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processes the predominant mechanisms are argued to correspond to modifications of
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magnetic interaction energy enhances radiative neutron capture process. Implications

in the synthesis of r-process nuclei in supernova site are discussed.

PACS: 26.30.+k, 26.50.+x, 25.40.Lw, 98.38. Mz

Keywords: Neutron Capture Reaction, Nucleosynthesis, Nuclear Shell Effect,
Supernova, Magnetic Field

* Kiev Institute for Nuclear Research
(JAERI Research Fellow : Mar.1,1999 ~ Feb.28, 2002)



JAERI —Research 2002—010

BB B P OIS

BARFETF IR IEr e mERm Rt > ¥ —
V.N. Kondratyev* (A2 R5Fx7 JxO0574I—))

(2002%4A1HZH)

BEECTHFREICB I 2BHBEP TOBRREEZHHERZ S IR Lz, v 8K
HE S D FRERRICOVWTIE. BBICXAEMNEEORLE r BBV F—DE
ERFERANZZALELTHLS ZEN DN o7z, Thbb, ZEEERT DEMERE
DNEPBREOEICED2EHERT Z EIE> TRENEEOEHND SH., XS
WEAHEERTZ R F—NPETHEAREZHBASIES, 51K, BHEITIIBTS
r-7O0t ADOERICTDN TR L.

HART AT GR¥EE) : T319-1195 REIRAIER R A B 7 B8R 2-4
*FLURTEAER (BERUYS—F7z0—: 19943 1 BH~20024 2 B 28 H)



JAERI—Research 2002—010

Contents

1 Introduction: Amplified Magnetic Fields in Supernova Core and Neu-
173 010 ¢ W 1 7 ¥ o I 1
2 Thermonuclear Reaction Rates in Magnetic Fields ..................... 2
3 Statistical Description of Compound Nuclear Reactions ............... 3
3.1 Theoretical Predictions of Reaction Cross Sections . . . . . . . ... . ... 3
3.2 Level Densities of Nuclei in Strong Magnetic Fields . . . .. .. .. .. .. 4
3.3 Transmission Coefficients . . . . . . . . ... ... ... oo 9
4 Radiative Neutron Capture in Magnetic Fields ......................... 11
5 Magnetic Shift of Nuclear Magic Numbers ..........................o... 14
5.1 Magnetism of Nuclei within the Shell Model . . . .. .. .. ... ..... 14
5.2 Pauli-spin Magnetization . . . . . .. ... 15
5.3 Orbital Magnetism . . . . . . .. .. ... 16
5.4 Paramagnetism versus Orbital Magnetism of Protons in Nuclei . . . . . .. 17
6 Implications in the R-process ................oiiiiiiiiiiiiiiiiieannn. 22
6.1 The Canonical R-process Path . . . . ... ... ... ... .. .. ..... 23
6.2 Magnetic Shift of R-process Path . . . ... ... .. ... ......... 26
7 Summary and Outlook ......... ... ... ... 27
Acknowledgments .......... ... ... 27

RefOr@IICES . o oot e e e e e e e e e e 28



JAERI—Research 2002—010

H X
)R = - 1
2. BB T D B A S . .. oo 2
3. WEMBRISORETBIECIR ... ... 3
3. BRI DB T . 3
3 BRI O T N BB B . 4
IR R e 1 9
4. BRI . 11
LANER A 953 (0 | A 14
5. BT B DR 14
5.2 307 B D A ¥ BB 15
5.8 B BT M R T . 16
5.4 B D R C BB 17
6. R-T O R E DR 22
6.1 BRBE R-T T A DN A& 23
6.2 R-7T O ADINADBEREA 26
T E D E B 27
B B 27
BB T ... 28



JAERI—Research 2002—010

1. Introduction: Amplified Magnetic Fields in Supernova Core and Neutron Star

The supernova (SN) is long considered as promising astrophysical site candidate for r-
process nuclei (see, e.g., Fowler, Caughlan & Zimmerman 1967, 1975, Fowler 1984, Rolfs &
Rodney 1988). The capture reactions play an important role in respective nucleosynthesis
studies which usually exploit nuclear data corresponding to laboratory conditions (see
Fowler, Caughlan & Zimmerman 1975, Fowler 1984, Rolfs & Rodney 1988, Meyer &
Brown 1997, Hoffman et al. 1999 and refs. therein). The astrophysical environment
can, however, affect significantly the cross sections of key nuclear reactions. In particular,
ultrastrong magnetic fields can develop in the core of Type II or Ibc supernovas (Duncan
& Thompson 1992). Recent analysis (cf., e.g., Thompson 2000, Thompson & Murray
2001) of field amplification process due to violent convective motion indicates that inside
the neutrino-sphere (of a radius of 30 km) the root-mean-square field strength can exceed
10'5® @G, while in vicinity of rapidly rotating nascent neutron stars the strength can range
up to B ~ 10'® G. During past decade the observations of soft gamma repeaters (SGRs)
and anomalous X-ray pulsars (AXPs) brought numerous evidences in support of such
a ‘magnetar’ concept asserting thereby a possibility of such enormous stellar magnetic
fields. The supporting evidences appear as, e.g., short bright outbursts (Mazets et al.
1979, Hurley et al. 1999, Feroci et al. 2001) and optical data (Kaplan 2001) for SGRs,
rapid braking of relatively slowly rotating stars identified with SGRs (Kouveliotou et
al. 1998, Kouveliotou et al. 1999) and AXPs (Gotthelf, Vasisht & Dotani 1999, Kaspi,
Chakrabarty & Steinberger 1999). These pulsars are associated with SN remnants (see,
e.g., Feroci et al. 2001 and refs. therein).

