waves) the curves are displaced
dovnward in an ionized gas.

In addition to the X-xay lines of iron, ions in the energy range
under consideration will cause nuclear reactions, with subsequent y-ray
line emission. Meneguzzi and Reeves (1975) and Ramaty, Kozlovsky and
Lingenfelter (19753) have shown that in these reactions the strongest line
is at 4.44 MeV from the first excited nuclear level of 120. This line has
two components. .One ig narrow, resulting from nuclei in the ambient gas
excited by fast H and He,vana_the ?ther is broad, from the excitation of the
* fast nuclei by ambient H and He. Sipce we are assuming different relative
abundances ¢f heavy nuclei iIn the gas and the fast particles, these two
components have equal intensities, and hence are treated separately in tﬂe
present work., For the calculation of both the narrow and broad 4.44 MeV

line intensities, we use the cross section compiled by Ramaty, Kozlovsky
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and Suri (1977). In addition, we also include the broad component of the
0.85 MeV line of.56Fe9 since this line intensity scales directly with the
?mount of_fast iron which produce the broad ~ 6.8 keV X-ray line. .

In Figure II-6, we show ratios of'y—ray to X-ray line emissivi-
ties, qyjq(B.S), calculated for the equilibrium case, for the two compoments
of the carbonrlike and the broad component of the fron y-fay line. Iﬁ<addi~
tion to the effects of direct excitation of carbon by hydrogen and heligm,
we have also included the contribution of spallation of nitrogen and oxygen
.to the excited carbon nucleus. The X~ray production scales directly with
the relative'abunéance of iron in the fast ioms, but varies in a more compli-
cated way with the relative abundances of heavy nucled in the gas, primarily
iron and oxygen. On the other hand, the broad component of y-radiation
scales with the relative azbundance of fast C, N and 0 ions, and the narrow

component scales with the gas abundances of these nuclei, Thus, the ratio of
—y—ray to X~-ray yields depends somewhat on the relative abundances of medium
and heavy nuclei. For example, by increasing the abundances of C and heavier
nuclei in both the gas and fast particles by-a factor of 10, the 4.44-MeV
y-Tay intensity als; increases by a factor of 10, but the A,B;B keV X-~rays
;iﬁcrease by about a fact&f of 20 at’' most; and hence qY/q(6.8) remains constant-
or decreases somewhat, up to a factor of 2.
Figure IT-6 shows that there is less than an order of magnitude

of variation of qqu(6.8) with the varicus spectra assumed for the f;st ions,
| except for those'which flatten at » 50 MeV/amu. The flétter.spectré favor
-v—ray emission because the cross sections fo;-nuclear excitation drop off

much more slowly at high energies than does the X;iay production cross section.

This trend is also reflected in the fact that lower spectrél indices favor

.y—ray emission, Since we have assumed a high energy cutoff at 300 MeV/amu,
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we do not take into account y-ray emission from w® decay produced by particles
at higher energiles.
d) Applications to the Galactic Center, Cen A, and Cas A
We now apply the results of éhe previous sectjon to examine the
consistency of the reported yray data from the galactic center region-and
the radio galgx; Centaurus A (Haymes et al. 1975, Hall et al. 1976) with
uppér limits on the nonthermal 6.8 keV line from these sources (Kellogg et al.
1971, R, Mushotzky, érivate*communication 1977). We also set limits on the
flux of energetic particles in the supernova remnant Cassiopeia A by using
upper limiES'on the broad X-ray line emission from this source (P, J.
Serlemitsos, private commﬁnication).
Haymes et al. (1975) have claimed to see a feature at around
4,6 MeV from the direction of the galactic certer which they attributed
to the 4.44 MeV line of 120. The opening angle of the y-ray detector used
swas 13° (FWIM). From the observations of Kellogg et al. (1971) of the X-ray

2

souxces GCX at the galactic center, we take the measured flﬁx of 1.1x10
phntons-cmﬂzs_l in a 2.4 keV band ceﬂtered at 6.8 keV as an upperAlimit on
the intensity of the broad iron ;a line from GCX. Using this upper limit,
we have set upper limits on both the broad and nar;owhymray lines produced
by fast ions in GCX. Under the most favorable conditions for y-ray produc-

tion considered (s = 1.2, E, = 100 MeV/amu, see Figure 6) the upper limits

-5 -1

and 3.32:10:”4 photons cm‘zs ’

4

on the narrow and broad componénts are 3.2x10
respectively. Haymes et al., (1975) give an intensity of (9.5 j?.?)klo-
photons c1:|:|.-'zs"'1 with a width of several hundred keV, so they could have."
been observing the broad component. In this case, our upper limit is a

fa&tor of three below their observation. Since the opening angle of the

y-ray detector is larger than the angle subtended by GCX, Worrall et al.



(i978) have examined data from the Goddaxd Cosmic X-Ray Spectroscopy Experi-

~

ment on board 0S0-8 to obtain the X-ray flux from an area of 2b°x20° centered

on GCX. They find the upper limit to a broad 6.8 keV feature is 0.13 photous

-1, vhich implies after scaling to 13°x13°, upper limits of 8:-:10“3

2

e 2s
8x10“a photons em sbl to the broad and narrow 4y-ray components, respec-—
tively. It should be noted the region is source confused; and efforts are
presently under way to eliminate problems from discrete sources. Thus the
observation of Haymes et al. (1975), provided they indeed represent the
broad y-ray component and their source is larger tham GCX, is not inconsistent’
with the upper limits set by the X-ray data. However, as we shall now discuss
the energy density in energetic particles required to account for the wy-ray
data under the constraints of the X-ray upper limits is much larger than
the limits set by the distribution of gas perpendicular to the plane in the
galactic center region., -

The energy density in fast lons required to produce z ~ 6.8 keV
X-ray flux corresponding to the.gamma ray observation for s = 1.2 and Ec =
100 MeV/amu, of 4,8x10°2 photons e 2s7t is, from Figure II-4, 4x1011/MH ev
cmf3, where MH is the mass of hydrogen iIn the source, in solar masses.
Scovilie, Solomon, and Jefferts (1974) and Mezger (1974) have estimated that
‘the amount of gas in the nuclear region is sonme 107 to 108 M _, and so, the
above.y—ray flux\requires several keV cmf_3 in fast dons. This energy density
ds 2 orders of magnltude larger than that required to maintain the z distri-
bution of gas at the galactic center (Sanders and Wrixon 1973). We could
lower this energy density in a manner similar to that suggested by Ramaty,
Kozlovsky and Lingenfelter (1979)., They proposed that the abundances of C

and heavier nuclei relative to H in both the ambient gas and energetic

particles could be larger than solar and cosmic ray abundances. Also, we
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can assume spectral parameters for the energetic particles which maximize

the vy-ray line emission with respect to energy content {s » 3, Ec = 15 MeV/am;).
- ﬁowever,.both these assumptions lower qY/q(G.B). As can be seen from

Figure I1I-6, for s = 3 and Ec = 15 MeV/amu, qY/q(G.B) is lower by about an
order of magnitude thén for s = 1,2 and Ec = 100 MeV/amu. Furthermore, since

q(6.8) depends on the relative abundances of the heavy nuclei in both the gas
and the energetic particles, while qY depends on these reiative abundances

in only one component, an increase of heavy nuclei abundances decreases

qqu(6.8). Therefore, we conclude that it is difficult to lower substan~

tially the energy density required to produce the‘yhray flux observed by
Haymes et al, (1975) without leading to conflict with the X-ray data., The

only exceptions could arise if the source region is so hot that the charge

exchange and X-ray production are suppressed, or that it is opaque to the
"X-rays but not to the gamma Tays.

We mote, from Figure II-5, that to produce a 6.8 keV X-ray flux
of 4.8310-2 photons cmfzsec_l, the energy deposited in a neutral gas by the
‘energetic particles with sﬁectrum s =1,2 and Ec = 100 MeV is about
4102 erg/sec. This energy release is large, but still of the same order
as the observed far infrared luminosity of the galactic center (Hoffman,
Frederick, and Emergy, 1971). The energy deposited in an ionized gas is
larger by a factor of 5 than that in a neutral gas.

t If, nonetheless, we use the spectral.pafameters s = 3 and

:Ec = 15 MeV/amu, we findqthat the observed upper limit on the broad 6.8 keV
‘1ine from a 13°x13° region imPlies, from Figure II-6, upper limits of
:1.4x10-5 and 2,8x10—4 photons cmfzs*l on the narrow and broad &4.44-MeV

¢line intensities, For these fluxes the energy density iIn fast ions is, from

: Flgure IT-4, only 7.4xlOg/Mﬁ, a factor of 50 less than that required to



iecount for'the obgervations of Haymes et al, (1975) under the other
issumed speactrum.

One interesting possibility for explaining the incompatibility
1f the gamma ray observation with the X-ray upper limits and gas distribution
is timeé variability. In September 1977, observations of the galactic center
froﬁ the HEAD-1 A4 experiment, a scintillation detector with opening angle
~ 20°, have provided an upper limit of 5.7x10“4 photons cmfzs-l in a 700 keV
band centered o; 4.4 Mev (J. Mafteson, private communication, 1978). If we
accept both measurements, then the galactic centar source must vary om a
time scale of a few years. Since this would imply a faixrly localized source,
we are tempted to suggest aceretion onto a massive black hole as the source,
.as ﬁas been suggested to explain the time variability of Centaurus A (Fabian

et al. 1976). Lingenfelter, Higdon and Ramaty (1978) have trezted the wy-ray

line production in the accreting gas. Tons falling into the disk have little

or no time to cool, and predicted temperatures are favorable for nuclear
interactions. This interpretation, however, has the disadvantage that the
temperatures are high enough to suppress X-ray production by charge exchange.
In addition to the galactic center,-y—radiation.was also detected
from Centaurus A (Hz2ll et al., 1976). They claimed a feature at 4.5 MeV,
most likely less broad than ~ 150 keV, at a confidence level of 3.3g, with
a line flux of (9.9 _-_%;3.0)}:10-'4 photons cm 2s L. We examined the X-ray
spectrum of Cen A around 6.8 keV (R. Mushotsky, private communication), and
placed an uppeyx limit of 8.lx10-3 photons cﬁ—zs_l on the broad Fe ke flux.
Again, using the most fa#orable spectrum for y-ray producéion, we obtained
upper limits of 2.5%10™> and 2.6x107° photons em2s™t to the narrow and

broad 4.44 MeV components, respectively. Thus, the upper limit on the narrow

component is a factor of 40 below the observation. Because of the quoted width
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of the ~ 4.5 MeV feature from Cen A, it is unlikely that this feature is the
broad 4.44 MeV line,

Since supernovae or supernova remnants are candidates for sites
of particle acceleration, we examinéd the spectruﬁ of Cas A, a young supernova
remnant. Because of a narrow thermal line at 6.7 keV (Pravdo et al. 1976),
we used for an uppe; limit on flux in ; broad line the flux éb;ve continuum
at 4.85 keV (P, J. Serlemitsos, private communication 1977). This was fit to
a gﬁussian centered at 6.8 keV and a full width at half maximm of 2.4 keV
and gave an upper limit of77x10—3 photons cnrzsﬁl in the broad line, At an
assuned distange of 3 kpe, we obtain for the mass of Fe in the energy range
5 to 20 MeV/amu, as discussed in section b2, <0.1/n_, M_, where n_ is the

H @ H

atomic hydrogen density at the scurce. From Figure II-6, we can set upper
limits on the broad and narrow components -of the 4.44 MeV 12C lire of
2.8:-\:10-ZL and 2.7x10“§ photons cﬁfzs-l, respectively,.  Presently planned
'y—ray.ekperimenta could detect such fluxes, and thus we expect to obtain
even more meaningful limits on the fluxes of energetic jons in sup;rnova
remnants from these experiments.
e) The Effect of Interstellar Dust on Gamma Ray Line Shapes

There is mounting evidence that significant fractions of the
interstellar heavy nuclei are condensed out of the gas phase in dust grains
with linear dimension; distributed around a few tenths of a micron. When
these nuclel are excited by fast protons or alpha particles, they attain
recoil velocities from around one keV per amu for 56Fe to several tens of
keV per amu for CNO nuclei. In the gas phase, the nuclei are not decelerated;
the recoil velocity is the velocity at which the gamma ray is emitted and

consequently 1s responsible for Doppler broadening of the line, However,

in grains, nuclel excited to states with long enough lifetimes have a chance
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to be signif.iéantly slowed ox even stopped before emitting the gamma ray,
which léads to a much narrower line ptofilé than prbduced in the gas.

- To investigate the importance of this effect quantitatlvely, we
ﬁave compiled the eﬂergy loss and range relations for 12C, 160, ZONE,'zgﬁg,
2851, and 56%8 with energies from 10_3 to 1 MeV/amu slowing down in water.
Foi a recoil enérgy E_ greater than 12,5 keV/amu, these qué&?ffié% gre taken
directly from t?..xe tables of Northcliffe and Schilling (1970). At lower E
energies, we hgve used the tabulated values of Winterbon (1975), using the
scaling laws given there to apply his‘results to our nuclel and targeg

-matérial Where overlaps occurrad in the results from the two sources,
differences were found to be less than about 10%. Another Fffect we had to
consider was that of range straggling, or statistical fluctuations about
the mean range, This quantity was obtained from the tables of Brice (1975),
and the ratio of the variation in range to the mean range was found to be
esséntially the same for all nuclei 'considere.d. The rate of energy loss,
dE/dX, the mean rectilinear stopping range, .Q(Er_):"z and the square of the .
xatio of the fluctuation in X dué to straggling to X, (AK/X)2 are shown in
Figure 1I-7 for 160, 241{8 and %Fe nuclei slowing down in water assux_xir;g
that -the grains are predominantly ice; These quantities, however, are
not strongly dependent on the assumed grain composition. For a density
of 1.5g cm‘3, nuclei with recoil velocities as mentioned above slow dowm
in less than about 7x10"13 sec over distances less than 5.10‘9cms By
comparing with the mean lives listed im Table II~3, (from Ramaty, Kozlovsky,
and Lingenfelter 1978) and the expected sizes of interstellar grains, it is

“evident (Lingenfelter and Ramaty 1977) that many lines could have significant

very narrow components.



