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Data derived from astronomical observations of Ap stars are presented. The theory of the anomalous
chemical composition of Ap stars is briefly presented: diffusion theory, magnetic accretion, nuclear

reactions on the surface and within the star. The isotopic abundance of mercury and the discovery of
promethium in the atmospheres of Ap stars are considered. The attempts at theoretical explanation of
these observations are reviewed. It is impossible to explain all features of the chemical composition of the
atmospheres of Ap stars by just one of the mechanisms discussed in the paper.- The features of Ap stars
emphasize the importance of further observations and also calculations of the abundance of promethium

and the transuranium elements in the atmospheres of these stars.
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INTRODUCTION

During the last decade, the investigation of Ap stars
has been one of the most rapidly developing branches
of astrophysies. If the criterion for the development
of a new branch of knowledge is taken to be the posing
of every new questions, there is no doubt that it would
be hard to find any other branch of astrophysics that
competes in this respect. The explanation of the astro-
nomical observations on Ap stars prompts questions
for which answers can be given on the basis of com-
pletely different and even contradictory conceptions.
There is no completely satisfactory theory of these
stars. The abundance of elementary and simple ques-
tions which cannot be readily answered is a challenge
to investigators and, if you please, an indication of the
importance of the problem.

-

1. BASIC DATA ON Ap STARS

When stellar spectra were first studied, it was as-
sumed that the differences in the spectra are due pri-
marily to differences in the chemical composition.

Stars were divided into spectral classes; stars with
lines of the same elements were put into one spectral
class. It then transpired that what had previously been
regarded as a classification according to chemical
composition was in reality a classification according to
surface temperature. In order of decreasing surface
temperature, the classes are now designated as follows:
O,B,A, F, G, K, M, R, N, S. In each spectral class,
there are ten subclasses. For example, the hottest
stars of class A are designated AO; the coldest A9.

The surface temperature of O stars is approximately

5+ 10*°K; of S stars, 3-10°°K. The Sun belongs to the
class G2.

The Ap stars make up 10%, and according to some
estimates 25%, of all stars of classes from B4 to F0.
The spectra of these stars are peculiar (hence the p in
the nomenclature) for two reasons. Besides the un-
usual strength of certain spectral lines, variations in
the line intensities are also observed. The spectra of
these stars exhibit lines of short-lived elements that
do not exist on the Earth.

Other elements, for example the lanthanides, gold,
and mercury, are present in the Earth’s erust in small
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amounts, whereas in the atmospheres of Ap stars their
abundance is much higher, in some by 10° times!

The basic observable characteristics of stars are
the luminosity and surface temperature. The lumi-
nosity, i.e., the total energy emitted by the star in
1 sec, can be calculated from the energy received at
the Earth if the distance to the star is known. The
surface temperature of the star can be deduced from
the distribution of its radiation with respect to frequen-
cies. If the luminosities of stars with known distances
are plotted on a graph against their temperatures, we
obtain the well known Hertzsprung—Russel diagram.

Astronomers know the position of the Ap stars on the
Hertzsprung—Russell diagram, their chemical compo-
sition, the frequency of occurrence of binary systems,
the magnetic field strengths, the rotational velocity,
the morphological age, and other physical parameters.
What remains obscure is the origin of the “peculiarity”.
Before we consider the theories that attempt to explain
the peculiarity of the Ap stars by nuclear processes,
let us briefly give the physical characteristies and the
data of astronomical observations.

Position in the Hevlzspyung - Russell diagram. Age
of Ap stars. In the Hertzsprung-Russell diagram, the
Ap stars are situated among the young stars. However,
some features of their composition recall the composi-
tion of red giants. There are three possible ways of
explaining the evolutionary stage of Ap stars; namely,
Ap stars are:

1) very young objects that have just joined the main
sequence;

2) stars that will shortly leave the main sequence;

3) stars that have passed through the red giant stage
and intersect the main sequence a second time.

The ages of the stars for these three possibilities are
10°, 10% and 2- 10° years. The young stars in our
Galaxy are concentrated near the Milky Way. However,
among the Ap stars only the stars of the silicon group
(Si stars) are found to be concentrated near the Milky
Way.'®"J Later, we shall consider the existing groups in
the class of Ap stars. The remaining stars are dis-
persed much more strongly. The average distance
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TABLE I. Degree of enrichment of elements in Ap stars,
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from the galactic plane is more than 60 pc, so that Ap
and Am stars (the m denotes metallic) are not very
young.

On the other hand, Ap stars have also been found in
very young clusters: three Si, four Sr, and two Mn
stars have been found in the Scorpius—Centaurus asso-
ciation, whose age is 5+ 10° years. In addition, five
Ap stars have been found in the Orion association,
whose age reaches 3+ 10° years. The majority of as-
tronomers assume that there is no connection between
peculiarity of a star and its evolutionary stage.