The field strengths relevant to ‘magnetars’ correspond to a flux ®o ~ hc/me through an
area covered by the size of nuclei. As pointed out recently by Kondratyev et al. (1999,
2000, 2001, 2002) such magnetic fields can dramatically modify the structure of nuclei and,
consequently, influence nuclear reactions (Kondratyev 2002a). Incorporating magnetic
field effects in an analysis of nuclear reaction network might provide more insights on
supernova explosion and, in particular, magnetodynamics in supernova core.

In sect. 2 we outline basic concepts for the description of nuclear reaction rates in
ultra-magnetized stellar media. The statistical model is applied in sect. 3 to study
nuclear reactions in magnetic fields. As demonstrated for radiative capture process apart
from the change in the nuclear structure considerable mechanism is represented by the
modification of gamma-transition energy due to the interaction of the field with magnetic
moments of reaction partners. Such a change of the energy is shown in sect. 4 to result
in an enhancement of high spin-states population. The systematic investigation nuclear
structure in magnetic fields is given in sect. 5. Possible influence of strong magnetization

of stellar matter on r-process paths is discussed in sect. 6. The conclusions are in sect. 7.
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2. Thermonuclear Reaction Rates in Magnetic Fields

The reaction rates r are defined as the number of reactions per unit of volume and time,
e.g., cm® and sec, between nuclear particles, say target I and projectile z. This quantity
can be expressed in terms of respective cross section o and differential number densities
dD; and dDj as

rri = /av”dD,-dD;, (1)

where v;; = |v; — v|, and vectors v; and v; denote the velocities of related nuclear
components.

The evaluation of an integral in the right hand side of Eq. (1) depends on the type of
involved particles and distributions. For magnetic fields of interest the nuclear particles in
an astrophysical plasma can be described within non-relativistic treatment (Kondratyev
2001, 2001a). Furthermore, for relatively heavy nuclei we neglect an effect of Landau
quantization. Then as in the case of neutron densities the distributions dD; are expected
to obey the Maxwell-Boltzmann function weighted with a factor determined by the pro-

jection of magnetic moments on the field axis M;

my \3/?

dD; = D;G7'exp{—(E, + M[B)/kgT} <27rkT) exp{—myv}/2kpT}d>v; (2)

with spatial density D;. The partition function

Gr = _exp{—(E, + M;B)/ksT} (3)

is determined by excitation spectrum E,, and the Boltzmann constant kg.

For neutrons, I = n, two possible spin projections my, = +1/2 yield
Gy = 2cosh(gnpunB/2kgT) , (4)

where the nucleon magneton pux = eh/2myc ~ 3.15-107'® MeV-G™' and the neutron
g-factor g, ~ —3.8263. As seen for realistic temperatures 7' ~ 10° K and magnetic fields
of a strength B exceeding 10'® G the distribution Eq. (2) is dominated by components
with nuclear spins aligned along the field direction. Neglecting contributions of other
projections on the field axis thermonuclear reaction rates are reduced to the well known

(cf., e.g., Fowler, Caughlan & Zimmerman 1975) form

ri; = (ov)1;D;Dp (5)
(o) = ( i )1/2(k T)—3/2/°° Eo(E)exp{—E/kgT}dE (6)
I o B 0 P B .

Here p, denotes the reduced mass of the target-projectile system. To the best of our
knowledge the laboratory experimental information on nuclear scattering in such super-

strong magnetic fields is not available. The theoretical treatment based on statistical

_._2__
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description of compound nuclei has been widely used in astrophysical applications. It is,
therefore, worthy to perform at initial steps an analysis of magnetic field effect in nuclear

reactions on that level of approximation.