Ramaty, Kozlovsky and Lingenfelter (1979) have performed an
extensive, éetailed caleulation of the gamma ray line shapes resulting from
nuclear excitation by energetic particles, using a Monte Carleo simulation
which takes into account the reaction kinematics, excitation of the fast
ions as well as the ambient gas nuclei, and excitation following spallation
reactions, for various lon spectra parametrized by power law indices and
break energies as in equation II-8. In this calculation, a large number of
interactions are considered; the interacting particles and the enerpgy of the
nonthermal ion are chosen according to the cross sections for the inter-
actions, the abundances of the particles and the energf spectrum of the fa;t
ions. After the interaction, the recoil angle is determined from nuclear
data, and the recoil energy can then be determined (in two-body reactions)
by kinematics. We have added to this calcuiation the possibility that
some of the heavy gas nuclei may be concentrated in dust grains., The nuclei
considered are those listed in Table II-3 with mean lives longer than 10“13
seconds,

In our calculations we consider spherical grains having an
exponential size distribution and containing half of the interstellar C, N,
‘D, Ne énd S and éll of the Al, Mg, Si, Ca, and Fe. For such grains, the

probability that a nuclear interaction takes place in a graian of radius

.between a and at+da is

?(n) do = CL’ e

&y

* da /((’af) (-9
where a, is the characteristic grain radius. We assume that the energetic
particle fiﬁx is isotropic, and that the matter density and composition are
constant throughout the grain. Then if an interaction producing a recoil
with energy Er occurs in a grain, we evaluate the grain radius from eguation

‘II-9, and the position of the interaction in the grain and the recoil angle



at random. From these parameters, we can then determine the distance r the
recolling nhcleus must travel to reach the edge of the grain., It 1s of
interest to note that the distribution of r in spherical grains can be
obtained analytically. If the distance from the center of the grain to the
interaction is x, then the prob;hility normalizgd to 1 that x lies in dx is
gliven by

P de= X [a? _ (- ©)
If we then construct a radius vector through x, the distribution in recoil

angle § about this line is assumed isotropic, or
Plees) d(e88) = i d Ceos 8) ' (r-m
The cosine law gives r in terms of a, X and cosf as

6= rrax® -ax cors & ( -12)

Then the probability of occurrence of r is given by integrating over =x.

Equation II-12 implies a minimum value of x exists for a given r,

Erin = fa-r] - @)
Then the desired distribution in r is obtained: ’
K a dlecos &)
Pirrde - L dx P Preos®) l S T ‘ dv Gr-1e)
m.'n

After substituting for 0 P(x) and P{cos8), and evaluating d(cos8)/dr

in®

from equation II~12, we obtain

é. 2 2, A a2
3% ripot-x* _ 3 r_ 2
[k l&i.\x za’ Tager T ledd (4a*-r) (x-49)

This distribution was given in Ramaty, Kozlovsky and Lingenfelter (1978).

Once a value for r is determined, we find the stopping range
X for the excited recoiling nucleus by assuming a Gaussian distribution with
mean Q((Er)> and standard deviation AX as shown in Fig. I1-7, and a lifetime

ty, from an exponential distribution with mean life given in Table II-3. If

+

the nucleus stops in the grain (r>X), Er the energy of the recoiling
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nucleus at the time it deexciteés, is evaluwated from

[ JE
d = tJ. (L-1e)
Jﬁ,‘ PV 55
where p is the density and v the recoil velocity; this case includes the
possibility that Er' = 0, i.e, the nucleus stops bafore it deexcites,
Equation (19) is also used when r < X, provided that the npcleys,deexcit?s
S T O

before it reaches the grain edge, i.e, when

Er dE 4
Jﬁ:dq.c P :‘—% - Ty (ﬂ' ~17)
edge

Here E , the energy of the nucleus at the edge, is obtained by solving

<X‘(Efd3a)> = (xtsA) - (-19)

If condition II-17 is not satisfied, then EE: - g odee

v s 1.e. the nucleus

leaves the grain in an excited state and deexcites later in the interstellar
edge

medium where its energy remains essentially Er . The resultant gamma

ray energy is determined by the wvelocity correspondipg‘to Erﬂi_and the
angle between the velocity aqd the emitted photon, assumed isctropic in
the nucleu;' rest frame,

. The effect of the grains.on gamma ray line profiles and the
dependence of these shapes on the characteristic grain radius are shown in
Figures 1I-8 through II-11. These figures result from the caiculations
of Ramaty, Kozlovsky, and-Lingenfelter (1978) for an ion spectrum with a
Qifferential kinetic energy spectral index of 3, assuming solar composition
for the fast ions and theﬂambignt gas. Figure II:@ results from the absence
of grains; figures IT-9, II-10Q, and IT-11 show the effect of inéluding
spherical grainé with radii distributed exponentially about characteristic
radii of 0.1, 0.3p and 0.5y, respectively, The case with a, = 0.1p shows

yvery minimal differences from the spectrum with no grains. However, as the.

characteristic radius imcreases, there are noticeable erhancements in the
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very narrow components of the lines at 0,847 and 1.238 MeV from 56Fe, at

.

1.369 MeV from 2l‘Mg, and at 1.779 MeV from 2851, as well as in a number of

lower intensity lines. But the most dramatic and probably easiest to observe

effect occcurs for the 6.129 MeV line of 16O. These figures show that simul-

taneous observations of a number of these lines with very narrow components
would then yield information on the size distribution and compos%tiogs o?
the-grains; |
£) Coﬂclusions

Using detailed cross sections for charge exchange, ionization,
and excitation, we have calculated the production rate of Ku X~rays from
subrelétivistic iron jions. Afteér assuming a set of abundances and energy
spectra for these ions, ﬁe presented X-ray line production rates for both
a given energy density and a given energy deposition rate of the energetig{
particles. Then, we compared these results with the rate of wy-ray prﬁduction

56

- yom- the first excited levels of 120 and Fe. In section 4, these calcu-
| ]

.lations were applied .to the galactic center, Cen A, and Cas A. TFor the’

_ galactic center, the reported observation of the 4.44 MeV line (Haymes et al.

\1975) are not inconsistent with uppexr limits on the broad 6.8 keV line,
However, this consistency with the X-ray datz implies that the energy density
in fast ionms required to pr;duce the observed gamma rays is several keV cufB.
.If we accept these results, however, recent observations from HEAQO 1 imply
time variability exists. In the case of Cen A, Hall et al, (1976} reported
8 feature at ~ 4,5 MeV with a width of < 150 keV. Thelintensity of this
feature is a factor of 40 larger than the upper limit on a narrow 12b liné
set by the ¥~ray data. We néte, however, that thé constraints on gamma-ray
li;e intensities imposeé by upper limits on broad 6.8 keV emission do not

apply to sources that are either hotter than a million degrees or opaque
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to the 6.8.}eV photons., Thus, the future detection either of nuclear

.ymray line emission or of a broad 6.8 keV x-ray line, or both, could éive
very valuable information on the existence of fast ions in the interstell;r
- medium and on the physical conditions that lead to the production of these
parFicles, In addition, observations of certain‘y—ray lines by high resolu-
tion detectors ;ould provide some constraints on the coﬁposition and size
distributions of interstellar grains. We have shown the dependence of

these profiles on the grain size distribution in Figs. II-8 through II-11.



I11. CYCLOTRON FEATURES IN INTEHSE MAGNETIC ¥IELD3
a) Introduction

Pulsars with periods in the range from tens of milliseconds to
seconds are believed to be spinning neutron stars with strong magnetic fields
rigidly anchored to their surfaces. These values of the rotation period
are obtained f£0m.the conservation of angular momentum during the collapse
of a main sequence star to a neutron star (with radius ~ 10 km). By assuming
magnetic flux is frozen into the collapsing plasma, the strength of the

1

magnetic field is estimated to be ~ 10 2G. Pulsations arise from the

confinement of the radiating plasma by the magnetic field., TFields of this
strength alter considerably the interactions of electrons with both radiation
and ions, primarily by quantizing the allowed electron energles from motion
transverse to the field. Radiative transitions between energy levels éive
rise to cyclotron line emission and absorption, and the Coulomb scattéring
process becomes highly modified because of the restricted recoil of the
electron. The line processes have been treated in detail by Daugherty and
Ventura, (1977 and 1978); the Compton scattering cross section for low energy
photons (w << eB/(mec)) was calculated by Canuto, Lodenquai and Ruderman
{1971), Resonances in the non-relativistic Coulomb electron-ion collision
frequency were discovered by Ventura (1973). Current X-ray observations,
however, require more refined calculations of the collisional cross sections.
In this chapter, we have calculated an effective scattering cross section
for line photons and the Coulomb cross section for electron-ion collisions,
treating the electrons relativistically.

. The motivation for the type of calculations carried out in
this éhapter is based on a ﬁodel for a specific type of X-ray pulsar, a

highiy magnetized star in a binary system with a less evolved companioun.
32
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X-ray pulsars in binary systems derive their energy from the accretion of
matter fro; the nearby companion. The matter is accelerated by the
gravitational field of the neutron star, and it is believed to be channeled
by the field onto a magnetic polar cap with zero gitch angle.,” There it
releases a significant amount of its infall energy by'ﬁeatinglﬂhe atmosphere
to temperatures‘at which electrons begin to become relativistic; for exgmg}e,
the effective electron temperaturz of Hercules X-1, the best studied bina;y
X~ray pulsar, is greater thamn 20 keV (Pravdo et al, 1977b). Evidence has éeen
presented for an emission line feature at about 60 keV (T{ﬁmper at al. 1977
and 1978, Coe et al, 1977); the electrons involved in producing such a feature
are mildly relativistic, Thus in this chapter we have considered cycletron
line production by electron-ion collisions and the cross sec£ion involved in
effectively scattering the line photons in a relativistically exact treatment,
In section b, we discuss the quantization of electron crbits in
strong fields, and show that under the conditions expected at the polar
caps of X-~ray pulsars, electrons will likely spend most of their time in the
magnetic ground state, correspondi;g to zero pitch angle., Then, using a
fully relativistic quantum electrodynamic (QED) approach, we calculate the
electron—ion Coulomb cross section and.the absorption cross sections and
emission rates for eyclotron photons, In section c, the Coulomb cross
sections are used to calculate the energy loss rate of the infalling protons.
This rate, together with the rate of elastic nuclear proton-proton collisions,
is then used to calculate the number of line photons an infalling proton
c¢an be expected to produce, directly or indirectly. We also calculate the
thermal line production coefficient as a function of the one-dimensional
temperature for a gas in which the electrons are in the ground state.

In addition, we find that the infalling protons can create a flux of
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super-thermal electrons streaming down the field lines toward the surface.
Section d consists of an application of our results to the data from

Hercules X~1, 1In particular, we consider the possible observation of the

cyclotron emission line mentioned above and present a2 more likely altemative
inteypretation in terms of an absorption feature, Finally, in sectiomn e,
we summarize our results and indicate the need for further observations with
better energy resolution ‘to distinguish between the models. In additiom,
We propose a mor.:e quantitive and comprehensive caleulation to determine the
expected radiation from: the whole class of binary X-ray pulsars.

b) Physical Processes in Intense Magnetic Fields

" The Dirac equation for the spinors qx Tepresenting electrons in
i e T L . ¥

an exte;nal static and homogeneous magnetic field is, in units where ‘h =g = 1,
(1/*7( -m. ) Px)= o gzt do 4 (m:—:)
where ny is the electj:on mass, y“ are the Dirac matrices, and .
W, = L Sgr +eh O (ox-2)
Ay =0 A=LBx% @m -39

The ;igenvélues of total energy W are given by .
< T e * . -t
pom G ) jeepan (0
where p is the electron momentum parallel to the field, ¢ is the speed of |

light, n, is the mass of the electron, and in cgs units,

_2 3
B‘Z= n;i—_;' = 4,413 Xlgf3 3&.“65, . (B’E __5-)

The corresponding spinors for a particular positive energy

gtate, assuming B lies in the z-direction, are

('l‘ 7T4m¢) - Wl
[ LWLUJ*M‘)]/& f‘;’s-"i;‘b(x-‘)e— t + P? us, cé.-o,.);l“_(ﬂ]"'é)_

where 1. is the normalization leng-th, ;“J; is the projection of the position

'-1!!(7.}=

vector into a plane perpendicular to the field, s is the spin of the electron,
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and

|
= = !
Yy o ) “-4 0. G -7)
(o)

The guantum number j labels the angular momentum parallel to the field frém
the contributions of spin and orbit around the guiding center, while q gives
the distance from the guiding center to the z-~axis of the chosen coordipat§

system., The fuhctions fnq(zl) are defined most conveniently by thé ladder

" operators: . : i}
\ s

Tri = 4 (W —t?T‘?). ) (-
then X" = ‘—};—i_ (x2iy)s 25 T o -

T ﬂ,% &Y = [eBn+ 324)] - fm;’% (%) (m-4)
and

X* fog )= | PEST R Fay g1 (Tx-10)
tog.ether with

azas (8 e FE (- )

define the.functionﬁ completel}. The 3 operators correspond to the canonical
momentum of thé,electron and the X operat;rs to the coordinates of the guiding
center., There are two contributions to the transverse energy quantum number
j,» expressed by setting

Genvsrd o meenaa seth (@)
Then n refers to the lLandau level, the state of the orbital motion of the
electron about its gulding center, and s is the contribution of spin to
the mégnetic'ﬁoment. Note that only s = -1/2 is permitted for the ground
state,

In a magnetic field, radiation can be emitted and absorbed
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accompanying transitions between transverse energy levels, Under normal
ast:rz;physical conditions, particle energies are much larger than the energy
level separation, and the particles consequently have large parallel momenta
and high guantum numbers. This leads to a classical approximation, and
while the radiation is still quantized, the large parallel momenta Doppler
shift the emitted photons into a continuous synchrotron spectrum, Howvever,
eveﬂ for mildly relativistic electrons (y & 1.1) in fields greater than 1012
gauss, the guantum nature of the radiation must be taken into account,
Discrete cyclotron line emission rates and absorption cross sections have
been calculated for intense fields by Daugherty and Ventura (1977 and 1978).