Physical characteristics of Ap stars. The average
magnetic field induction of a typical Ap star is 10°-10*
G. Periodicity is observed in the variations of the
magnetic field strength. The shortest periods of vari-
ation of the field are a few days.''! These variations can
be explained by means of a model of an inclined rotator
in which the magnetic axis of the star is inclined rela-
tive to the rotation axis, and both axes are inclined
relative to the line of sight.

A typical Ap star has a surface temperature of order
10*°K and atmospheric density of about 10' atoms/cm®
The convective envelope of such a star is very thin,
and the strong magnetic fields must slow down convec-
tion appreciably. The Ap stars have masses 2-5 times
greater than the Sun.

Chemical composition of Ap stars. As we have al-
ready said, the Ap stars stand out above all because of
their chemical composition, which is very different
from the solar. The data given in Table I indicate the
deviations of the chemical composition of Ap stars from
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the composition of the majority of other stars of class
A. We give the main features of the chemical composi-
tion of Ap stars. It should be emphasized that in each
star the concentrations of the elements are different.

When speaking of the age of Ap stars, we have al-
ready mentioned various groups that exist among these
types of stars. The name of the group (for example,

Si) indicates a feature of the spectrum or an element
(silicon) for which the anomalous excess abundance is
the most pronounced. Among the peculiar stars, there
are two main groups: the metallic-line stars Am, in
which an excess of metals is observed, and the Ap stars.

In the Am stars, the deviations in the element abun-
dances are less than in Ap stars. The Am stars do not
have a magnetic field. The physical characteristics
given in Table I refer basically to Ap stars. The anom-
alies in the element abundances and the differences be-
tween the Ap and Am stars can be clearly seen in Fig.1.

Let us comment briefly on the data in Table I and
Fig. 1. The abundance of the lightest elements He and
O is reduced by a factor of ten. The Si abundance is
increased by ten times in the hottest Ap stars and by
slightly less in the others. The Ga abundance is fre-
quently reduced by 10-100 times. The abundances of
the elements in the region of the iron peak—Ti, V, Cr,
and Mn—are frequently enhanced, especially for Mn
in hot stars and Cr in cold stars. For iron, the in-
crease is not so pronounced. The abundance of Ga and
Kr in the star 3 Cen A is up by 100 times, and the Sr,
Y, and Zr excess in the majority of Ap stars is charac-
terized by a factor 10-100.  The greatest deviations
from the norm are observed for the abundances of the
rare earth elements. In normal A stars the elements
La, Ce, Pr, Nd, Sm, Eu, Gd, and Dy are not observed
at all, whereas their abundance in Ap stars is enhanced
by 500 times compared with the universal abundance.
The abundance of Ba is normal or slightly above it.

For stars in which a variable magnetic field is ob-
served, the spectra are also variable. The intensity

+6 |~ Group a Eu ‘
e sr
[ zr l’ {»
W
=I5 of T U
=lEy e
.-:?‘__“1‘5 I DGT‘ . Po 5 Rare earth elements
NIF ! ; 4 g i T t et
\£|'&‘ - Growps %2 } &
+4 |- f
e § son Pt
+2 ) Sg ﬁ$ B'd !
i S
0 4o eed [/ #T) T
T
2 el T T ]
Al L : ) ; ;
0 M 20 30 40 S0 60 A 80 W Z

FIG. 1. Logarithm of relative abundance of elements in Ap
stars (group a) and Am stars (group b). The thin horizontal

_ lines (+0.4 on the ordinate) determine the limits for the devia-

tions in the abundances of the elements in ordinary stars of
class A. The figure is taken from Ref. 3.
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TABLE L. Observations of heavy elements in Ap stars,

Element Star

w HD25354 [27], 73Dra [28], HR8911 [29]

Re HD35354 [27], 73Dra [28], HR8911 [29]

Os 73Dra [30, 31], HR8944 [29], HD25354 [27], 5 Ap stars [32], HR465 [33],
CrB [34], HD5797 [35

Ir 73Dra [28], HR891 [29]

Pt HR4072 [36], @ Phe [36], 46Dra [36], HD173650 [36], HR465 [33, 37],

73Dra [28, 31, 34], HD25354 [27], 78 Vir [34],
& Ap stars [32], HD 5797 [35]

Au HD25354 [32], HD71866 [32], 73Dra [31], HR4072 [38], y Lup [38]

Hg @ Anol [39], ¥ Lup [38—40], ©CrB[40, 41], ® Phy (6], 46Dra [36],
HD17365036],  HR4072 [38], 73Dra [28],  HR465 [33, 37},
10 Ap stars [42], 20 Mn stars [43]