3. Statistical Description of Compound Nuclear Reactions

The Hauser-Feshbach statistical approach constitues useful framework for theoretical
prediction of nuclear reaction cross sections for the vast number of medium and heavy
nuclei which exhibit relatively high density of excited states already at neutron capture
energies. At appropriate excitation energies such small level spacing in the compound
nucleué allows to make use of the statistical model calculations for compound nuclear
reactions (see, e.g., Hauser & Feshbach 1952, Mahaux & Weidenmiller 1979, Feshbach
1992) with strongly overlapping resonances. The applicability of such a treatment for
astrophysics has been extensively discussed recently, e.g., by Rauscher, Thielemann &
Kratz 1997. The only necessary condition for its application is a large number of reso-
nances at the appropriate relative velocities v;s, so that the cross section can be described
by an average over resonances. This can in specific cases be valid also for light nuclei,
while on the other hand not be valid for intermediate mass nuclei in vicinity of magic
numbers. In the most practical cases the statistical model yields highly accurate cross
sections, when the required ingredients are sufficiently reliable. Analysis of the magnetic
field dependence of respective inputs provides, therefore, an information on the field effect

in the reaction rates.

3.1. Theoretical Predictions of Reaction Cross Sections

Within the statistical theory the nuclear reaction cross sections are expressed in terms
of averaged transmission coefficients 7', which do not reflect resonance features, but rather
describe the absorption via an imaginary part in the (optical) nucleon-nucleus potential
(Mahaux & Weidenmiiller 1979). The high level density in the compound nucleus allows
to employ such an average treatment which leads to the well known expression

U?V(i’ o; E”) — )2 Z Tz‘u(Ev m,m, E?a ml;a W?)T:(Ea m, 7, Eg, mp, 7‘-5) (7)
ovaped Tiot(E, m,7)
for the reaction I#(z,0)0" from the target state I* to the exited state O” of the final

nucleus, with the wave-length A = &/, v,1, m denotes the projection of spin, E the cor-

responding excitation energy in the compound nucleus, and 7 the parity of excited states.
When these properties are used without subscripts they describe the compound nucleus,
while subscripts refer to states of the participating nuclei in the reaction I*(¢,0)0" and
superscripts indicate the specific excited states. We note that experimental measurements

yield usually the data accumulating all excited states of the final nucleus, 3", 03 (7, 0; F:1),

_3_
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with the target in the ground state. Since in an astrophysical plasma target states y are

thermally populated, the astrophysical cross section o3(z,0) is given by
07(i,0; Eir) = G1' ) _exp{~(E} + M;B)/ksT}} 01" (s,0; Eir) (8)
m v

where the partition function is defined by Eq. (3).

The summation over v replaces T (E,m,n) in Eq. (7) by the total transmission coeffi-

cient
E-50,6
TO(E’maW) = / Z To(Ea m,7l',Eo,mo,ﬂ'o)W(E(),mo,ﬂ'o)dEo ’ (9)
- Jomo

where the upper integration limit is determined by the channel separation energy So,,

and the level density
W(Eo,mo,ﬂ'o) 226(};0 —Eo(mé,’ﬂ'o)) (10)

includes the summation over nuclear states v corresponding to projection m% of a spin
J4. The summation over target states p in Eq. (8) is generalized accordingly by Holmes
et al. 1976. It is important to stress here that the sensitivity of nuclear reactions in mag-
netic fields to projection of spins on the field axis requires to employ the spin-projection
representation in Eq. (7). Such a sensitivity removes, in addition, the spin-degeneracy
factors.

As indicated in Egs. (7), (8) and (9) important ingredients of statistical model calcu-
lations are represented by the particle and gamma-transmission coefficients 7', and level
densities of excited states W. Therefore, the effect of magnetic field in these components
determines the field dependence of cross sections. As demonstrated by Kondratyev et
al. (1999,2000,2001,2002) the non-relativistic mean-field treatment provides an accurate
description of nuclei in magnetic fields of interest. Relativistic effects become important
at considerably larger field strengths when the energy of the first Landau level wy, = unB
(with the nuclear magneton py) becomes comparable to the nucleon rest mass. The
magnitude of the respective limiting field for nucleons BY, = m,c?/2un ~ 1.5-10%° G
corresponds to a flux ®, = hc/me through the area of a radius given by the nucleon
Compton wavelength Ay = #/(m,c) ~ 0.21 fm. These fields may affect, e.g., conditions
of (-equilibrium of the neutron star bulk matter (Broderick, Prakash & Lattimer 2000).
In sects. 3.2 and 3.3 we make use of this approach to analyze the constituents of statistical

model.