We have repeated these calculations in the representation above, which is

somewhat different from theirs. The QED matrix element for a transition is

given by
—_— .
S;,'_ = (e fi“% 'Q’f_u) 7 A 0 q’; x) (1 -13)

vhere the subscripts £ and i refer to final and initial states and El_(x)

is the photon vector potential, given by

. Y A 2l {wt-R-¥) - :
fron = ()" 2 ¢ e shaptin(gr
+ for emission

vhere @ and k are the photon frequency and wave-vector, € is the polarization
vector; and V is the normalization volume. The bar over ¢ indicates the
Paull adjoint of the spinor, tpf‘l‘-y".

We have confirmed the results of Daugherty and Ventura (1977 and
1978) for the absorption croés sections and emission rates using the ladder-wms
operator representation in cylindrical coordinates. For example, the cross
section for an electron in the ground state to absorb a fundamental cyclotron

photon is given here in the center of parallel momentum frame, where the
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sum of the parallel momenta of the photon and electron yanishes:

. ?r'l.e-lc- . h e - - ‘i, -l
8= b\} ‘g:«:-d- m gg-\;}('u}'fm Ly ('“gﬂq*lh’aﬁwcof‘g ﬂt&'*‘;“’-‘*‘d) =
\ i 4 ' <

{ 3.5 Y amg et %i ( [ (Weme) 5 + (wy + mcx'_‘j]zcas‘ é‘&: + (uJ,_- +ma¢")‘-5£z) '

(lﬂ—ls)

where & is the angle of propagation of the photon and w its frequency, and

\d‘=m¢,t_.1(i4 ﬁ%)'ﬁ- : . (-1e)

Wy = (miets hrot cos'b) (m-17)
= hlatantf

3 )"_ﬁﬁfr . %‘s (im-13)

Eo and e, are the polarization amplitudes in the orainary (wave'ls eiectric
field parallel to B) and extraordinary modes, respectivelyr As we shall
now discuss, this cross section is of particular importance for intense
magnetic fields, since it will determine the.opacity in the line feature.

In a strong field, mildly relativistic electrons will spend most
of gheir time in the ground state, unless the densities are very high. To
see this, Figure III-1 showg the lifetime T of the first excited state as
A function of field strength for electrons with no parallel velocity. This
vas calcﬁlated by numerically integrating over all photon transitions to the
ground state, according to - -

T = ( | a3k Ry LE)) (i -19)
where R01 (ﬁ)dsk is the rate per electron of photon emission into d3k centered
_abbut k and is calculatea in the appendix. As mentione&.befd¥e;?;ﬁére are
two possible spin orientations for the excited states; the lifetime of each
is shown separately in the figure. As can be seen, for low enough densities,

collisional excitation times wili be much longer than radiative lifetimes.

We will return to this after calculating the collisional cross sectionms,
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In a Coulomb collision, the momentum transfer prefers to occur
perpendicular to the relative velocity. For energetic protons with small
pitch angle colliding with an electron in the ground state of an intense
field, the transfer of energy to the electronic plasma is inhibited {(Basko
and Sunyaev 19-75)° However, under energetically favorable conditions, the
proton can transfer transverse momentum to the electron by excitation of the
quantum levels. In ;ddition, head~on or knock-on collisions can occur, in
which the electrons are not excited, but are reflected along their field
Iline. We have calculated the cross sections for these processes as a
function of the electron energy in the proton's rest frame by a single
.photon exchange approximation. The matrix element is given by

s = Lol Go 18 00 oo (-2
where Ab(c) (x) is the Coulomb potential due to the jon charge. After a
Fourier decomposition of this potential as outlined in the appendix, we
.find the cross section g for excitation of the jth state from the ground
state in a Coulomb collision with an ion of charge Ze with zero pitch angle
ts given in the ion's rest frame by (in cgs units)

py= TRy ZiE gy - N .
o:"(r) 9.8% ey 3 %,\HMJ {551-%[1\”(\‘/*%“— )+r(P;—P)c‘JL

e (Weme
iy 3§ mietpel g(B Ga), ()

vhere r, is the classical electron radius, 2.82x10 ~“cm, p and p’_are the

initial and final momenta to the field respectively, of the electron, E is

L4

the electron kinetic energy, and & is its final spin., There are two

possible values of the final momentum, given by P'+ =+ /p° -Zm.:ca B/Bq i,

and these are summed over in equation (3). Finally the Ej are defined by

. © . :
ij (%) = l %—f- e("t)(t-x)‘J (ar-a22)

The first.three are given here in terms of the exponential integral:
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Ep ) = 5‘5-_6‘ E, ¢x)
.E_‘ (r) = &% (\i-x)E,U()—f (IE'AB)

€)Y = 1+x - x(arx) e* E (%)

The j=o cross section refers to a knock-on cellision, where the parallel
momentum of the eiectron changes sign (in the ion's rest frame), but no
transverse excitation occurs. Higher j values refer to collisions in which
the electron is excited to the j level. These results are shown in Figure

12(;. Because of a

ITI-2 for 2 magnetic field strengths, L0'-G and 6xl0
breakdown in the approximation, the cross sections become infinite at the
thresholds of excitation. However, the bandwidth of the breakdown is small,
so we haye arbitrarily smoothed these infinities. The approx;mation breaks
dount because ?', the final momentum, becomes small, and the particles are
near each other for a long enough time to exchange more than one virtual
photon., These infinities are the resonances discovered by Ventura (1973).
4s in the non-magnetized case, bound states are even possihle.

- FProm Figure 11I-2, we see that above its threshold, the exci-
tation to. j = 1 dominates all others, and oy (p) is roughly inversely
proportional to B, Thus we can compare the lifetime of the first excited
state from Figure III-1 to the collision time using Figure ITII-2 to find
the density at wﬁich electrons may be in an excited state for a significanf
time., Explicity the critical density o is ) e L

Rex = (07 U T, Y' = sxi0F em 3 fie Bu10'%6, vz DPemst @'*"0
and L increases for increasing B roughly as BB. The X-ray emitting regions
in binary pulsars are expected to be much less dense than L for B » 1012G.

Under conditions where the electrons occupy the ground state,

the opacity in the cyclotron line is determined from the cross section given
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in equation IIY-15. Since this cross sectlon is much larger than that for

Com;;ton scattering, the possibility arises of a source region optically
thick to line photons but not to the surrounding continuum, Since Compton
scattering ié the 1'nost— il‘nportantv factor ;!.n radiative ‘;ransfc:zr wouts‘i{ie'the. '
line process, a line feature will appear in this case. The width of t‘ne 1ine
can be roughly determined by finding the photon frequency and angle ranges
where the optical depth exceeds unity. The optical depth is glven by
Tg U 6) = ng jﬂ jcho . (Y 07w, 8%) (III-—.?.S)
where df is the line of sight increment,. fe(p) is the electron parallel
momentum distribution,f‘unction, and o, is given by equation IIT-15. The
asterisk denotes the center of pafallel momentum frame, If we assume that

the electron spectrun is uniform throughout the source, the §-function in

equation IIT-15 allows us to evaluate the momentum integral to obtain

- \ L ’ ) E' \\J; - W-*_ ) ~26
".B uo,&) Ne, ?:' £LP¢) Stw",ﬂ' ) w [wime—«}xﬁl (—[H- %)

where Ne is the column density of electrons in the source, p+ and W+ are -

the momenta and total emergy which satisfy the line resonance condition,.
given helow, and S{w*, 6%) is the right hand side of equation III-15 without

the g~function. W_l_' and p 4 are solved for from

wye - laj._ co-s 6= ft:\ (.‘lm,.f »BE-% - w‘&:t“‘t‘}r) : (El'.'-z?)'.
which yields: ' '
pa= 575 [R5 eosbx (Ris*omericntg)®]  (ar-a0)

where RHS is the right hand side of equation III~27. We note an impoxztant
feature; there exists an angular dependent upper bound W (B) on the line
energy where the quantity. under the square root in equation III-28 becomes

negative, This limit is given by

“)max (G) smtp“ ‘zma [l"‘ -B:bﬁ (H 9—__ Jb"J (D]"-.;L?)
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To undertake a study of the radiative transfer of the line
photons, we note that for n_‘_‘*< nex’; an electron which 1s excited by absorbing
a line p'hoton will deexcite radiatively before anything can ‘nappen\ to change
its momentum. Thus, the process is effectively a scattering of the line
photon., The scattering cross section "is th‘e product of the absorptior.x
cross section and the probability of emission into ;a given final angle,

or in cgs units,
do (w,6) _ wel wf
o

dleose’) - 4k

APy ’
. {('ﬁcb ) meet T Gaal) E( Cuyameeddr (W, 4opc®ad w)).lus.’:&é‘:' + (W], vme c.’.‘-.?,n)z E;J. et
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Wi (W mee™)* (W, + e 5 5 ) (i 1) (W~ e sut ™)

. [(( Wirmee) 3 (W, m e }-,L.;-')) z(.ps"ﬁ'éo'a} (W rmee® hat)* Ex ‘I +
. W' T (5:1) [( Wi +mge- ‘hwu-h"‘ﬁv)a' Eo + (Wswmeer) ers*b €2 J
[ e b8 e (e b 8] [
) (T -30)
where everything is ‘as defined for equation III-15, and the primes indicate

the emitted photon. The 1, 's are shown in Figure ITI-l. We note the symmetry

1
between final and initial photons. The emitted photon has the energy
1
Kot s Gy LW me (e 22 o) ] (2 -30)

Selving the expression in the argument of the §—function in (ITI-30) for
w gives the same equation with the primes removed.
¢) Line Production by Collisional Excitation

Using the results of the previous section for the Coulomb cross

sections Uj in an intense magnetic field, we have calculated the energy loss
rate per unit matter traversed for a proton with zero pitch angle by Coulomb
" processes:
o
JE

fromr L Lotk suEngepogep, @



where mp is the proton mass, v is the proton velocity, p is the electron
parallel m;mentum, fe is the elect?on distribution function in p, Viel is
the relative velocity between the partiéles in an encounter, and AEJ 1s the
‘energy tost "In the collision.  We assume z relativistic one dimensicnal
"thermal distribution.of electrons, so that'fe(p) is given by
i gy = "ine_ K, ( %—.‘—9)1"' eth [- (meg)"‘/-r] (ir-33) -

where Kl(x) is the modified Bessel function (Abramowitz and Stegun 1965) and
and T is the temperature in units of energy. The results are shown in Figure
I1I-3 for four temperatures and a field strenmgth of 6x1012G. For‘comparison
the energy loés rate in a.non—magnetized gas of temperature 35 keV is shown
ﬁy the dashed line (Book and Ali 1975) and in a field of lOlzG with tempera-
ture I5 keV by the dash-dotted line. For T = 0, there is a sharp disconti-
nﬁiﬁy at the threshold for excitation, but this disappears when the electrons
take on a thgrmél distribution, and for the higher field strength at
T = 35 keV,‘dE/dx is relatively constant in energy.