HR8911 [29],

Pb 73Dra [28], HR4072 [28], HR81 [29], o CVn[13,20]
Bi 73Dra [28
U 73Dra [30, 31. 341, BCrB[32, 34, 44, 45], HD23354 [27, 46], HR465

[25, 46], HD224801 [25], 17ComA [25], HR8911 [29], 4 Ap stars [32],
25 cold Ap stars [4],25 Ap stars [47]
Th 73Dra [28], HD25354 [27], HR465 ]37]

} HD25354 [27, 48]

of some lines in the spectrum is constant, whereas for
others it varies with the same period as the magnetic
field. There are stars in which there are no correla-
tions between the variations of the magnetic field and
those of the spectral-line intensities. As a rule, if the
line intensities of certain elements increase, then those
for others decrease. For example, in the stars o?CVn
and HD 125248 the intensities of the lines Eull and CrlI
vary in antiphase. The maximal intensity of the Eull
line in the star HD 125248 is observed when the mag-
netic field is positive, but for a?CVn the maximal in-
tensity of the Eull line is reached at negative polarity
of the magnetic field.

Anticipating, let us say here that the peculiarities of
the spectra are due to different enhancements with heavy
elements in the surface of the stars and by different
physical conditions in the layers in which the lines are
formed. Each star requires individual investigation,
and this considerably complicates the determination of
general rules.

In Table II, we give data on observations of heavy
elements not contained in Table I and Fig. 1. These
elements have been observed only in individual stars,
and it is as yet difficult to speak of regularities. We
shall see later that the results of the observations of
these elements are very important for construction of a
theory of Ap stars and testing of nuclear synthesis
models.

From the investigation of the Ap stars one can also
obtain valuable information about nuclear physics.
Some hypotheses about nuclear structure that cannot
be tested experimentally under laboratory conditions
could perhaps be tested in stellar spectra. It is also
probable that the superheavy elements that have not
yet been detected on the Earth or synthesized artificially
exist on certain Ap stars; “... if superheavy elements
are to be found anywhere at all, then, in‘the first place,
they must be found in Ap stars” (Ref. 8).

In their turn, the astrophysicists investigating Ap
stars must have precise data on the spectra of rare
earth and transuranium elements. Prestont®! has listed
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in more detail the requirements of the astrophysicists
addressed to the physicists. The astronomical prob-
lems in the investigation of Ap stars have been reviewed
in Refs. 17 and 62.

2. EXISTING THEORIES OF THE ANOMALOUS
CHEMICAL COMPOSITION OF Ap STARS

The observed anomalies can be explained on the basis
of two different approaches. One of them is to look for
a mechanism that could explain the enhancement of cer-
tain spectral lines and the disappearance of others.
According to this view, the anomalies in the element
abundances are therefore only apparent. Certain ele-
ments for example, Cr, Mn, and Eu, have large mag-
netic moments, and therefore they could migrate in
magnetic fields with large gradients. " However,
one cannot explain all the observed features ; in addi-
tion, this mechanism requires the magnetic field gra-
dient to be too large. The explanation of the observed
abundance of heavy elements in the surface layers by
diffusion transport of elements of the surface of the Ap
stars is better founded. According to this hypothesis,
the element abundances in the star do not differ from
the universal; but because of diffusion certain ele-
ments accumulate on the surface.

In the second approach, it is assumed that the anom-
alies of the chemical composition are real and due to
nuclear reactions either within the star or on its sur-
face.

In 1965, Fowler, the Burbidges, and Hoyle attempted
to explain the production of heavy elements in Ap stars
by the process of rapid capture of neutrons (r process)
occurring during the time of a supernova explosion.
They therefore assumed that these stars have already
passed through a fairly long period of their evolution-
ary path and that they return once more to the main
sequence after the red giant stage.

The isotope 'C is formed as a result of the helium
flash, and °C by proton capture: 2C(p,y) N (B9C.
The '3C(a,n) reaction is the principal source of the
neutrons needed for the production of heavy elements.
Violent mixing of the layers in the star carries the re-
action products to the surface., Fowler et al. explained
the shortfall of light elements by surface spallation re-
actions. However, this theory presupposes a consid-
erable age of the Ap stars, which, as follows from the
observations, is not justified.

Formation of anomalous composition in the atmo-
spheres of Ap stars by nuclear veactions on the suy-
face of the star. Brancazio and Cameron®®! have ana-
lyzed the suggestion that nuclear reactions on the sur-
face can make an important contribution to the-mech-
anism responsible for the anomalous composition of Ap
stars. The suggestion was made by the Burbidges™®! in
1955.