3.2. Level Densities of Nuclei in Strong Magnetic Fields

The mean-field treatment brings the non-interacting Fermi-gas model (Bethe 1936,
Bloch 1954, Feshbach 1992) for the nuclear level density. Most statistical model cal-

_4.._
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Level Density

2 4 6 8 10
ayu

Fig. 1.— Level density in the units of 1/a. Thin line shows Eq. (12), while thick solid line displays the
behavior of regularized with constant temperature approximation Eq. (18) density of states.

culations use the back-shifted Fermi-gas description of Gilbert & Cameron (1965). More
sophisticated Monte Carlo shell model calculations (e.g., Nakada & Alhassid 1997), as
well as combinatorial approaches (see, e.g., Zuker 2001) show excellent agreement with
the mean-field based approach and justify an applicability of the Fermi-gas description
at and above the neutron separation energies. The phenomenological parameterization of

density of states is given by
1
W(U,m,7) = §f(U,m)W(U), (11)

with excitation energy F dependent factor

V7T exp(2val)
W) = 12al/4  Us/4

which is defined by the level density parameter a and the back-shift é providing a measure

. U=E-6§ (12)

for an energy of the first excited state. The spin-projection dependence F is given by the
Gaussian factor (Bloch 1954, Feshbach 1992)

F(m) = (Var) L exp (—(m — me)?/x?) (13)
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Fig. 2.— Magnetic field dependence of normalized at zero field nuclear level density at neutron separation
energy for °Ni (solid line) and *4Ti (dashed line).

centered at the projection myp associated with the Fermi energy. The spin cut-off param-

eter is evaluated under an assumption of spherical rigid nucleus

Trigia U
o _ Jrigid (U
K° = 7 p; (14)

with the moment of inertia Jigia = (2/5)mnAR%.
Making use of the excitation-energy dependent description initially proposed by Ig-
natyuk et al. (1975) the level density parameter a is expressed by

a(U,Z,N) = a(A)[1+C(Z,N)f(U)/U] (15)
a(A) = aA+ pA*? (16)
f(U) = 1—exp(—U). (17)

The values of free parameters «, 3 and 4 are determined by fitting to experimental level
density data to yield (Rauscher, Thielemann & Kratz 1997) {a, 3,7} = {0.1337, -0.06571,
0.04884}.

The function f(U) permits two extreme limits:
i~ For small excitation energies Eq. (15) is reduced to the form proposed by Gilbert
& Cameron (1965), a/A = a + ayC(Z, N). The value C(Z, N) is identified with shell

correction energy which is negative for magic nuclei.

—_ 6 —_
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Level density ratio

25 50 75
Mass Number A

Fig. 3.— Normalized at zero field nuclear level density at neutron separation energy versus mass number
at magnetic fields corresponding to values of parameter b = 0.07 (solid line) and 0.14 (dashed line) which
measures the field strength in the units wo/pn, see Eq. (19) and discussion therein.

ii- At high excitation energies the quantity of a/A approaches the continuum value «,
obtained for infinite nuclear matter, accounting, thereby, for washing out shell effects.
At low energies all < 5 we combine Eq. (12) with the constant temperature expression

due to Gilbert & Cameron (1965)
W(U) x exp{U/7}/T (18)

obtaining the value of 7 from proper tangential behavior. Figure 1 illustrates that such a
combination provides proper description of density of states at small energies, consistent
with experimental results, as well as Monte Carlo shell model calculations (Nakada &
Alhassid 1997) and combinatorial approaches (see, e.g., Zuker 2001).

As demonstrated by Kondratyev et al. (1999, 2000, 2001, 2002) the shell corrections
dominate magnetic field effects in nuclear structure. Therefore in calculations of the level
density we incorporate the magnetic field dependence through the shell correction part of
the level density parameter, i.e. field dependent shell energy Cp in Eq. (15), while other
quantities are considered as field independent. Then, normalized at zero field density of

states can be expressed as

—VV\\% ~ exp{2(/asU - \Jaol)} (19)
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Fig. 4.— Distribution of spin-projection (m — mg), Eq. (13), for 56Ni.

~ exp{(Cp — Co) f(U)\/a/U} . (20)

In the latest evaluation we take into account the inequality v < 1, see Eq. (15) and
discussion therein. The magnetic field dependence of the shell energy is calculated and
analyzed in sect. 5 (see also Kondratyev, Maruyama & Chiba 2000, Kondratyev 2001a).
Making use of the results of the Nilsson model (NM) for spherical nuclei and Eq. (19)
we consider the level density of nuclei in magnetic fields at neutron separation energies.
As evident from fig. 2 the density of states oscillates as a function of magnetic field. The
double magic *¢Ni in the laboratory displays increasing number of levels at weak fields,
while the level spacing grows in case of slightly antimagic “*Ti. Such a feature reflects
the magic-antimagic switching (see sect. 5 and Kondratyev, Maruyama & Chiba 2000,
Kondratyev 2001a) in nuclear structure at varying fields. Such a behavior is illustrated
in more details in fig. 3 which shows mass number dependence of normalized density of
states at various values b = unB/wp, where the NM parameter wy =~ 41A~Y/3 MeV is
associated with the energy difference between major shells. We see that the normalized
at zero field level density oscillates as a function of mass number as well. The varying
magnetic field induces a phase shift in mass number oscillations in normalized density of

states.
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Fig. 5— Energy dependence of **Ni E1-transmission factor in the units of (8/3) - (N Z/A) - (e?/hmnc?).