Figure I11-4 shows the Coﬁlomb mean ranges for the temperatures .
d£SCussed ahove and a field streng;h of 6x1012G. As Basko and Sunyaev (1975)
pointed out, for high‘enough energies elastic proton-proton nuclear scattering
has a-mean free path sméller than the Coulomb range (Xp“p’elas,n,so g§/cm2).
In an elastic scattering, the proton is deflected from zero pitch angle, and
then the energy can be giveﬁ up rapidly to ambient electrons, via the.excita-
fion of plasma waves parallel to the fiel&, for example, Thus, the equation

- S -

for the energetic zero pitch angle proton distribution function.in a steady

state atmosphere can be written

28 _ 2 (5 dEN L . FpCE) i
22 -2 k) e =) 3 (e, x) (@ -34)

where E is the proton energy, X the amount of matter traversed (i;‘l gm/ cm2 for

example)}, & is the differential (in energy) flux of protons, and %p is the
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cross section for a nuclear collision with an ambient proton, taken from
the compilation of Barashenkov and Maltsev {1961). The solution to this
equation with the boundary condition that injection occurs at the top of the

atmpsphere, (X=0) with flux Q)s(F-E Y} is

§(Em— }D[ N ‘jﬁi;““"] ()(j L,E,> (ﬁ;zs)

To evaluate the line productivity of the protons in a one
dimensional thermal gas, we have integrated the flux given by equation (III1-35)
With the cross sections for knock-on and excitation collisions. The production
rates at a depth k of electrons in quantum level j with momentum p in dp is

given by

13 {p)X)= e IAP JE (p’)J-dE F (E,X) “;_((PEBE)G (2 YO {p- Pi(F,E}) (n1-34)

where n, is the electron number density #(E,X) is the proton flux given by
equation ITII-35, vtel(E,p‘) is the relative velocity between the particles;
v{E). is the velocity of the ion, p’# is the incident momentum in the ion rest

frame, and the momentum in the delta function is obtained from the conservation

équations: ’
P = P lprapw),  WEawlwRpp)
P - (prrt ze,aj)"”, <o =W (ﬂ_f-s‘?)
b =3 (s - pud*)
ra1r & pe (- p)?

where the *'s refer to the ion s rest frame, The total column density

production rate is found by integrating along dz, the path of the infalling

- - -

lons: |
lbg’f g T SJ; 4; XY = 5 AX 1 (B, X) (III—BS’)-

~ The resulting expression for this quantity, after taking the delta functioms

into account, is .
Gpd & 1dE
Ng,tp se,fd‘i?’— by |55 \ Do (gt e (- ﬁ%fzﬂi N
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The excitation of an electron to the jth level was assumed to
yield j 1iné photons since the electrons tend to deexcite in single step
transitions {(Canuto }977, Daugherty and Ventura 19?7}. A knock-on (j=0) was
assumed to produce as many line photons as’'was energically possible, by
Coulomb collisions with ambient ions. It is important to note that here
we negleét energy losses of the knock-ons to continuum photons by resonant
absorption (Pravdo et al, 1978)-which_resu1£s in the conversion of these
photons to line photons; this process is discussed below, The results for
the multiplicity of line photons préduced under these assumptions are shown
for the four temperatures with B = 6xlOlzG in Figu?e I1I-5a, and Figure
ITI-5b shows the fr;ction of the proton's energy put into line photons as
a function of the injection energy. For Figure I1I-5b, we assume a line photon
has an average energy equal to the energy of the lst excited state wiéh
p=0. |

In order to investigate the production of cyclotron line photons
by the high erergy taii of a one dimensional‘thermal electron distribution
in collisions with ambient protoms, we have integrated the cross section
for the excitation of the first excited state with such a distribution funec-
tion. The resulting line production rate per unit gas demsity squared, o,
s given by ‘ . .

Ty = [dp o) vy (T -40)

The results for temperatures of 1 to 100 keV are shown in Figure III-6, for
field values of 1012 and 6x1012'Gauss° As can be seen, the line production
coeffiéient_qi rises quite rapidly as kT apﬁroaches eB/(mec) and flattens
somewhat at higher temperatures.

) 'As'hoted.above, these.reéults aébly‘ﬁo iine prodéctién by ‘

electron-ion collisions alone. However, a photon with energy below the
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cyclotron energy can collide with a fast gB ~ 0.6 to 0,8) knock-on electron
and be absorbed as a cyclotron photon because of the Doppler shift. When

the electron deexcites,; the photon tends to be emitted preferentially into

the electron's forward hemisphere, or dowﬁward toﬁard the star's surface,

The importance of this effect may be twofold: reemission at angles around

90° leads to an increase in line photons, and the absorpgion results in a
dépletion of the continuum below the line energy, which could make'a iine
appear more intense relative to continuum radiation. It is difficult to bg
quantitative about this effect because although the production rate of knock- .
on can;now be caléulaééé, thelr momentum spectrum depend; ai;o on the energy
loss rate to the radiat§on, the spectrum of which is unknown. It is,

hoyever, interesting to note that if the field strength is as high as

implied by the data of Trumper et al (1977 and 1978), ~6x1012 gauss, then
the knock-on process is the dominant one for producing line photons under

the previous assumptions (neglect of radi;tioﬁ). So if now we assume that

the kngck-ons lose all their energy by converting ~ 30 keV photons to ~ 60 keV
photons iInstead of losing 60 keV per photon producéd, then the multiplicity

is only increased by at most a factor of 2; The knéckron production rates are

strongly dependent on the field strength because of the threshold effect; at
lower field values, relatively more direct excitations than knock-ons occur.
d) Application to Hercules X-1

The results of the calculations in the preceding section of the

fractional energy losg £y infailing protoﬁs to 1ing phot;ns m#& be compa?ed
with recent possible observations of a line feature in the sﬁeétrum of
Hercules X~1 at around 60 keV (Trimper et al., 1977 and 1978, Coe et al. 1977).
Assuming that the line is directly produced by the infalling jons and the

rest of the ifons' energy goes into continuum radiation, the calculations



leading to Flgure III-5 will apply if radiative! ransfer in the source or
outside does not convert continuum photons into line photons ;r vice versa.
There are two observed components of continuum radiation, hard (2 to 20 keV)
and soft (.1 to 1 keV) X-rays, with roughly comparable luminosities of 1 to
2x1037 ergs sFl (Giaccondi et al, 1973, Schulman et al, 19875, Catura and

Acton 1975), while the observed line luminosity is a»2x1035 ergs s-l. The
infalling protons are generally assumed to power both continuum components,

so at most, onl% 1/2 to 1 percent of the energy comes out in the line. Since
the effective hard X-ray temperature is » 20 keV (Pravdo et al. 1977b), we see
from Figure ITTI-5b tﬁat this fraction is consisteut with infall preoton energies

-

of 140 MeV to 180 MeV. However, we still must investigate the effect of

radiative traﬁsfer, iﬁ the source and outside.

To ascertain whether radiative transfer is important, we need to
estimate the electron density in the source. From Figure III-4, we see that
the range of accreting matter is at least ofvorder 10 gm émf » corresponding
to ~ 6x10°% & em 2. The reported width of the line feature is 12 keV (FWHM),
and this piaces an upper limit on the linear dimension of the source parallel

to the field, since the line energy varies as field strength. The upper

Limit is obtained from assuming B = R-3 as for a dipole field:
48y o A _ g R
L 3rT =3 T = 7xnfe - (%) - (@92

.

vwhere R is the neutron star radius, Thus the lower limit on the average

electron density in the source is given by~~~ ——
- ~! -

Ny ¥ _%E 31020%3(,5&/{;, (- 42)

From equations ITI-25 and IT1-1l5, then, we estimate the opacity to be

et e ~ AuL_ (..R.-_. o vh ;
TBN (2“, mgc‘T)"‘ Mng ne, bb gl -———-——-—_Sor,m Ika) (55@\!) Q_a 4 )

This implies that if the line of sight covers 50cm or more of the source,

radiative tra;isfer will be important,
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The preceding considerations apply if the infalIing’protons
directly excite the line. If, however, the protons simply thermalize’without
yielging appreciable line e%ission, the problem becomes that of calculating
a thermal proéuction coefficient. Applying the results of such a calculation
shown in Fig. 1II-6 to the observation of Trumper et al. (1977 and 1958),
we obtain the froduqt of the density squared and the volumé V of the source
region

ny = axio®t om? (mx-44)
for a temperature of 35 keV and field strength of leolzG. As before, we
-tan set an upper limit on the volume, and thus a lower limit on the density,
—by-assuming that the.transverse area occupied by the accreting matter is at
ﬁost e (0.1R)2, or

A s axotont (o) (zx-45)
,This 1imit, together with that expressed by I1I-38, implies

z 4 -3 .
m 2 3x00% em® (o) : (or -4.)

implying that transfer is important in this case, also. Therefore, an

oPtibally thin treatment of thils radiation, as iIn Daugherty and Ventura
(19%7) is not likely to relate directly to observations,

ﬁé.have considered the problem of line transfer in a rudimentary
way, by calculéting the opacity at a given angle and frequency for a thermal
gas of electrons, The motivation for this is the following: where the
gpacity is large, photons are trapped in the source ané nust diffuse out,
and at the surface, thé inteﬁsity radiating outward approaches approximately
its bléckbody value; Therefore, where 7(w,8) » 1, we agsuﬁe the line rises
out of the continuum. The uﬁper limit to the width of the line reported

by Trumper et al. (1§7T_and 1978) is 12 keV; as-mentioned above, the field



imﬁlied is .,6x1012G, and in addition, they show eyldence that this feature

is produced in a gas with temperature ~ 35 keV. So for these conditions

and four values of electron column density, we have estimated the width of

a cyclotron line feature for several v;ewing angles and column densities by
finding the frequencies where 7 = 1. Since-Doppler shifting by the m&tion

of the electrons is responsible for most of the smearing of the opacity, we
expect the line to be narrowest at 90° to the field lines (and electron
motion) and to broaden as the angle departs from this. Another-facter

which is important is the maximum frequency allowed, given by equation ILII-29,
especially near 90°, where it is responsible for the high energy drop in line

opacity.

The results for the line width are shown in Table TI11-1, for
viewing angles from 10° to 90°, and electron column densities 1022, 1023,

24, and 1025 cm._2 As can be seen, for an electron temperature of 35 keV,

10
this calculation cannot réproduce the width of the observed feature. The
column density can't be much lower than ].Ozzc:m"2 because of the estimates

of lower 1imits on the density expressed in equations III-39 and III-43. Thus
tao be consistent with the observation, we are forcgd to assume a loyer
electron temperature. As mentioned before, lower energy measurements have
placed the temperature greater than 20 keV; so we have shown the line width
results for this value also. Here we find that the reported width can be
reproduced if the viewing angle is restricted to be very close to 90° and

. 1f the column density is the very minimum allowed. We note that the same
conclusion about the viewing angle has been arrived at classically (Meszaros
1978). We also point out that the line of sight through the 20 keV source
must be less than 100 em, at most,

There 1s an additional problem with the interpretation of the

observation as g cyclotfon line feature because of its pulse phase dependence.
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The 1.24 second pulse period shows about a factor of & increase inm 2 to .20
keV X-rays over about 30% of its phase (Pravdo 1976), Because of the sudden
rise and fall of the intensity pulse, the most likely explanation is occulta-
tion by a corotating cloud of gas which is presumably responsible for the
soft X-ray flux mentioned above. The luminosity and temperature of this soft
source imply that it has 1ine§r extent. of around loscm, which places it well
above the surface of the star. A likely candidate is a corotating Alfyén
shell, plasma concentrated in the region where the magnetic field begins to
dominate the inflow (McCray and Lamb 1976, Basko and Sunyaev 1976). The
observations of Trumper et al. (1977 and 1978) together with the analysis of
Kendziorra et al (1978) imply that the line is pulsed in phase with the
-2 to 20 keV X~rays. Since we Have shown that obsefvation of the line at
angles smaller than ~ 85° will contribute significant broadening (see Table
I117-1), this implies that the pulde is a very narrow fan beam. If this were
the case, then the Alfven shell‘would have to suddenly thin at an angle
close to 90° to the polar field lines, the opposite of what has been proposad
(McCray and Lamb 1976, Basko and Sunyaev 1976). Thus we conclude that this
interpretation is unlikely,

A more likely interpretation of the "feature" at 60 keV which is
still consistent with the data is that it is simply residual continuum
radlation with an accompanying absorption dip at lower energies. The absorp-—
tion would be due to the magnetic field, but the assignment of a field
strength ma§ not be straightforward because of Doppler shifts. No such
shift would result if the absotbing electrons were cold, but because of the
high field strength requited; they must be located in or near the source;
conéequently, they are bathed in X-rays and should approach an equilibrium

teﬁperatuie. In this case, they become part of the blackbody, and no
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absorption will appear. The knock-ons discussed in Fhe preceding section
are a possible solution to this problem. These electrons-stream down the
field lines with_ﬁ ~ 0.6 to 0.8, and can consequently absorb upward moving
photoﬁs'bélowithe cfcloiron'fréqﬁenéy'to és low as 20 keV. Since they are
mildly relativistic, they preferentially reemit a line photon in their
forward direction, i.e. down?ard. If the column density of knock-ons is
such that the absorption depth doesn't exceed uﬁity, thén re-emission into
the backward hemisphere will be not important, Consequently, a depletion of
‘pﬁotons below the cyclotron frequency results, gppearing as an absorption
dip, but the field strength is not readily obtainable until the electron
spectrumr is known.