In accordance with the observed cosmic-ray spec-
trum, it was assumed that the spectrum of protons and
@ particles that bombard the surface of a star is given
by N(E)~ E™ with exponent n=2.5. For the production
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FIG. 2. Dependence of the resulting abundances of the ele-
ments on the integrated proton flux (Ref. 2) (W in erg-sec
scm™),

of heavy elements, the flux of particles corresponding
to the section 1-50 MeV of the energy spectrum was
considered. Particles with lower energy lose it by ion-
ization, and those with higher energy in spallation reac-
tions. About 300 nuclei in the network of reactions
were considered. The final numbers of nuclei were
calculated as a function of the integrated flux of protons
and « particles. Since the method of calculating the
capture cross section was based on a statistical mod-
el, 141 the results obtained for light nuclei occasion cer-
tain doubts. It was assumed that the original element
abundances are the same as the solar.

It was found that the flux of bombarding protons
transforms the original matter into a mixture of hydro-
gen and helium. The change in the initial element
abundances as a function of the total proton flux is given
in Fig. 2. For small integrated fluxes, one notes a
reduction in the Fe, Co, and Ni abundances and the en-
richment with elements from Ca to Fe. High fluxes
lead to the destruction of all heavy elements, and a
flux of a particles increases the abundances of heavy
elements through (a,n), (a,p), (o, 2n), (a,pn), (e, 3n)
reactions. The results of the calculations are given in
Fig. 3. But if one considers the simultaneous effect of
protons and « particles, then if the fluxes are equal the
destructive effect of the protons ultimately predomi-
nates.

Applying their calculations in an attempt to explain
the element abundances on the surface of Ap stars,
Brancazio and Cameron concluded that only a small
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respect to Si
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FIG. 3. Dependence of the resulting abundances of the ele-

ments on the integrated flux of a particles (Ref. 2) (W in
erg *sec * cm™),
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part (about 1%) of the surface of a star is irradiated
with an intense a-particle flux. An estimate of the
energy expended by the magnetic field on accelerating
the a particles confirms the probability of this process.
It is harder to account for the selectivity of the acceler-
ation mechanism in accelerating only a particles.

There are other shortcomings of the model. The cal-
culated Fe and Si abundances do not correspond to their
observed excess. According to the calculations, the
Sr and Y abundances must increase together, which is
not observed experimentally. Contrary to the obser-
vations, Fe and Si cannot simultaneously attain their
maximal abundance since the Fe excess is produced by
capture of a particles by Si nuclei and neighboring ele-
ments.

The large ratio *He/*He (for example, *He/*He~ 10
in 3 Centauri A) can be explained by nuclear reactions
on the surface of the star. There are two ways in
which *He can be produced:

1) the isotope *He can be produced in thermonuclear
reactions on deuterium, but to obtain the observed *He
abundance one requires a too high deuterium density;

2) *He is formed in the reactions *He(p,d)%He and
‘He(p, pn)°He, whose threshold is 20.6 MeV. Note that
protons with energy greater than 7.7 MeV are also
capable of causing spallation of the nucleus 3He in the
reactions *He(p,d)2p and He(p,pn)2p. Thus, the *He
excess in the atmospheres of Ap stars depends on the
ratio of the rates of spallation of the *He and *He nuclei
by protons. If the spallation rate is greater for ‘He
than 3He, the ratio *He/*He increases. But if the rate
for *He is slightly less than for %He, the ratio *He/*He
is constant. To obtain the measured ratio *He/*He~ 10,
the cross sections of the two reactions must satisfy the
condition o(*He)/o(®He) =0. 9.

According to the measurements, '8 the ratio o(*He)/
o(®*He) increases from zero at proton energy 18 MeV to
0.9 at 38 MeV and then remains constant right up to
50 MeV. This good agreement is an argument in favor
of the suggestion that nuclear reactions on the surface
of Ap stars are very important for the formation of the
composition of their atmosphere.

Model of magnetic accretion. This model was put
forward by Havnes and Conti*®*? in 1971 and its gist is
as follows. The magnetic field of an Ap star captures
ions from the surrounding interstellar space. Since the
charge-to-mass ratio for heavy elements is smaller
than for light elements, the heavy ions approach closer
to the star, which facilitates their further ionization.
Ions with enhanced degree of ionization are captured by
the magnetic field and spiral toward the magnetic poles
of the star. The magnetic field, which becomes strong-
er as the star is approached, can deflect the ions, but
the heaviest of them diffuse to the surface of the star
and, thus, change the abundances of the elements in the
atmosphere. Since the composition of only the upper-
most layers of the star’s atmosphere is enriched, even
under the most conservative assumptions about the
density of the interstallar medium and the capture range
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one can obtain an appreciable enrichment with heavy
elements, comparable with the one observed, in a short
period (~ 10" years). The time scale of 10" years for
an enrichment of order 10% was obtained under the as-
sumption that the velocity of the star is ~ 10 km/sec,
the matter density in interstellar space is ~ 1 atom/cm?
and the capture radius is ~ 2 AU, i.e., more than 200
times greater than the geometrical radius of the star.
With regard to this model, we may point out that if it is
complemented by physical processes not taken into
account in Ref, 15 it may lead to a different chemical
composition of the surface of the star from the one ob-
tained in Ref. 15. In addition, this mechanism cannot
explain the observed isotopic details in the composition
of the stars, for example, the *He/*He ratio or the ratio
of the various isotopes of mercury.