Assuming the radius R ~ 1.25A'/3 fm and applying the leading term of Eq. (15) for
the parameter a the value of spin cut-off is evaluated in an unified form to be x? =
0.225A2/3\/alU. As illustrated in fig. 4 the nuclei of middle masses display wide spin
distribution of densities of states as compared to change of spin projection given by

selection rules for photon emission, see sect. 3.3.

3.3. Transmission Coeflicients

The individual transmission coefficients in Eq. (9) provide a measure for transition rates
from certain excited state in the compound nucleus (E,m, 7) to the state (E}, mf,7}) in
nucleus I via the emission of a particle z. Such a quantity can be expressed in terms of
a summation over quantum mechanically allowed partial waves. We note, however, that
in the presence of magnetic field the transmission factors display also sensitivity to the
projection of a spin to the field axis since the transition energy in channel z includes the

energy difference

Ey = (M; — M; — M;)B (21)

of the field interaction with magnetic moments of compound nucleus M and reaction

partners, i.e. for nuclei M and particles M;, in respective channel, Ef;=E—S;— Ef + Ey.
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The individual particle transmission coefficients 7,,, are calculated by solving the Schro-
dinger equation with an optical potential for the particle-nucleus interaction. Many
studies of thermonuclear reaction rates by Truran et al. (1966), Michaud & Fowler
(1972), Arnould (1972), Truran (1972), Holmes et al. 1976 employed optical square well
potentials combined with the black nucleus approximation. The local density approxima-
tion with the optical potential for neutrons and protons by Jeukenne, Lejeune, & Mahaux
(1977), based on microscopic infinite nuclear matter calculations for a given density, have
been incorporated by Thielemann et al. (1987). In addition, corrections of Fantoni et al.
(1981), Mahaux (1982) to the imaginary part have been considered.

As extensively discussed by Thielemann et al. (1983), Cowan et al. (1991), Varner et
al. (1991) the square well black nucleus approximation yields reasonable accuracy for
s-wave neutron strength function (F°W)|iev = (1/27)Tnu=0)(1eV). Such a limit implies
negligible magnetic field effects in individual neutron transmission factors.

We note, in addition, that in such cases of predominant contribution from s-wave scat-
tering the cross sections correspond to the condition ov & const, and thermally averaged
rates r = (ov) vary only slightly in a wide range of temperatures, see Cowan et al. (1991).
Therefore, in further evaluations of magnetic field effects we approximate the ratio of field
dependent rate to the respective quantity at zero-field as a ratio of corresponding cross sec-
tions of radiative capture at neutron separation energies (see also Eq. (25) and discussion
therein)

r(B)/r(0) = o(B)/a(0) . (22)

The gamma-transmission coefficients are dominated by E1- and M1- gamma-transitions
in total photon widths. The smaller, and consequently less important, M1 transitions
have usually been treated with the simple single particle approach T o« E? of Blatt &
Weisskopf (1952), as also discussed by Holmes et al. 1976. The El transitions are usually
calculated on the basis of the Lorentzian representation of the Giant Dipole Resonance
(GDR). Within this model the E1 transmission coefficient for the transition emitting a

photon of energy E, in a nucleus 4 Z is given by

8NZ € ToprE;

Tel(E,)) = =
El( 7) 3 A thC3 (Es_EéDRV—l'F%}DRE%

(23)

The spatial motion of nucleons determines GDR energies Egpr and widths I'gpr which
can be well described with semiclassical accuracy (see, e.g., Baran et al. 1996, Kon-
dratyev & Di Toro 1996 and refs. therein). The Bohr-van Leeuwen theorem (van Leeuwen
1921, Terletskii 1939) suggests, indeed, that in classical limit the field effect can be omit-
ted. This is also corroborated by more detail analysis (Kondratyev, Maruyama & Chiba
2000, Kondratyev 2001a) indicating only slight influence of magnetic fields of strengths

considered here on nucleon spatial dynamics. Therefore, in specific calculations we adopt
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Fig. 6.— Effect of magnetic energy in radiative neutron capture cross section

El gamma-transitions with GDR energies and widths corresponding to laboratory condi-
tions (Holmes et al. 1976)

Egpr ~35- A"Y/* MeV, T'gpr~ 35- A7Y3 MeV . (24)

As seen in fig. 5 the El-factor sharply rises at small energies and exhibits a maximum at
about 19 MeV for nuclei of middle mass numbers. At thermal velocities such a behavior
implies that the gain(lose) of v-transition energy results in increase(decrease) of photon

emission rate.