This picture predicts a certain behavior of the absorption feature
with pulse phase. 1In particular; as the line of sight comes closer to the
polar field lines, the energy at which absorption begins should becéme lower,
and the variation in energy should become smoother. In a recent paper

(Pravdo et al. 1978), we assumed an arbitrary high energy electron distribu-

tion, gpd directly compared data from the cosmic X-ray experiment on 0S0-8
with these predictions. As discuésed there, the fit was acceptable over the
region of the spectral pulse, and the best fit angles generélly performed

~ 20° excursion in a region around 40°. As opposed to the line emission
Interpretation, however, here'the spectrdl pulse (which may only be loosely
correlated with the intensity puise probably formed by the Alfyén shell)
defines a pencil beam {or cone). The best fit field strength was colnci-
dentally consistent with the emission measurements, ~ leﬂlzG. However,

the cyclotron photon energies here aré too broad to form a well—defingd line
feature,

e) Summary and Discussion

The strong magnetic fields (> 1012G) believed to exist at the



3

-surfaces of neutron stars can strongly modify the interactions of electrons
with ions ;nd radiation, We have considered the effects of such modifications
on the X-ray spectra of the pulsars in binary systems which derive their
luminosity from an accretion from their companions. The effect of the
intense field is to quantize tﬂe allowed electron momenta transverse to the
field lines. Radiative t;ansi;ions between levels give rise to cyclotron
emission and absorption, and since transverse momentum traégfer;from an jon
to an electron must occur in discrete quanta, the Coulomb cross sectien becomes
a knock-on cross section and a series of excitation cross sections. We have
shown that electrons in the polar caps should almost always be found in their
ground state and have then calculated the cross sections for.these processes
treatiﬁg the electrons relativistiecally. |

Since Hercules X-1 is the best studlied of these binary X-ray
pulsars and shows a possible line feature, we have used the above cross
sections in am éttémpt to understand the physical conditions in the polar
cap of this source, Data from 2 to ~ 20 keV imply that the effective electron
temperature imn the source is greater than 20 keV, To produce the observed
Yine feature with such a narrow width, we find that the temperature cannot
be higher than 20 keV, the angle between our line of sight and the polar cap
field lines must 1ie within 10° of 90° during the entire high intensity part
of the pulse, and the linear extent of the source along the line of sight must
be less than 100cm. Since these requirements are quite stringent, we have

- attempted an alternate explanation of the éata. Due to the limited resolution
of scintillation detectors, the observation could not distinguish between
an emission line and an absorption dip at lowex energiles, although the authors

preferred to stress the former interpretation, The absorption dip could be

more likely, however, because of the ability of the ions 'to produce a high
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parallel momentum population of knock-ons, which would absorb upward moving
cﬁﬁtinuum photons and reemit them breferenti&lly downward, This interpre-
tation has the added feature that it prowides an acceptable fit to- the observed
steepening at ~ 20 keV,

An observation of this source with high resolution detectors
would discriminate between these possibilitjes. We note that some ciarification
should be forthcoming from a recent point at Her X-1 by the EEAO-1 A2 experi-
ment, In addition, there are several other objects in this category and
presumably we are seeing them at different ranges of viewing angles. High
resolution spectroscopy of many of them can probably—be used to gain a
comprehensive understanding of the physical processes occufring in the

strong magnetic filelds of these objects,



IV. THE ANNIHILATION OF GALACTIC POSITRONS
a) Introduction
Since positrons from outside the helicsphere have been observed
at energies from about 200 MeV to 10 GeV, and a gamma ray line at 0,51 MeV

has been observed from the galactic center direction, it is reasonable to

[l ]

vexpegt that there may be a significant number of positrons aanihilating
in the galaxy. -The primary sources of these positrons are the décay of
! mesons, Bt decay of radioactive nuclei and perhaps the strong electric
and magnetic fields of pulsars., The n" mesons are created in energetic
particle collisions; Fhe threshold in a proton-proton collision is ~ 290 MeV
if one proton is at rest, Most of the time, this meson decays into a pt .
and its neutrino; the p* then decays into a positron, Poéitrons produced in
this way by galactic cosmic rays probably aceount for a significant fractioen,
if not zll1, of fhose observed at earth. The radioactive nuclei which décay
by positron emission can be formed in nuclear reactions involviné protons
and alpha particles on C, N, and 0, as tabulated by Ramaty, Kozlovsky, and
Lingenfelter-(1975). These reactions are expected to occur in regions with
large fluxes of low energy cosmic rays, which may be concentrated around
supernova remnants. Also; heavier B decay nuclei with long lifetimes can
be fox;uEd in the explosive nucleosynthesis associated Wit'h supernovae and
novde.,” In either case, supernova remmants are a likely site of positron
concentrations, The two production modes can possibly be distinguished,
since low energy_cosmic rays produce a strong 4.443 MeV line, while éxplosive

‘ nucleosynthesis produces 26Al in supernovae and 22-Na in noyae, The 26A1'

22

decays to 26Hg and the 22Na to “"Ne excited states, and they deexcite by

emitting gamma rays at 1,809 and 1.275 MeV, respectively. If any of these

Wiy

lines were observed accompanying the 0.511 MeV line, the-production mode of

533
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the positrons could probably be determined. Finally, pulsars have been
suggested as a positron source (Sturrock 1971}, In their intense magnetic

| fields, gamma rays of energy greater tham 1.022 MeV will quickly produce

| e+¥e_ paifs, and'if a stfong electric field is present, the positrons can be
accelerated away from the pulsér before annihilating, All these sources

- produce relativistic pesitrons,

Leventhal, McCallum and Stang (1978a, b) have recently reported
observation of positron annihilation radiation from the Galactic Center using
a balloon borne germanium detector. The observed line is at 510.7 +0.5 keV,
and its full width at half maximum (FWHM) is less than 3.2 keV. The total

-2 -1
3

flux in the line was (1.22 19.22)x10“3 photons cm « There is also some

eyidence for the three-photon continuum from triplet positronium annihilation.
The 0.511 MeV line was previously seen from the solar flares of 1972, August

4 and 7 (Chupp, Forrest and Suri 1975}, but because the lower energy resolu-
tion of the Nal detector used, only an upper limit of about 40 keV could be
set on the line width from this observation.

Depending on the temperature and density of. the ambient medium,
positrons and electrons can either annihilate directly or form positronium.
The importance of positronium formation in the interstellar medium was pointed
qQut by Steigman (1968), by Steckér (1969), and by Leventhal (1973), and
positron annihilation in solar flares, both direct and via positronium, has
been treatgd by Cranqell et al, (1976). Positronium can férm either in:thg
singlet state which annfihilates into two 0,511 MeV photons, or in the triplet
state which decays by 3 photon annihilation.

Xositronium is formed by both radiative recombination with free
electrons and charge exchange with neutral hydrogen (atomic ar molecular).-
Charge exchange with heavier ions is much less important than these processes

(Crannell et al., 1976). - Once formed in a particular spin state, positronium
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in the intgrsfellar medium annihilates from the same state, because -the
lifetimes of both singlet and triplet positronium (10—10 sec, and 10f? sec,
respectively) are much shorter than typical collision times with interstellar
gas,

Except for ultrarelativistic positrons, the probability for
annihilation iﬂ flight is negligible until the positrons slow dowm to
energles of the order of several hundred eV. (Ultrarelativistig positrons
have a small probability ~ 10%, for annihilating in €£light, but these
annihilations produce only a broad continuum which in general cannot be’
observed above other.continua.) The purpose ;f the present paper is to
invesfigat? the anmmihilation process at energies below a few hundred eV.

At these energies positrons either form positronium in flight or thermalize.
The importance of free electrons in thermalizing positrons was first pointed
out by Cranmnell et al. (1976). '

In Section b we discuss the energy loss processes of positrons
in a partially jonized medium, and the charge exchange cross section with
neutral hydrogen; in Section ¢ we calculate, using a Monte Carlo simulation,
tﬁe probabilify of positronium formation in flight in a partially ionizéd
gas as a function of temperature, density and degree of ionization; in
Section d we present the rates of direct amnihilation and positronium forma-~
tion of thermal positrons as a function of the temperature; in Section e
we calculate line shapes resulting from positronium formation in flight and
after thermalizatipn; in Sec;tion f we discuss the implications of the
observed 1line width on the site of positron annihilation in the Galaxy and
the consistency of the flux in the line with various positron productioﬁ

modes; and we summarize our results in Section g,



56

b) Energy Losses and Charge Exchange of Positrons

When a positron 1s injected into a partially ionized me@}um, it
loses energy to_tbg,iénizedﬂcomponent by-egciting plasma waves aﬁd'té‘ﬁhé'
neutral component by the excitation and ionizatlon of hydrogen atoms and
molecules, The energy loss‘rate in the plaswma, measured in eV/em, is given

by (Book and Ali 1975) "

oE _ -13 _ ] L”‘ (17 -4
df = zxn® . [MGE) - MG 1)
where E is the positron energy in eV, n is the electron density in cmﬁ3,

~— N -

T is the temperature of the electrons in the plasma,

Mm(Ey= 7%,- jf’% dx k% e (w-2)
i -1 B

A = ( dﬁﬁ%: b ‘; mex ( mc ;ﬁﬁuji] (FE' 3

we (38 "“—- (e )‘" (r2-9)

and ﬂ"is the derivative of M with respect to its argument,

Unlike the energy loss process in a plasma, which is essentially
continuous, in a neutral medium the positron losés a significant fraction of
its enmergy whenever it excites or ionizes an atom or molecule. The cross
‘sections for ionizing‘atomic hydrogen- and exciting its 2p lewvel from the
ground state by electrons are shown by solid lines in Figure IV-1 (Kieffer
1969). The cross séctions for exciting other levels are small in comparison
to that for the 2p level (Kieffer 1969, Moiseiwitsch and Smith 1978), and
are not expected to coantribute significantly to the energy loss., We assume
that the cross sectlons of these processes for positrons are the same as
for electrons, Also shown by a solid line in Figure IV-1 is the cross
section for positronium formation by charge exchange with atomic hydrogen.
This cross section was calculated by Drachman, Omidvar and McGuire (1978)
for pbsitronium formation in the ground state. The inclusion of the excited

states may increase this cross section.
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The dashed line in Figure IV-1l are positron cross sections in
molecular hydrogen. The total cross section is from laboratory measuremeéts
made by Kauppila et al. (1977). (Similar measurements by Coleman, Griffith,
and Heyland (1974) give somewhat lower values). The jonization cross-section
is from the compilation of Keiffer and Dunn (1966) for electrons in molecular
H, For the charge exchange cross section above 50 eV, we use the calculation
of Sural and Mukherjee (1970). This cross section would also be significantly
larger if the excited states make an important contribution, Below the
ionization and excitation thresholds we have estimated the charge ekchange
cross section by Subéracting from the total tﬁe positron elastic scattering
cross section of Hara (1974). We then connected the low energy values with
those above 50 eV as shown in Figure IV-1l, We assume that above the excita-
tion threshold, the difference between the total cross section and the sum
of those of ionization and charge exchange is the excitation and digsociatiou
cross section of moleculdr hydrogen by positrons. We wish to note that except
for the total, the cross sections in molecular H are quite-uncertain and we
call f£or further studies to determine their wvalues,

In atomic hydrogen, the energy lost in an excitation collision
is 10.2 eV. TFor ionization, the mean energy of the ejected electron is
1/4 of its binding energy, and the distribution of the ejected electron
vyelocities can be approximated by a Gausslan with standard deviation
0,382 ac (o = 1/137) (Omidvar 1965). In molecular hydrogen we assume an
energy loss of 12 eV in an excitation and dissociation collision (Herzberg
1950) and we take the same distribution of the ejected electrons as in
atomic hydrogen except for the different binding energy,

‘ ¢) Positronium Formation in Flight
Ve coﬁsider a positron of energy E, injected into a partially

lonized hydrogen gas of temperature T and ionization fraction X = ne/(ne+nH),
i .
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where n, and n, are the electron and neutral hydrogen densities, If the
temperatur; of the ambient medium is of order 10°K or larger, the positrons
will thermalize before forming positronium. If, however, the temperature is
lower, then some fraction of the positrons form positronium in flight by
charge exchange with neutral hydrogen. To evaluate this fraction, we have
performed a Monte Carlo simulation in atomic hydrogen with ionization
fraction X and T_< 105K. Slowing down of positrons in molecular hydrogen is
treated separately below,

We then allow the positron to lose energy continuously to the

"ionized component until it makes an inelastic collision with a hydrogen atom.

The energy, ﬂl’ at which this collision takes place is determined from

R = {')L}’ [ j c‘dE ] (JI‘é-)

where R is a uniformly distributed random number, dE/d4 is given by equations
(Iy-1) through (IV-4), and ¢ is the sum of the ionization, excitation and
charge exchange cross sections iIn atomic hydrogen shown in Figure IV-1., The
probability that any one of these processes occurs at El is proportional to
its cross section at this energy. If positronium is formed, we remove the
.positron from the calculation because positronium in both the singlet and
triplet states is expected to annihilate in a time much shorter than its
collision time in the interstellar medium. In an excitation or ionization
collision on the other hand, the positron loses energy as discussed in
Section b. After an excitation or ionization we repeat the process specified
. by equation (IV-5) with a new value for Eb given by the difference between
E

1
until either positronium is formed or the energy falls below the positronium

and the energy lost in the collision, and we continue this procedure

formatién threshold.
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The fraction of positrons which form positronium in flight before

* thermalizing, fps’ is shown in Figure IV-Z as a function of X for two cases:

3 -3

,» I = 8000K and n, = leolscm , T = 1.16x104K. The parzmeters

n, = 0.lcm
.0f the first case coﬁld be representative of the warm component of the
interstellar medium (McKee and Ostriker 1977}, while those of the secand
case are essentially the same as the values considered by Crannell et al.
(1976) for solar flares, Thé fraction of positrons forming posiéroniuﬁ
in flight increéses with decreasing ionization fraction; for the interstellar
case and X < 0.05 more than half the positrons form positronium before they
thermalize, If n, = 0, about 95% of the posiérons form positronium in
flight. We also see that fPs increases with increasing electron density
because of the reduction of the energy loss rate to the plasma due to the
reduction of the.Coulomb logarithm, whose argument is given in equation (IV-3).
We have calculated £ s for temperatures other than shown in Figure IV-2,
and 'we find that it varies by less than'ZOZ for T < 6x104K. For higher
temperatures, fPS is expected to be small in any case because of the absence
of neutral hydrogen.