Diffusion model. The strong magnetic field of Ap
stars prevents the development of convective motions,
in other words, it stabilizes their atmospheres. Radia-
tive pressure gives rise to a diffusion displacement of
the atoms. In the radiation field, only those atoms
whose ionization potential lies in a definite range are
subject to the radiation pressure. According to the cal-
culations of Michaud, ''¢1 the elements for which the
ionization potential lies in the range 10.5 to 13.6 eV
will be expelled by the radiative force to the surface of
the star. The elements C, P, Cl, Ca, Sc, As, Br, Sr,
Y, Zr, Xe, Rn, and the rare earths come in this group.
Elements for which the ionization potential is less than
10 eV or greater than 18 eV do not absorb a sufficient
amount of energy to overcome the force of gravity. The
atoms He, Li, Be, B, Ne, Na, Al, K, Ni, Cu, Ga, Se,
Rb, In, Sb, Te, and Cs come in this group. The ions
of Mg, Mn, Fe, and Cr, whose ionization potential lies
in the range from 13. 6 to 18 eV, may be subject to a
radiation pressure capable of carrying them to the sur-
face of the star. The diffusion velocity is of the order
10" em/sec, which can ensure a change in the compo-
sition of a star’s atmosphere in 10* years. On the
other hand, it is hard to explain the absence in the
star’s atmosphere of convective flows whose velocity
does not exceed 107 cm/sec. Let us now list the ob-
served facts that are hard to explain in the framework
of this model:

According to the model, Y must exhibit excess, but
a normal abundance of this element is observed in cold
Ap stars?;

there must be a deficiency of magnesium, but in cold
Ap stars its abundance does not deviate from the norm?

in the framework of the model it is hard to reproduce
the observed superabundance of the elements neighbor-
ing iron;

the model predicts an enhanced abundance of rare
earth elements, but not to the extent actually observed;

it is hard to explain the observed *He/*He ratio.

Despite these difficulties, the diffusion model is sup-
ported by many astrophysicists.

The hypothesis that the anomalies of the chemical
composition in Ap stays are due fo the ejection of mat-
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ter by a supernova. Let us consider a model that is
now rejected by the majority of astrophysicists but
still has adherents. It is the model in which the anom-
alous composition of Ap stars is attributed to ejection
of maiter from a neighboring star. The model was
developed by Van den Heuvel, "*®? Guthrie, {197 and
Renson, 20

The critics of this model point out that the composi-
tion of the matter in which the # process or even only
the s process (process of slow capture of neutrons)
takes place differs from the composition of Ap stars.
Besides this argument, there is another: The matter
ejected by a supernova in a binary system would more
probably strip off the atmosphere of the Ap star rather
than enrich it. The star could, however, be formed
from matter ejected in supernova explosions. The
asymmetric fission of nuclei—the products of the »
process —considered by Ohnishi*® gives the peak in the
region of Nd and Sm observed in the star HR 465.

To confirm this model, it is necessary to determine
the abundances in this star of the elements Rh, Ag, Cd,
and In, i.e., the elements corresponding to the light
fission fragments. We shall not dwell on these ques-
tions in detail since the observations of recent years
lead to the conclusion that one must invoke more com-
plicated models that take into account at least two of the
mechanisms listed above. Among the essentially new
observations that could be important for testing the
theory of Ap stars there is the discovery of the isotopic
shift of the Hg and Pt lines and also the report of the
discovery of lines of Pm, U, and transuranium ele-
ments.

3. OBSERVATIONS AND EXPLANATION OF THE
ISOTOPIC SHIFT OF THE MERCURY LINES

The results of observations in the spectra of Ap stars
of the lines of various mercury isotopes are given in
Table ITl. In Ref. 21, Michaud ef al. attribute the ap-
pearance of the heavy mercury isotopes to the diffusion
process; they also consider a mechanism in which the
matter is first displaced to the surface of the star and
is then bombarded by the proton flux. They also con-
sidered numerous spallation reactions in lead due to
protons with an energy of a few MeV. Large energy ex-
penditures are not required to reproduce the ohserved
abundances of the Hg isotopes. However, to reproduce
the observed data, the proton spectrum must be very
steep: about E™® or even ~E™%, In Ref. 21, preference
is therefore given to the diffusion model.