4. Radiative Neutron Capture in Magnetic Fields

As argued in sect. 3 important magnetic field effects in radiative capture processes
are due to modifications of nuclear level densities and ~-transition energies. To illustrate
the relationship between these mechanisms as well as the sensitivity to approximations
we consider a schematic example of neutron capture by neutron-odd nucleus with spin
1/2 which yields exit channel even-even nucleus corresponding to vanishing values of
the spin-projection at the Fermi energy mp = 0. Then for s-wave neutrons the field-
projection of compound nucleus spin my = 1, since spins of neutrons and nuclei are i
aligned along magnetic field. Selection rules for dipole y-emission imply my; — mo = m,

with the photon-angular-momentum projection m, = 0,%1. In this case Eq. (21) results
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Fig. 7.— Effect of magnetic energy in radiative neutron capture cross section for |ges| = 3.8263 (a) and
1 (b). The normalized at zero-field total cross section for 5Ni and #4Ti are indicated by thick solid and
dashed lines, while thin dotted, dashed-dotted and double-dotted lines represent the partial contributions
of 3°Ni states with spins 0, 1, and 2, respectively.

in magnetic energy Eym = gein Bm.,, where an effective g-factor g.g approaches the
neutron value ¢, for predominant contribution of active neutron in change of nuclear
configuration, or unity for spatial mechanisms.

In further calculations we employ the ingredients of statistical model discussed above
for cases of **Ti and °*Ni. Furthermore, taking into account predominant contribution
of neutron channel to total transmission coefficients in Eq. (7) at small velocities v,
we approximate the cross section normalized at zero field by respective normalized -
coefficient

o(B)/o(0) ~ T,(B)/T, (0). (25)

Incorporating the laboratory level density parameters we consider effect of magnetic
energy Ey in n-capture process. As illustrated in fig. 6 positive or negative magnetic
energy balance between entrance and exit channels leads to enhancement or suppression
of the cross section, respectively. Nearly exponential energy dependence of the normal-
ized at zero energy cross section points to predominant level density mechanism of this
effect. Taking into account various spin-states in exit channel we see from fig. 7 that the
contribution of magnetic energy Fjy results in considerable enhancement of n-capture pro-

cess in strong magnetic fields. The largest contribution of zero-spin states in out-channel



JAERI—Research 2002—010

10000 10

100

Cross section ratio

0.01 A --l---:O.l P T U T T
0O 25 50 75 100 O 25 50 75 100

Magnetic field [10 16 G]

Fig. 8.— The same as in fig. 7 but including magnetic field effect in the level density. The thin solid line
shows magnetic energy effect for 56Ni from fig. 7.

at zero field sharply vanishes with increasing field strength, while the population of the
highest allowed spin-states grows. This results in nearly constant cross section in weak
field limit. In magnetic fields of large strengths such highest spin-states of final nuclei
give predominant contribution to the total cross section because of large extra-energy in
v-channel. The cross section ratio is almost the same for both nuclei. The comparison of
panels (a) and (b) in fig. 7 indicates that the enhancement is considerably stronger for
larger values of g-factor.

The mechanisms due to magnetic effects in level densities and y-energies are brought
together in fig. 8. The magnetic change in level spacing is seen to result in oscillations of
n-capture cross section around monotonic enhancement caused by magnetic energy. Con-
tribution of such oscillations is particularly important for relatively small absolute values
of g-factors. Preferable occupation of higher spin states for reaction product remains. We
note that the field dependence of the level density brings varying cross section also for an
unchanged spin projection. The magnetic effects in level spacing gives rise to considerably
different cross section ratios for °*Ni and **Ti nuclei. For the case of product-nucleus %¢Ni,
with closed shell at zero-field, n-capture process displays an extra enhancement, while for

“4T1 the reaction can be suppressed at weak fields.
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5. Magnetic Shift of Nuclear Magic Numbers

As we have seen in sect. 3 magnetic modification of shell closure properties of nuclear
masses plays an important role in the field effects on nuclear reaction rates. In this section

we analyze and systemize such properties by employing the shell model.

5.1. Magnetism of Nuclei within the Shell Model

As demonstrated by Kondratyev et al. (1999, 2000, 2001, 2002) thermodynamic formal-
ism within the non-relativistic mean-field treatment constitutes useful framework for an
analysis of the nuclide reactivity in magnetic fields of interest. Within the Hartree mean-
field treatment (see, e.g., Kondratyev 2001, Bohr & Mottelson 1969, Nilsson & Ragnarsson
1990) the nuclear structure is described in terms of the single-particle (sp) levels ¢, filled
up to the Fermi energy e, which determine the properties of N. = [T de p(¢) nucleons.
Decomposing the sp level density p(e) = 3 6(e — ¢) = p*™ + ép into smooth p™ and

oscillating ép components we express the energy of a nucleus as
€F
E-= / de ep(e) = E™ + Co + Cp, (26)

where the Thomas-Fermi (i.e. semi-classical) component ES™ is only slightly affected by
magnetic fields due to the Bohr-van Leeuwen theorem (van Leeuwen 1921, Terletskii 1939).
The leading field effect is connected with shell-correction contributions (Kondratyev 2001,
Strutinsky 1967, 1968) of neutrons C,, and protons C), to nuclear masses which are related
to the oscillating part dp.