¥e have compared the results of Figure 2 with the calculations
of‘Crannell et al. (1976) and we find that for X = 0.5, ocur fps is smaller
by about a factoxr of 2 than theirs (see Figure 4 in Crannell et al., 1976).
This results from an erronéous factor of 2 in the Fokker~Planck equation
that was used by them to treat the slowingdown of positrons in a partially
ionized plasma (G. Joyce, private communication‘1978). For X = 0,09, the
discrepancy is much smaller becayse in this case, energy loss to the plasma
is less important relative to charge exchange. We wish to note that for

low values of X, the effect of the neutrals on the energy loss becomes

important; for example, for X = 0.09, negiecting the neutrals would increase


http:expected.to
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fps by about 20Z%,

We do not expect molecular hydrogen in a phase of the interstellar
medium with high temperatures and high lonization fraction. .For molecular
hydrogen, therefore, we only evaluate fps for n, = 0. Using the same Monte
Carlo simulation as for atomic hydrogen and the cross sections of Figure
IV—l{ we obtain fps = 0.93," This value is slightly lower than fpS in atomic
hydrogen at n, = 0 because of thé higher threshold for positronium formation
in the molecular case. We note that the possible increase of the charge
exchange cross sections due to the inclusion of the excited states would
increase fPS for both atomic and molecular hydrogen.

d) The Fate of Thermal Positrons

Having evaluated the fraction of positrons that form positronium
in flight, we now consider the fate of those positrons which thermalize
before annihilation. Thermal positrons will eventually form positronium
or annihilate directly, and both these processes can occur with either bound
or free electrons, Positronium formation with free electrons is radiative
recombination. Radiative recombination and direct annihilation rates with
free electrons were calculated by Crannell et al. (1976); we have extended
these calculations to lower temperatures, and the results are shown in
Figure IV-3., The direct annihilation rates with atomic electrons were
obtained by Bhatia, Drachman and Temkin (1977) from a detailed quantum-
pechanical scattering treatment. Their thermally averaged annihilation
rates are also -shown in Figure 3. The rate of positronium formation due to
radiative yecombination includes the comtributions of the excited states
{(Seaton 1959),

The rate of charge exchange of thermal positrons with residual

neutral hydrogen can be calculated by assuming that the positrons are in
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thermal quilibrium with tﬁe ambient medium. This is justified because even
though amnihilation and positronium formation tend to modify the positron
distributiont the rate of reestablisﬁing thermal equilibrium is much f%ster
than the sum of the rates of al} annihilation processes, Therefore, the rate

of .charge exchange of thermal positrons can bhe written as

Ree /?7;, = J N (E) 07, (E) v (E) dE ‘ (ot -+)
_ b3y .
where vn is the Maxwell-Boltzmann distribution, and O is the charge

exchange cross section with atomic hydrogen shown in Figure iV—l; Ve have
evaluated equation IV-6, and the results are shown in Figure 16—3. As can
be seen, thié rate is a very strong function‘of‘temperature, but even at
its maximum, it is lower than the thermalization rate (Spitzér i962). -

From Figure IV-3 we see that for temperatures greater than 106K,
the dominant annihilation process is direct ;nnih%latiog wiéh free electrons.
At lower temperatures, radiative recombination becomes more important than
direct annihilation, but dependiné on the amount of residual geutral
hydrogen present, charge exchange may in fact be the most important process.
Fér exémple,.atli = lOSK, the rate of charge exchange is greater than that
of radiative recowbination if nH/ne.> 5X10-6; Since for temperatures less
thanlIOSK, we expect larger neutral hydrogen concentrations, charge excﬁanga
ghould be the dominant process dgwn to temperatures around lOéK. At éOOO‘K,
Rbe/nH = Rrr/ne” so that 1f, for example, the medium is half ionizeg (e.g.
the warm ionized component of the intérstellar medium, McKee and OstTiker
19773, the rates of charge exchange and radiative recombination are about
equall. At 1owér temperatures, radiative recombination should remain the
dominént process as 1oné,as there is an appreciable concentration of free

electrons. However if ne/n becomes small, a large fraction of the positrons

H
form positronium in flight, as can be seen from Fipgure IV-2.
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From Figure III-3 we also see that there is a finite probability
for direct'annihilation even when positronium formation is the dominant
process. For example, at T = 8000K and n, =y, about ??_qf theﬁpositréng
wiil‘aﬁhihiléte“direéfiy (Aoétly ﬁith free eiectrons).

e) The Energy Spectrum of Positron Annihilation Radiation

In .this section, we evaluate the energy spectrum of positron
annihilation radiation resulting from annihilation in a cold neutral and a
partially jonized medium. We first; consider the cold neutral medium where
the radiation is produced by positrons forming positronium in flight and by
positrons annihilating directly with bound electrons, Using the Monte Carlo
simulation described in Section ¢, we calculate the photon spectrum resulting
from positronium formation in molecular and atomic hydrogen witﬂ n, = 0.

" The probabilities for forming positronium in the singlet or triplet state
are 0.25 and 0,75, respectively. Amnihilation from the singlet state @roduceé
two photons of 0,511 MeV in the rest frame of the positronium. In the frame

of the galaxy, the energy of a photon from such an annihilation is

- 2 2 .
€= €0 g (1 -7)
where € = 0.511 MeV, B is the velocity of the positronium, and 8% is the angle
between the positronium velocity and the photon direction of the positronium
rest frame. Wé.assume that the photon direction is isotropic in this frame.
Annihilation from the triplet state produces three photons whose energies

can also be obtained from equation (IV-7) provided that €y is replaced by

-€% which is chosen according to the distribution given by Ore and Powell
ﬁl?&g). 'Tpgﬁresults for gositronium formation are shown in paqels a and b of
Figure IV-4, and as can be seen there is little difference between tﬁe line

shapes for the atomic and molecular cases. The full width at half maximum

for -both these cases is about 6.5 keV.
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For direct annihilation with atoms or molecules, the line shape
is detemined by the momentum distribution of the bound electron modified
to account for the fact that the positron cannot approach the nucleus too
closely. For the positron-hydrogen atom system, this momentum distribution
was accurately calculated by Humberston and Wallace (1972), and from it the
gamma—raf line shape is easily obtained. The FWHM is only 2.6 kév, consider-
ably less than that from positronium formation in flight, For the positron-
hydrogen molecule syétem, there éxists an experiﬁental determination of the
momentun distribution (Briscoe, Choi and Stewart 1968), and a FWHM of 3.2 keV
can be extracted from their work; however, since their measurement was done

in liquid H,, it is expected to be slightly too wide. The reason for this

2?
is discussed by Humberston (1974) in the case of liquid helium. The scaling
of his results to molecular hydrogen results in an expected FWHM of only

3 keV; consequently we have reduced the energy scale of the work of Briscoe
et al. (1968) by a factor of 3/3.2,

Panels ¢ and 4 of Figure IV-4 show the spectrum of positron
annihilation radiation in a cold neutral medium, The direct  annihilatien
spectra were integrated over 1 keV intervals and added to the positronium
formation histograms shown in panels a and b. Although only 6.5% and 5.5%
of the positrons in molecular and atomic hydrogen, respectively, £all he%ow
the Ps formation threshold (from the Monte Carlo simulation described above},
their contribution is enhanced because di;ect annihilation always yields
two gamma-rays, while Pg decay yields three photons 757% of the time. -As can
be seen in Figure IV-4, the FWHM of the 0.511 MeV line in cold neutral
hydrogen is about 5 keV, 1If, however, the inclusion of excited states

increases significantly the charge exchange cross section, then fewer

positrons fall below the Ps formation threshold. 1In this case, the line



64

width is c}oser to the value (6.5 keV) determined for positronium formation in
flight, The effect of the three photon annihilation is manifest in a slight
asymmetry in the line shape and a low energy tail, ‘

In the case of annihilation in a partially lonized medium
(X > 0.05), most of the positrons thermalize rather than charge exchénge in
flight. As discussed in the previcus section, thermal positrons will directly
annihilate and radiatively recombine with free electrons, and if the gas is
Warﬁ enough, they form positronium by charge exchange witﬂ residual neutral
hydrogen. The shape of the 0,511 MeV line from both singlet positronium
annihilation following radiative recombination and direct annihilation
with free electrons is expected to be a Gaussian of FWHM =~ 0.011 (keV)
CI(K))IIZ {Crannell et al., 1976). For example, if T = 104K, the width
is 1.1 keV,

The photon spectra, q(EY), resﬁ}ting from charge exchange of

thermal positrons was calculated as follows: TFor amnihilation from the

singlet state

Nyg (E) 0z CE) V- dE B
3(55): 5{5, [_(BF_ LaeV){(E-t.8eV +4£o)-] . (ﬂ )

where El = (SY-E.O) /EY + 6.8 eV, while for the triplet,

(2) = | dg mBm@vd j"* P, o)
Bty ‘-L [(E-ued)aﬁ-s.sulwfo)]“ » dx = @-1)

where

{E for Ey > &g
6 8eV for EY < Eo

For equation (8), Pt(x) is the distribution of Ore and Powett (1949) with
x = ay*/eo, X = eY/(Eo(l+B)), and %, = win gl, syftyso(l—ﬁ)), where'y
and P are the Lorentz factor and velocity {(divided by c) of the positronium
atom formed, corresponding to (E -6.8 eV),
By combining the results of equations (IV-8) and (IV-%), we have

plotted in Figure IV-5 photon spectra from thermal positron annihilation via
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ﬁositronium formed by charge exchange for T = 8000K and 5000K. The FWRM's
fox t};ese .tf':ro cases are about 1,5 and 3,2 k'eV,_ respectively.
f) Discussion

As we have pointed out in the Introduction, the FWHM of the 0.511
MeV line from the Galactic Center was)observed to be less than 3.2 keV
{(Leventhal et d}w 1978a, b). When compared with the line shapes shown in
Figure IV-4, this width is narrower than that resultiﬁg from annihilation
in a colé medium, However, in a pa;tial;y ionized medium (X » 0.05), for
temperatures less than n:lOSK.the calculated line width is less than the
upéer limit set by the observations. This result implies that the medium
in which the positrons annihilate should be substantially ionized.

If we consider thé three component model ﬁf the intersteliar
medium -(McKee agd Ostrikgr 1977), then the most acceptable si&es of annihil-
"ation are the warm neutral and the warm ionized media, whose.temperatures
are about 8000K and ionization fractions are 0.15 and 0.68, respectively.
For this temperature, the width of the line is only ~ 1.5 keV, as can be
seen from Figuf; IV-2, 80% and 98% of the positrons thermalize for these
chéices of ionization fractions. The bulk of the positrons probably do not
annihilate in cold clouds even though most of the interstellar matter is
-helieved to be in-them.‘ Since nelnH is very low in clouds (< 10"5’ Guelin
et al, 1977), the line width would probably be larger than observed. Neither
should they annihilate in the hot component whose temperature is about
5x105K and density 3x10“3cm3; however, we do not expect much annihiiation
in this medium’in any case, because the annihilation time is on the order

of 3x108 years, and in this time the positrons are expected to encoﬁnter

the denser clouds in which their annihilation time is much shorter.
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Other possible annihilation sites are young supernova remnants,
. ; 4
-For example in the filaments of the Crab Nebula, n, = n, and Te‘s 10K
(Davidson and Tucker 1971). Supeynovae are also likely sources of positrons
‘thiéugh all the.processes mentioned in the Intfbduétion.
The 0,511 MeV line was observed from the direction of the Galactic

Center, but because of the wide opening angle of the detector {~15°) the
?ﬁeld of view included a large pqrtion of the Galactic Center region extending 7
to the expanding arﬁ of 135 km/sec (Mezger 1974). 1If the positron source,
however, is located at the nucleus of the Galaxy, the positrons would
thermalize and annihilate in the extended HII region in the nuclear disk,
even though most of the diffuse matter is in the 270 pc molecular ring
(Scoviile i972) encircling‘this-region (Mezer 1974). The ionized region has
an electron density of 15 to 30 cm_3 and temperature less than-lOéK. From
equations (IV-1) through (IV—&j, we expect positrons with initial emergies
5£ seyeral hundred keV to traverse a total distance of about 500 pc in about
2000 years before they thermalize. Because of scattering, however, the
rectilinear distance could be much smaller, and therefore’thé positrons
would annihilate before reaching the moleéular ring. The annihilation time
in thé ionized medium is about 103 years, For the temperature of this medium,
éhe width of the Iine is less than about 1,5 keV, consistent with the observed
upper limit of 3.2 keV,
. &) Summary

We have investigated the annihilation of galactic positrons, and
the formation of the 0.511 MeV line and the accompanying 3-photon positronium
continuum. In a poid and neutral medium, ahcout 95% of the positrons form
positronium atoms in flight and these atoms annihilate before undergoing

further collisions if the density of the medium is less than a,lolscmfa.
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The shape of the 0.511 MeV line from positron anaihilation in a cold neutral
medium has'a FWHM of abou§:5 keV (Figure IV-4 panels ¢ and d), and this
widﬁh appears to be inconsistent with the observed width of the 0,511 MeVv
line fr;m the Galactic Center (< 3.2 keV), Leventhai et al. 1978a, b).

In a’warm, partialiy ionized gas of temperature less than‘several
times 104K, only a .fraction of the positrons form positronium in flight and
this fraction decreases with Increasing ne/nH (Figure IV-2). At higher
temperaturés, essentially all the positrons thermalize pefore forming
positronium or amnihilating directly.