A different attempt to interpret the discovery of heavy

TABLE III. Relative abundances of mercury isotopes.

Iota CrB HRA4072
[41]

1381
198 10
o 6 } 0 } 0 10 }:0 5

200 } 2
B b b 0 e

202 45 37 3 30
45 } 30 7

HR5883 HR465 Terres-
Isotope [38] (1964—1969) [49] trial

Nyt

204 33 59 97
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FIG. 4. Section of the table of isotopes in the region of mer-
cury. The arrows indicate the path of successive neutroncap-

tures and 8 decays in the intermediate time scale,[?2)

Hg isotopes has been made by Cameron™!: Since the
“ordinary” » or s process does not lead to heavy Hg
isotopes, these could be formed by capture of neutrons
over a medium time scale.

A section of the isotope charge is shown in Fig. 4.
Here, the squares surrounded by a heavy line are stable
isotopes. The upper number is the atomic mass; the
lower, their relative terrestrial abundance. In the
squares surrounded by thin lines are the isotopes which
are unstable against 8 decay. The upper number gives
the atomic mass; the lower, the half life. The arrows
indicate the sequence of neutron captures and 8 decays
under the assumption that the average time between two
successive neutron captures is about 1 hour.

Under these conditions, the isotope *°Hg is formed
in a reduced amount since the majority of the **Au can
capture a neutron before they undergo § decay. For a
characteristic time of the order of 1 hour, the chain of
neutron captures terminates at ®*Hg. The isotope ***Hg
has 124 neutrons—only two fewer than the closed shell
N=126. Since the neutron capture cross section de-
creases in the neighborhood of a closed shell, it is to
be expected that the cross section of neutron capture
for 2%Hg is less than for 2®Hg. Thus, the process of
neutron capture can result in a large yield of **Hg.
Cameron'®] assumes that this process takes place onthe
star after the helium flash, during which time the nec-
essary neutron flux can be generated. As a result of the
helium flash, the temperature of the outer layers of
the core of the star is raised to 6 * 10° °K, and the pro-
cess of carbon burning, which is accompanied by nu-
merous nuclear reactions, commences. The carbon
burning must proceed nonexplosively, and the energy
released must ensure complete mixing of the layers of
the matter of the star. It should be noted that the as-
sumption made by Cameron: ¢,,,(***Hg) < ¢,,,(***Hg) con-
tradicts the conclusions of the experimental studies, %%’
according to which o,,(%Hg) =190+ 50 mb, and o,,,(*Hg)
=50+ 15 mb.

4. DISCOVERY OF PROMETHIUM LINES IN THE
SPECTRA OF Ap STARS

Promethium does not have stable isotopes; its longest
lived isotopes are YPm (T;,,=17.7 years) and **Pm
(Ty/3=5.53 years). Promethium was observed for the
first time by Aller and Cowley™* in 1970 in the star
HD 9996 (HR 465). The star HD 9996 is a magnetically
variable star with an exceptionally long period of vari-
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TABLE IV. Identification of UIl and PmII lines in the star
HR 465.

Map Ly As I Commentary
Uull

3793.10 42 93.17 2 Clearly visible
3826.51 55 26.47 3 Blended
3854,66 180 54,60 1 The same
3859.58 360 59,62 2 Clearly visible
3863, 92 140 65.98 3 Blended
3881.46 75 81.47 i Clearly visible
3895. 80 85 95,98 1 The same
3932, 08 450 32.00 2-3 g il
3954, 66 40 54,66 2-3 i 1
4050, 04 120 50.09 1 Blended
4062, 55 65 62,52 The same
4116,10 - 60 16.16 1 Clearly visible
4171.59 100 71.57 1 Blended
4472,34 44 72.44 0-1 Clearly visible
4241,67 75 41,66 1 The same
4515.28 23 16.29 1 i 1t
4538,19 23 38,20 1 e i

PmII
3877.63 80 77.64 2 Clearly visible
3892.16 100 92, 27 i 3 Blended
3910.26 100 10.23 1 Clearly visible
4417.98 100 17.82 ! The same
4473, 23 30 73.19 1 LG

ation of all characteristics—about 22 years. A number
of lines of heavy elements, in particular U, have been
observed on this star. Aller and Cowley identified
more than 40 lines of Pm II on HR 465. However,
Wolff and Morrison, ?4 who analyzed the spectrograms
at their disposal, did not find lines of Pm II.