Great success in the understanding of many properties of stable nuclei is associated with
the Nilsson model (NM) (cf., e.g., Bohr & Mottelson 1969, Nilsson & Ragnarsson 1990)
which is based on the Harmonic Oscillator (HO) confining potential approximation for the
nuclear mean-field. In present study we consider the simplified NM spectra corresponding

to spherical HO Hamiltonian

-1 ) 1
Cnl]—(n+3/2)+nso{l+1}a fOI‘]—[:}:E, (27)

where the spin-orbit (s-o) coupling constant 75, =~ 0.12, and the energy is measured in
units of the HO frequency wo. For nuclei in vicinity of stability line wo & 41/A'/3 MeV,
while neutron rich nuclei involved in the r-process network correspond to significantly
smaller level spacing. Such an approximation provides accurate description for light and
medium mass nuclei (Bohr & Mottelson 1969, Nilsson & Ragnarsson 1990).

Neglecting the s-o coupling yields the equidistant sp spectrum corresponding to prin-
cipal quantum numbers n with level degeneracies (n + 1)(n 4+ 2). Such a picture of HO

confinement might provide reliable description of neutron rich nuclides with considerably

— 14 —
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suppressed s-o coupling (Haensel, Zdunik & Dobaczewski 1989, Oyamatsu & Yamada
1994, Ozawa et al. (2000)).

5.2. Pauli-spin Magnetization

The interaction of magnetic field with nucleon-spin-dipole magnetic moment leads to

an additional term in the energy spectra
66i - JiAcx 3 Aa = qab/z (28)

with the g-factor g., and reduced field strength b = wy, /wg. Such a term contributes to
sp energies of both protons a = p, and neutrons & = n, and gives rise to a relative shift
down and up (see fig. 9b) of energy levels with the nucleon spin-magnetic moment directed
along the field (0;=1 = —1, majority-spin levels) and in the opposite direction (o= = 1,
minority-spin levels), respectively. The shift, Eq. (28), is related to the Pauli-type of the

magnetic response and modifies the shell-correction energy as
Co = Cllep + Ad) + Cller — Ay) (29)

where C! is determined by the unshifted sp spectrum (see Eqs. (26) and (27)).

The spin magnetization represents predominant effect in the magnetic field dependence
of the neutron shell-correction energy and leads to a phase-shift of shell-oscillations (Kon-
dratyev 2001). This behavior is caused by the field dependent interference of contributions
coming from the majority- and minority-spin neutrons to the total energy. As illustrated
in fig. 9a such an interference gives rise to oscillations of the shell-energy as a func-
tion of magnetic field strength with a period b, & 0.5, where the subscript s at defined
above parameter b indicates that respective oscillation period corresponds to spin mag-
netization. Figure 9b indicates that for nearly stable nuclei the respective magnetic field
By ~ wo/pn ~ 101 —10'7 G induces the relative shift A,, Eq. (28), of neutron majority-
and minority-spin energy levels which is comparable to the energy difference between ma-
jor shells given by the HO frequency wo. In particular, at field strengths corresponding
to the region near b & |2¢,|~! & 0.26 the level spacing and the degeneracies are decreased
resulting in a suppression of the shell effect as compared to the values related to level
crossings, by = |k/gn| with an integer k.

At zero-field the pronounced minima are displayed at neutron numbers, N2 = 8, 20,
40, 70, 112, 168, ..., associated with closed shells, as extensively discussed in, e.g., ref.
(Bohr & Mottelson 1969). In the case of b ~ |1/g,| the level spacing and the shell-
oscillation amplitude are nearly the same as at b &~ 0. However, as indicated in fig.
9b level occupation numbers are rather different in these two cases. Consequently, the
positions of shell-energy minima are replaced. At the field strength matching the first

level crossing the familiar spherical HO magic numbers are turned into anti-magic, i.e.
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associated with positive maxima of the shell-correction energy, while the open shell anti-
magic numbers become the closed shell magic numbers. For grand canonical ensemble
the field dependence of the shell energy minima can be obtained from the condition of

constant arguments in Eq. (29). This yields an approximation
Nix /Ny 2 (1 F gab/2(3N)')?, (30)

where + corresponds to upper and lower valleys extending from the respective zero-field
magic numbers N (see fig. 9a). As evident from fig. 9a linear term dominates such a
dependence. We note that magic number of canonical ensemble deviate from the case of
grand canonical by about 1% and 5% at the first and second level crossings, respectively.