The rates for the various procésses 1eadi;g to thermal positron
annihilation are showvm In Figure IV-3., For temperatures less than ~»106K,
positronium formation is the dominant annihilation channel, while for
higher tempeéatures free annihilation dominates. The width of the 0.511 MeV

SK and

line from thermal positron anﬁihilation is,a?out 3 keV for T =~ 10
varies as approximately T%. The observed width from Galactic Center suggests
a temperature less than this value, and a degree of ionization larger than
about 5%, for which h;;f the positrons thermalize, For these conditions ﬁore
than 90% of the positrons annihilate after_f;rming positronium, and this is
consistent with the possible evideace for 3-photon continuum found by
Levénthal et al. (1978a, b).

.Amoﬁg the various galactic siﬁes; the warm component of the
interstellar medium, filaments or knots in supernova remmants, and the

extended HIT region in the nuclear disk could be sites for forming the

0,511 MeV line from positron amnihilation.



V. SUMMARY

This work has been concerned with emisgsion lines and other spectral
features in the hard X-ray and soft gamma ray spectra of various astrophysical
sites. 1In this chapter, we summarize the results and attempt to point out
the value of future calculations and experiments which could yield information
on such sources, Many of the observations could-be carried out from the
proposed Gamma Ray Obsérvatory (GRO), asatellite which would carry a comple-
ment of gamma ray detectors including one of high spectral resolution.

In Chapter 1I1I, we have calculated in detail the expected emission of
a broad (FWHM n.2.4‘kev) line at 6.8 keV from the 2p to ls transition of low
energy iron ions. It was shown that this line is sepnsitive to ions at
~ 10 MeV/amu, an energy at which nuclear interactions leading to -ga'LmBa ray
lines also occur. The processes responsible for the X-ray transition are
excitation by ambient gas particles and charge exchange to excited states of
the iron lon, Then using nuclear reaction cross sections (for the most
‘recent values see Ramaty, Kozlovsky and Lingenfelter 1979), we calculated
the expected ratios of the production of 4.4 MeV line photons from lzC and
0.85 MeV photons from 56Fe to that of the 6.8 keV iron line, The results
are shown in Figure IT-6.

We applied these results to possible observations of a 4.4 MeV line
from the directions of the galactic center and the radio galaxy Centaurus A.
For the former, if the line was produced by diffuse fluxes of low energy
cosmic rays, the X-ray data can be made consistent with the gamma ray
observation, but only if the energy in fast particles is so large that it
conflicts with the vertical distribution of gas in the nuclear repion.
Possible resolutions of this conflict are obtained by confining the

energetic particles to regions that are either hotter than n,IOGK, or dense
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enough to be opaque to the X-rays (by photoelectric absorption), Another
possibility is time variability on the scale of years; this time scale would
be consistent with the existence of a massive black hole at the galactic
ceﬁter. Such an object has been proposed to account for the time variability
gseen in Cen A. In addition, we find that the X-ray data from Cen A is
incon;istent with the reported width of the 4.4 MeV feature there, assuming
production by low energy cosmic rays.

Also in Chapter II, we have investigated the possibility of observiung
Yexry narrov gamma ray emission lines from nuclei excited in interstellar
dust grains. The densities of such grains are many orders of magnitude
larger than the interstellar gas, so large that excited nuclei can be
stopped before emitting the gamma ray. Since the line widths are determined
by Doppler broademning, a very narrow component of the line could result.
Three conditions should be met: (i) a signific;nt fraction of the glement
-must be condensed in graims, (ii) the lifetime of the nucleus! excited state
must be long enough to allow deceleration (» 10“135), and (iii) the grains
must' ke large enough that the recoiling nucleus does not pass out of it
before being decelerated (linear dimensions » few tenths of a micron).
Figure TI-8 through II-11 show that this effect is important for several
elements; thus observations of these very narrow components will yield
information on the composition and size distributions of interstellar grains.
We point out £hat this effect can only be observed with high resolution
detectors, Future calculations should take better account of the grain
composition and deviations from‘spherical symmetry.

Spectral features in the hard X-ray region reshlting from strong magnetic
fields were considered in Chapter III. There we confirmed the results of

Daugherty and Ventura (1977 and 1978) for the cyclotron line absorption
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and emission rates, using a different representation of the electron wave
functions, and we also calculated the relativistically correct electron-
ion Coulomb cross sections. The momentum transfer in this latter process
is quantized by the field, 'and significant modifications to the non-magnetized
cage are apparent. Comparing the rates for these processes in the densities
assumed to exist in the polar caps of the binary X-ray pulsars led us to
conclude that electrons spend most of thelr time in the magnetic: ground state.
In eother words, cyclotron zadiation is so efficient compared to collisional
excitation that the perpendicular electron temperature is essentially zero.
Energe?ic ions accreting onto an X-ray pulsar in a binary system are
thought to be channeled into the polar cap with zero pitch angle., We have
used the above calculations to determine their energy loss rates and
cyclotron line multiplicities, and the rate for production of cyelotron
lines in a one~dimensional thermal gas.
These results were applied te recent observations of a possible line
feature in the spectrum of Hercules X-~1 at about 60 keV. Under either

assugption, we found that electron densities are high enough (ne P 102°cm“3

)
to provide large opacity in the line, as cdalculated from the absorption
cross section. These considerations showed that the narrow reported

width of the feature implies that the line emission is highly beamed at
angles close to 90° with the polar cap field lines (a fan beam).

Taken together with the probable existence of an Alfyén shell, our calcula-
tions make the interpretation of a cyclotron emission line unlikely. The
data are consistent with an absorption feature at lower energies, and we
have presented a possible source of absorbing electrons, the knock-ons
produced ‘by the infalling ions. Again, we turn to high resolution detectors

for discriminating between the possibilities. In addition, further calcula-

tions are needed to determine the electron and photon spectra in a self-



consistent manner. We are presently considering the treatment of this
problem by. means of a Monte Carlo simulation.

Chapter IV treats in detail the annihilation of positfons in'the' :
galaxy and the resulting emission of 0.511 MeV gammaA%ays. By comparing
their energy losses to the cross section for forming positronium by cﬁarge.
exchange with neutral hydr;géﬁ, we have first evaluated the fraction- that
annihilate before thermalizing. Since this cross section has a threshold
at 6,8 ev, -positrons which lose energy fast enough will fall below this
threshold and will thermalize befofe annihilating. Energy losses are faster
in an jonized gas, and we have found that the ionization fraction m&st bé
less than ~ 5% for a majority of positrons to annihilate in flight. Then
we have determined the rates for the various annihilation channels of
thermal positrons. ‘Positronihm formation in the triplet state leads to
three photon decay,-while formation in the singlet sﬁate'gives the two
0.511 MeV photons upon amnihilation, as is-the case for direct annihilétion.

Next we evaluate the shape of the radiation résulting from all the
pr&cesses considered in order to compare thé'caléulations with an observed
line from the direction of the galaétic center. The observed width requires
a temﬁerature of € IOSK, and an ionization fraction 2 5%. Because most of
the maﬁtér in this region is in cold molecular clouds with practically ne
ionization, it is difficult to reconcile the observations with our calcu-
lations unless thé positron scugcé_}s 1oéalized near the center or unless
“they are somehOW‘exciuded from the clouds. We note that the first possibility
Ais consistent with the existence of the massive black hole mentiomed in
connection with the results of Chapter II. Among the various galactic
regions, thewarmcomponent of the interstellar medium, filiments or knots

in supernova remnants, and the extended HII-region in the nuclear disk



72

could be sites for forming the O.Sil MeV line from positron annihilation.
The‘calculated profiles show again that high resolution detectors can provide
valuable information on the annihilation regions. Future calculations to be
undertaken include following time wvariability éf the sources and accounting

for helium and heavier elements in the charge exchange and energy loss

processes,



APPENDIX
In this appendix, we present the details of the calculations of the
cross sections and emission rates presented in Chapter IIL. First we eval-

vate an integral occurring in'all the calculations:

# “ ‘..‘_"J
In“ NS (k) = jd‘& :F,.,“%‘L'Kﬂ gth )C,,“%‘ (xy) (A-;)

in an operator representation. The argument of the exponential can be
written using equations ITI-8,
R A f - _ a + - "n"' P 'n-'!‘

(R, = Lk sk x)= RV (X S ) B (- EETY (4-2)

where a vector V is decomposed according to
L X, t gy '
Vo= & (Vd_'."f:‘_v ) ' (A-3)

The commutation relations among the various operators are as follows:

[‘h“*,'n‘]_ =-28
XLl = &5 (A -4)

+ .
Ix*w] =0
From Merzbacher, (1970, p. 167) we obtain for this situation:
A+ A A A -1 TA
Q ] 2 - e 1 e N e J-[- ;Al]_ M“S_)

Applying this relation to the exponential in A-1 gives:

€

where § = kizl(ZeB). Thus, substituting in A-2 and using the hermicity of
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the operators, (X;")""= X?; (n*)f'= nﬁ} yields
- e T t oy B,
Il\a%l.)"‘u}z (Kl) = e-ﬁgj‘dtx"'(e-l-kx € s yh.:‘k (?‘))C'ka e =" f"‘u%;““) (A'?)

Expanding the exponential and operating on the functions according to (111-9)
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and (I1I-10) gives 3 () Ty AT - +
(k)= e ? 3"‘14 [ *2 (Lh) ’1.)! (m?) for g %]
s u e : (a)
{ l o | 2'l Vakd *) > A Mt .\.

— nl«; nz.'- :‘B-:"-- . - ‘ - | é__ ( k ) (%! (HB) -{nl. 71,,3 /P )
Q'H""(u\. (11 j‘a). (ny ’]a\.(ﬁ;ﬂs)_ -.a o

which yields after using the orthogonality property of the f£'s and

k% = ke iiquz, whern t is the azimuth of # in the transverse plane,
- - . - i

1 Gy - €T LB Gt gt gl Y

.Z' £ o R T e eI G
M= max(oyn a"nz) s muLm% %) Aas Tl (e n"}h')l(‘z‘ [V Dy 7[.)' (Z'ﬂ),

"Ny Nef

Substituting 7 = ﬂl mak (o, n l—nz) and p = By —max (o, ql-qz) yields

o — -2 '{L‘ o :.‘nnl MNy-1y 1
TogimguRy s @77 (EFRITR ) 7. 1) 2z ™
C’;_ (“:.'"a"gﬂii‘)?’ nui(ﬁ,riJ MZM% ,_} . (A /0)
- !
1=0 P ( S) TF (f*"'i% gJ) (q sfng-n) Y (mvum 0 ) - 1) (e %3!7“)]
From the definition of the Laguerre polynominal;
) ( r (s -)
Lis (%} = rgio n)' @rm)gr("L,.o Cﬁ-ql)

we see that (A-10) can be written

Toqumg (i) = o7 1 (emgebmumlinen,) [__q____wf mac (g, 9,01 }"»
l ‘ i . Moy ('ﬂl ,nL)i Mo %)3‘-)1
eyl + |- ¢ (ne-my -9, 4 ') I*n. n, 1 19,-94 _
(US ) e ‘3 ) ‘9’ L‘ (n ,m)( ) Ll % Ebf%‘) (y) (A IQL)

We can now proceed to the eyzluation of the cross sections.
First, we calculate the absorption cross section and emission

rate for line photous as prescribed by equations (III-13) and III-14)

1y "‘“‘“ - A S Gd-RE)
for absorption. Substitution from equation (ITI-6) for § gives
S" = -{E‘.. —— iw -IW +& —r
o QL (qu, W; L%J,.Q(WL.W)) j"“" [“"’ wmg ) Fip-s5mg.8e CROE Py J

035 R o—ctwi-kbF) - < e
c¥Y-Ee 0T ) fy ety (W)



75

. which, after using the hermiticity of the Dirac matrices (yt'” = Yoy”'yo),‘

becomes

]
Lole 2T - }‘j‘_ ¥ > Z "wf*“‘f’r}'q +
b}; s f (WW;_ e L:W}*m.)(w.'“"é)> d¥y &e"r'i-“},; LY E L{s‘; a'o(a'f‘n;‘mﬂ)
';' -t ‘.' -.A ) ] +|_' 1xa -
PR () fy g dp ety (A)

This expression can be reduced to 2x2 from 4x4 by using

|s>) (v o = {0 &
he= .‘D = ( ) com el = ( A-le
’ ( 9 ’ ° -l ) 7 "5&‘ o ( )
where 5' s »= ( 8:"%-) and 3 are ﬁhé Pauli matrices, After commuting the expo-

sl-ll
nential factor to the left, we obtain the matrix operator between the states

1‘{#"(11,3}1)&)3“&] Tt (¥77,4me) (A*'f’?)
EERVERR T NI MR T B S ST

AA .- ) o
where some components are not shown because they are not needed. Then

the matrix element A-15 becomes

Py

. — Y
Sy = ie [ st DL ey e dds
Fe <L L- wy NL N.;(ﬂ':+mz)ulj{_*m¢)> d[' sti,.;‘_;“%? BC Frhm ¢ Atk

(4

et ey
AT Tl ¥4 .

b<5;:l [(mo:eam..*w)— .5 HwFfxp +i(_r(,4mg)a—".'iné]] s;){
This equation is valid for all transition-s between levels. We
simplify By_ requiring that the initial state .be the ground state, by letting
q; =o without loss of éeherality, and by evaluatiné, in the c;ant:er of
parallel momentum frame, where p g=0 and We=W; = m. Under these

conditions, equation A-18 becomes -

S, - & @5 (Ww i) § (pe) s
fL72b WV W (W ma) (o] sf,—,t_[“*f'ﬁ-‘mvw)i”p;-qum)(h‘a*—k*t‘)]

Tyaes00 (R0 b a(w;im,) fas € Tyqepne (B + 5,0 T2, [l ) (e g3%)

w0t p T Tpqr 00 (K0 § (A-19)
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We note that if ¢ is the polar angle of k and ¢ its azimuth,
%3_ N i '.ttio B’Ftax‘
g EOS""'B £ = J"‘e. LZ e ) ‘('A"J-O)
where onﬁk are the polarization amplitudes in the crdinary and extra-

ordinary modes. Substituting for the I's from A-12 gives

- - LE (117 7 §(W +) - W)S Cpe) - LeNEF
5}‘; 2L ovwe W, (w; am){w’ i»m,_)]’:.e" ¥ -&’) 55;; -y Y2e8 ]_(\U +m¢4w)5ux;580

+ (Wiam, YeosB g, +L£x)]+ t,,,)[_'(w g 4w ccs‘ﬂ)f_o +L(W smprw) cosB €y | } Cg_ll)

Carrying out the same analysis for the emission case gives (assuming Pjs 9y = 0)
tes) o (an) e § - “np-wdipgrkd) “3""-5" oL
) - ti3e
'S‘fb 21‘ (mvwi \A]_;. (N‘ym“) LW;“”‘(}J N (T-) {5 1 Zes [CW-F'*%*D)gLJSb'Q

F U eme) (o0 B € €)1+ Ot @ TWy imgwead) €,-0 (W4 merw) cos b é,‘]} (A-22)
The absorption cross section is obtained by squaring the magnitude of Sfi

and summing over electron final states. The square of the §-functqons are

han@led heuristically in Bjorken and Drell (1964):
\S(?)i SCF) \S(w)llz EE-S(W) (k‘23)

where L and T are the (large) normalization length parallel to the field

H

and the normalization time. Then the rate of absorptions is

1 1 2.