Aller and Cowley’s report of the discovery of PmII
on HR 465 gave rise to a lively discussion in the liter-
ature on Ap stars and nucleosynthesis. The majority
of authors denied the discovery of PmII lines in the
spectrum of this star. The problem is that the spectra
of Ap stars are very complicated; many lines in them
have not yet been identified and the spectra of all rare
earth elements are not sufficiently well known. There
is a real probability that the lines ascribed by Aller
and Cowley to Pm II belong to a different element.

Since the question of the presence of promethium,
uranium, and transuranium elements is very important

TABLE V. Variations in the intensities of the UII and PmII
lines and the radial velocity in HR 465.

W ,mﬂ Veads
Number of " A k_ffr;‘,,‘:ec’ P‘P_
plate D @u23000) | yyp | ume | pmme | fom B0
=3032 | =3859 | =38877 | A=3933 [ -'°%
2532 38.40901 25.4 23.4 12.9 —1.5 0.00
2533 38.45654 21,7 21,6 12.1 +1.5 0.14
2534 38,50207 14.2 14.8 4.3 +0.8 0,29
2544 43.37151 15.7 17.3 6.3 —3.0 0.50
2545 43.47221 21.6 24.2 6.3 —3.0 0.82
2546 43.56249 23.0 27.7 15.1 —0,5 0.10
2547 4444006 L by 20,8 9.4 —24 0.85
2548 44, 55068 17.6 14.3 10.0 +1.0 0.19
2552 45.39235 23.3 18.0 14,2 —3.0 0.8t
2553 4550000 21.7 21.4 13,2 —1i.5 0.15
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FIG. 5. Correlation between in-
tensities of the UIl and PmII
lines in the star HR 465 (Ref. 25).

10 1 1 1 | 1

0 5 10 15,
Wl,m

Pmif3877

for theories of the origin of heavy elements and the
theory of nucleosynthesis, it would be worthwhile look-
ing for possible correlations between the intensities of
these lines and also others of elements not listed here
that could be parent elements of Promethium. In Ref.
25, Aslanov et al. attempted to solve the problem. In
the spectrograms of the star HR 465 they identified 17
lines of UII and five lines of PmII. These lines are
listed in Table IV. They measured the equivalent
widths of the most pronounced lines of UII (»=3859,
A=3932) and Pm1II (A =3877). In Table V, we give the
results of the measurements of the equivalent widths
for these lines. The results of the measurements fit
well onto a curve with period 6"41™ (Fig. 5). The
chromium lines, which have approximately the same
intensity as the investigated lines, do not change their
intensity. The dependence of the equivalent width of the
line A =3877 on the equivalent width of the UII line
A=3932 (Fig. 6) may confirm not only a probable genet-
ic connection between promethium and uranium but also
the presence of promethium lines in the spectrum of
HR 465 and indicate a common origin of the variations
of these lines.

5. NUCLEAR REACTIONS LEADING TO THE
PRODUCTION OF PROMETHIUM

The longest lived Pm isotopes cannot be produced in
the chain of neutron capture and successive B decays.
The majority of heavy elements are produced in such a
chain in the s or » process. However, the long lived
Pm isotopes are shielded from sequences of this type

Pmlil 3877
"y 42 “AK s /-“
0 o
15 ':‘" S
p -~
1 1 1
& o Ul 7859
e
p . L]
15+ . \;"‘—"’ . |
1 1 L
|
|
25— —a, il 3932
e AT S 4
20 N, — N
. [ ’/’ L) » ’
5 e
I 1 1
0 0.5 7 T

FIG. 6. Correlation between periodicity in the variations of
the UII and Pm1I line intensities in the star HR 465 (Ref. 25).
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by the neodymium isotopes. The longest lived pro-
methium isotope which could be formed by the process
of capture of neutrons and subsequent g decay is "Pm
(T3 =2.62 years).

Selinov®® suggested that the very high abundance of the
rare earths could be explained by the spontaneous fis-
sion of transuranium elements. The Pm vield resulting
from uranium fission is about 2% of the total of the
fission products. With increasing mass number of the
fissioning transuranium nucleus, the position of the
heavy-fragment peak in the mass distribution curve re-
mains practically unchanged, but the light-fragment
peak is steadily displaced and approaches the heavy-
fragment peak. It could be that the two peaks coincide
for superheavy nuclei. The Pm yield resulting from the
fission of a superheavy nucleus is estimated at 5%.

The superheavy elements could also be formed as a re-
sult of the » process during a supernova explosion.