LI - _ A Ld R

vq;vmx—-TS P*Z,\ :) (A-24)

3eee
where V is the electron normalization volume, T, is the absorption cross
section, and Veel is the relative velocity of the photon and electron.
Solving for the absorption cross section yilelds equ,tion (TII~15) in the
center of parallel momentum frame,
The emission rate is shown in here in nore detail to show the

processes involved in arriving at equation III-15, First, the sum over

q yields . oo
f - )e-! (*iﬁei.?ﬁ; 2:= e’lggi- “%“ff =3 (A-29)
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The integral over Pe is ignored because of the § function. Then the emission

rate into d"k centered on k for electrons deexciting from the first excited

state can be written as .

> 3 - \/d‘.’h‘ A 5 LJP'F S(ems) _

Re L= G ) 72 l (A-2¢)
expresses the proportionality of the rate to the phase

where ‘J’d3k/ (211)3
Carrying out the operations yields

space volume for the emitted photon.
i -
R - g(‘\\f&.-ﬂd-‘ﬁ-’;) e 7 wE 2
Em (k) = §W W, Wi fw,:m@('\”v‘m-) 55;,-_%, [(“}{‘me“‘])g* V/;q g l CD_SL& s
z_]f (A -27)

. 2 F 2 T
+5 ey (Nf+m=) Ex ¥ 65‘:'_12 w [(\\i+;m¢+w Caslﬁ) E°L+(w+4m,+w)zcw‘3'E

When carrying out the integral over d3k to obtain the inverse of the life-

time T it must be noted that Wf depends on ¢ so that the § function in

A-27 should be written

Wy =YW, rost6 + mesin 't )

50‘-’; W)= § (Jm,, Soteos s pw- W) = e 8 (-
++w¢cz"5‘ Sintt
(A-2%)

Then we obtain

where the braces represent the guantity in braces in A-27, Thls integral

was evaluated numerically; the results are shown in Figuee TII-1

Next we consider the scattering of an electron by an ion imp

an external field, first order approximation, the relativistic extension of

the Born approximation. The mz{trix element involved in the ion's rest frame

is given by equation I¥T-20; we Fourier expand the ion potential

. “r/rSC, where Tec iz the screening length:

Zelree
A I . 4TRe
D (x) = ‘f(ﬁ- N ﬁt on (h) y - AO(E_)- kE & rszz. (A'BO)

Then equation III-20 becomes

- . n ! T ¥
e -wri 2 [ 5 ) fune T3 ¢S o (aond
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Substituting for § from equation IIT-6 and using hermiticity gives

AWLZ -
5, = - 'Tn. e™ [“] N+C\U +r“\q)k\d{.’m¢)] [(R“)3 (kz*rs;z) ljd‘qx—ﬁ {5 (;)etuftht}’&}
£3%4,9r
k.2

W) Wirdpy (A':&?;)

1‘
Usp 1E W Tpeame] 70 ¥, e ), dy —'Fans 1 —cb
L ¥y 1

After moving eik'x to the left, we reduce the inner 4x4 to the 2x2 repre-
sentation as:in A-16 through A-18;

L{S: ye [Yoﬂ;-?- lﬁ-l—-}z)'{*me.] g0 [Y?Tf),l-m,_) Uy,
(4-33)

= <Sfl [Ln,fma)‘ FRSRT 4 & T+ 1) x'f"f] ’%’?

We note that T x o = % V x (ez) =28, Then substituting this expression

into A-32 and assum:mg the initial state is the ground state gives-

| £ -
S;': _ a‘trL e* [w w Lw; +h‘le)(uf{_+mc)] S(:m)3 H’Qc),‘{dq st 1‘*;)8"%& Py

L4
et "{ [owetsbomd ek ] -8,y kp iy (59
The elasticity of the interaction is expressed by the fact that
the Coulomb potential had no time varying component. This results in a
factor a(Wf—Wi) in the above time integration. In evaluating the integral,

we put W, = W, =W to obtain:

i f
- t2e* &l k
S)q: _ Lr(’:‘. W::ji r::‘}) 3 ”Ll SU& }’{ f’) Id‘j -5, -4 ,%;3 09 (k.l.)

{3 Yy [JW'UU-*%]ﬂ; (pg - }o)] 8 ) [aeBS’ po e."“?} /(5'35-)

Substituting for the I function and carrylng out the k,, and ¢ integrations

gives (ignoring r -2):
A oo "eogil oy, laeg)) N\
S.= MEZET g (w-wp) S ds (4%) e laeyl ream V30, Gl )

fi L Wlwim,) 3 v (ps-p0/(2e8) 4 e Gy
S%f,%; g LE::L) (%)‘{ 55;’_%_ Low (Wamd) #po(py -m] - 5% pr 535; § ;
 We rewrite the above, noting qf = +j and putting j = I,
Sf': = TIEE: % _AH b 7: *} (J‘ 2+t ) {S [;wam.) +F£(P&‘H).]
i) R e G
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where x = (pf-pi)zl(ZeB) Next we square this expression, sum over final q
and average over initial q according to 1/Q % where Q is obtained by

93i=o0
noting that the distance from the guiding center to the field line q is

given by . .
2 P - ’
Rohys (o)t - & @dhy . (e
The maximum q, Q, in a given area A(= ﬂRmax?) is given by
A=> Q+i= feBRu, = <BA (A-39)

LT

The rate-is obtained from

8 oo )
C(p) = = ov (o S IS Lodpe NP3
Rign= v g e lvgol = 5 a & E;S T2 150 (-v0)
In the square, the § function is handled as in A-23, The §-function remains,

and is used in the Pe integral, after

8wy = b (pivndazes] - fims ) = M $(p, = r*:;g-) (a-41)

solving (A-40) for.cj (noting that v = p/W) gives

o Upy) = —EET '
i ‘P 2¢Bj ) (wWim)" é besps {"5 [W%%)*fh(ﬁ )o)] 55 y B zeBc)g
o ] e mm] G (A-42)

The sum can be rewritten by using first of all the Laguerre expansior theorem

(Danese, 1965, p. 517): )
f-=]
613) = ?:_ “0 L;m (£)

(bt}____ =
&, I,————~+d“) j 43 8%e T G L)L (8)

Allowing (% = (g-i-x) and @ =} gives the express:wn

Z: [I EER "))G)] _‘%;), =: J‘o pt ?'JeZ,G "l)cs) (A-44)

-.0

'(A-93>.

*

3+X- o T+«
Bqt by A-42, we have
f” dszie® 3 ca) q!cg) = Sm d3gie? (A -4s)
[) S+x gi=o 8 o (5+x)*

Finally we obtain

o (p)= M2 By 1
3 P ‘F:P{\L\Uf,\'ﬁg‘ 5—% i % Ea (<4 ) {SJ}. _{[.'ZW'(\Ahme) 4P¢(P{P\J 51 AQBJ};}
(A-4b)



where r, = ezl(mcz) is the classical electron radius,

given by (putting &x = t in A-45)

Eoomne [ dE oo (e
_E,‘._(.'JL‘)._ l: I‘tl,e ,(t *‘) (.{_.x-)J,’ - X=

and the £, are

3

(PPH)& ) (4_,47)..
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TABLE II-1

Final

30

13 20

io

E = 5 MaV/amu

Abundance State

Element

8,16-23 2.24-23 2.41-24 3,08-25
6.64-23 2,00-23 1,55-24 1.58-25
3.58-24 1,00-24 1.12-25 2.25-26
1.53-22 4.21-23 4.57-24 5.89-25
1.24-22 3,11-23 2.94-24 3,02-25

2,73-21
2.25-21
7,92-23
4,94-21
4.08-21
1.46-22

1s
25
1s

ln

0.085 2p

@.1)

He

9-22 2.86-22 3.40-23 4.08-24

2
5
.84-23 1.91-23 2.74-24 6.46-25

.22-21 3.93-22 3.52-23 8.30-24

6.72-24 1.90-24 2.14-25 4.29-26
2.15-22 6.48-23 8.14-24 1.15-24
1,72-22 4,79-23 5.11-24 5.73-25
1.00-23 3.05-24 3,91-25 8.63-26
1.01-22 3.12-23 4.11-24 5.97-25
7.89-23 2,27-23 2.56-24 4,57-26
4,72-24 1,49-24 2,01-25 4,57-26
3.00-22 1.05-22 1.67-23 2.73-24

1
9
5

1.81-21
i.48-21
7.86-23
1.91-20
9.15-22
3.59-21

2s
is
2p
2s
1s
2p
s
1s
2p
2s
1s

3.71-4
(2 \1"“3)
1 (1 18"‘4
{1.3-3)
60 76_4
(3 . 5"3)
1.08-4

2p
2s

(1- 9“4)

e

2.30~-22 7.47-23 1.00-23 1.29-24
1.45-23 5.19-24 8.64-25 2.20-25.
1.50-22 5.63-23 1.01-23 1.82-24

1.13-22 3.93-23 5.92-24 8.79-25

2.90-21
2.11-22
1.46-21

is

3.34-5
(2.0-4)

2p

Mg

7.03-24 2.80-24 5,59-25 1.54-25

2.55-22 1.03-22 2.07-23 4.09-24

2.25-21
1.77-22

2s
1s

3.14~5

1.80-22 6.96-23 1.16-23 1.80-24

1,12-23 5.05-24 1,23-24 3.61-25

2p

S

1.51-22 6.42-23 1.42-23 3.08-24
1.07-22 4.,12-23 7.60-24 1.28-24
7.03-24 3,38-24 9.15-25 2.83-25

1.35-21
1.06-21
6.76-23

2s
1s
2p
25

2.3-4) -
1.57-5

(8.0-5)

6.62-22 2.85-22 6.51-23 1.75-23

6.75-21
4,72-21 4.55-22 1.61-22 2.82-23 5.52-24

1s

2.61-5
“(1.6~4)

Fe

3.59-23 1.74-23 4.78-24 1.72-24

Zp
2s

3.29-21 1,19-21 2.01-22 4.02-23
2.49-21 7.94-22 1.09-22 1.62-23
1,59-22 6.22-23 1.20-23 3.58-24

4 .85-20
3.87-20
2.30-21

is
28

TOTALS



TABLE 11-2

Multiplicitles
E(MeV/amu) Neutral Medium Tonized Medium
(Photons) (Photons)

2 2.0x107% - 2,410
4 .0296 00414
6 ' 281 L0413
8 1.031 156

10 2.32 361

12 3.92 .620

14 5.48 .877

16 6.77 1.09

18 7.75 o 1.26

20 8.46 1,38

22 8.98 1.47

24 9,38 1.54

26 9.68 1,60

28 9,92 1.64

30 10.11 1,67

32 10.26 1.70

34 10.38 1.72

36 10.48 - 1.74

38 10.56 1.76

40 10.63 1.77
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10°
30°
50°
70°
80°

90°

1o0°
30°
50°
70°
80°

90°

N = 1022cm72

106.2
78.9
47.0
25.9
19.0

15.2

80.6
63.2
41.3
20.6

14.0

10.1

Table TII-1

1

AE (keV) for B = 6x10 2G

T = 35 keV

1023cm,-2

136.5
93.5
52.7
31.7
24.7

20.3

T = 20 keV
102.2
76.2
46.1
25.1,
18.2°

13.6

1024cnr2 1025cm_2
162.,2 182.3
102.4 106.6
56.7 59.8
35.9 39.3
291 32.6
24.5 28.0
120.3 136.6
85.7 92.9
49.8 52.7
28.7 31.7
21.7 24.7
16.8 19.6
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