The heavy-element production mechanism proposed
in Ref. 51 could produce many of the other elements.,
In Ref. 51, which is not devoted to Ap stars, a model
is described for the production of heavy elements when
matter is ejected from a neutron star. This mecha-
nism is not so catastrophic for a star as a supernova
explosion, and the star can periodically replenish inter-
stellar space with heavy elements. However, it is hard
to accept that there is a neutron star in the neighbor-
hood of every Ap star, and therefore we shall not con-
sider this model further.

In Ref. 52, the possibility is analyzed that prome-
thium could be produced in the reactions Nd(p,n)Pm,
8N4 (v,7) "'Nd (8) "Pm, and Sm(n, p)Pm. The cross
sections of these reactions at a proton energy around
7 MeV were calculated by means of the optical model
using parameters extrapolated by means of Perey’s
formula. ®*! The minimal proton flux needed to obtain
the observed Pm/Nd ratio is 10% protons - cm™ - sec™;
estimates show that if Pm lines are observed in an Ap
star, the ratio Pm/Nd must be not less than a few per-
cent.

Photonuclear mechanism of promethium production.
Edwards and Harrison™! proposed a photonuclear reac-
tion for the production of promethium and technetium
in the atmospheres of stars. The source of Y rays is
one of the reactions in the CNO cycle, namely

BNA4-p—>10+y (E,> 12 MeV).
Some investigators assume'®® that promethium is not
present in conjunction with technetium. Let us say
right away that such predictions have little basis.

A reaction in which *"Pm is produced but not ®T¢
simultaneously was proposed by Harrison. %! Prome-
thium can be produced in the reaction ¥Nd (y, n) ""Pm.
The threshold energy of the y rays for this reaction is
7.3 MeV. The source of the ¥ rays is a different reac-
tion in the CNO cycle: YC+p—~N+y (E,=7.5 MeV).
The energy of these y rays is insufficient for production
of technetium in the reaction *Mo (3, n) *Mo (8°) ®Te
since the threshold of this reaction is 8.3 MeV. There
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is no experimental value of the cross section of the
reaction *8Nd (y,n) "*'Nd.

In the calculations made in Ref. 56, Harrison obtained
the deviation for the ratio *"Pm/**¥Nd, varying the re-
action cross section and the integrated y flux. He took
into account the time needed for convective transport
of the promethium to the surface of the star, the con-
vection velocity being taken equal to 0.5 km/sec. With
regard to the plausibility of the suggestion that Pm and
Te are not contained together in the atmospheres of Ap
stars let us say the following. Irrespective of their
origin, y rays lose some of their energy in scattering
processes before being absorbed by the nucleus 8Nd or
the nucleus ™®Mo. It is therefore hard to support selec-
tivity of the v absorption reaction under stellar condi-
tions.

CONCLUSIONS

If the reader now has the opinion that at the present
time there is no consistent theory capable of explaining
the peculiarity in the spectra of Ap stars, this should
be attributed, not so much to my inability to expound
the subject clearly, as to the reality of the situation.
It has not changed much since 1971, when Sargent and
Burbidge expressed the following opinion: “There is
high probability that diffusion to the surface of the star
and accretion of matter synthesized within a neighbor-
ing star played a role in the creation of these remark-
able objects.”

We may find that stars that are now in different sub-
groups were also different in the past. There is also
no doubt that for later theoretical investigations it is

Observed Volume Primary
Characteristic / Constant
abundance u T production
Real within star
Surface
Independent (" Surfa_ce
production reactions

Long
VI ) lasting
process

Instantaneous

process s process, products of reactions

during the giant stage

¥ process, supernova

/@\ Secondary processes

Direct transport in the transported matter
of matter

Reactions with secondary
neutrons from fission and
other particles

Spontaneous fission of uranium
and transuranium elements

FIG. 7. Succession of hypotheses and models invoked to ex-
plain the anomalous abundances of the chemical elements in
Ap stars.B¥
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important to obtain as much information as possible
about the abundances in Ap stars of heavy elements, in
particular, the transuranium elements. From the rela-
tive abundance of the transuranium elements and the
methods developed in nuclear chronology, one can with
great accuracy determine the time when the last nucleo-
synthesis event took place. Let us, for example, con-
sider the pair U-Th. During the first 107 years after
the ending of the » process, the U abundance exceeds
the Th abundance by 5-10 times, and it is only after 10°
years that the abundances of these elements become
equal. Determination of the Pm abundance and also the
isotopic composition of other elements may be a good
tool for any theory but it is difficult for the following
reasons: The identification of the lines in the stellar
spectra is complicated, the experimental spectra of
these elements and their ions are not known completely,
nor are the oscillator strengths, and there are consid-
erable uncertainties in the models of the atmosphere.
As a summary, I invite the reader to consider Fig. 7,
which illustrates possible explanations for the unusual
composition of Ap stars.
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