The effect of a sign change in the shell-correction energy remains when accounting for the
spin-orbit interaction as well (Kondratyev 2001). IFurthermore, the sign inversion occurs
at the field strength that is almost an order of magnitude smaller than the oscillation

period By (see above).

5.3. Orbital Magnetism

The interaction of magnetic field with proton charge moving along the confined tra-
jectory gives rise to an additional modification of proton spectra which at small field
strengths b < 1 reads

bey = bl (31)

where I3 denotes the projection of the proton angular momentum on the field axis. Switch-
ing off the Pauli response, 1.e. A, = 01in Eq. (29), the properties of the orbital magnetism
can be easily seen by employing the simplified expression for the shell-correction energy
at conditions of weak fields in the form (see Kondratyev 2001, Kondratyev & Lutz 1998)

!~ —M Z k™% cos(kX)jo(bkX), (32)

g4 Pt
where X = 2mep/wy & 27(3N)Y/? counts the number of filled shells in zero-field limit.
The effect of orbital magnetism consists, therefore, in a modulation of components for
a nonperturbed spherical HO by the spherical Bessel function with the field dependent
argument. As indicated by Eq. (32) and illustrated in fig. 10 the weak field leads to
regular oscillations of the shell-correction energy as a function of the field strength as well

as overall suppression the shell effect with increasing b at zero s-o coupling. As seen in

fig. 10 local maxima of the shell-energy amplitude arise along the lines
ZP & [(p+1/2)/28)/3 (33)
with an integer p. The shell-correction component vanishes when in Eq. (33) p=%k+1/2

at integer k. Therefore, orbital magnetism yields the oscillation period b, &~ X1 ~ A~1/3
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corresponding to the field strength B, = wo/unX ~ A~?/3. This estimate (cf. also
fig. 10) yields a weaker field for heavier nuclei in order to invert the sign of the proton
shell-correction energy as well as to wash out the shell-structure. The minima valleys in

shell-correction energy landscape follow the lines
Za ) Zg = [(1 F b) [(LF )P, b = 1/(4(329)'7), (34)

with a good accuracy up to the third oscillation.

5.4. Paramagnetism versus Orbital Magnetism of Protons in Nuclei

The magnetic field dependence of the proton shell-correction energy is given as a com-
bination of the discussed in sect. 5.2, fig. 9 and Eq. (29), Pauli-magnetism and the
Landau-type of orbital magnetism related to proton ballistic dynamics (see fig. 10 and
Egs. (31) and (32)). Switching on the spin-magnetic response we obtain the proton shell-
correction energy which is shown in fig. 11 as a function of the proton number Z and
magnetic field strength b. As seen the damped oscillations of the shell energy correspond
to the period b, decreasing with the mass number similarly to a pure orbital magnetism.
The Pauli-type magnetization reduces, however, additionally the field strength that is
required to change the sign in the proton shell-correction energy. The phase-shift on 7
(i.e. the reversed sign) occurs at the parameter b which is considerably smaller than the
value 1/g,. The interplay between the Landau-type and spin-magnetism gives rise to an
extra-decrease of the period of a sign oscillation. The relevant field strength is, there-
fore, smaller than the corresponding field for neutrons by a factor exceeding the ratio
|9p/gn|. At the Fermi energy the respective magnetic field shifts the proton majority-
and minority-spin levels on an energy (d¢; + ¢,) comparable to the HO level spacing wy.
The energy of the first Landau level wy, is, however, by the factor 6 — 7 smaller than the
energy difference between the major shells, while the radius of the proton cyclotron orbit
is larger than the radii of nuclei on approximately the same factor. Consequently, Landau
levels give almost no contribution to the magnetism of nuclei. The orbital magnetism
in such a case is mainly given by an interaction of the magnetic field with the magnetic
dipole arising from the quantum orbital motion of protons inside the nucleus. The orbital
magnetic response of such an inhomogeneous system is considerably amplified as com-
pared to the magnetism of a homogeneous liquid which originates from the quantization
of proton orbital motion in magnetic field. The Landau levels are expected to contribute
noticeably to the magnetic response when their and nuclear radii become comparable.
Corresponding field strength By, ~ 10 G.

As seen from the comparison of Figures 9, 10 and 11 the interplay between spin and
orbital magnetic reactivities yields more complicated proton shell-correction energy land-

scape as compared to their independent responses in a field. In this case the magnetic
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field evolution of the proton shell-energy valleys can be guided by the lines
Zin) Zm = ([(1F bm) /(1 F b)) £ 9b/2(327)' ) (35)

which represent a combination of Eq. (30), but with proton g-factor g,,, and Eq. (34).
As illustrated in fig. 11 the valleys display irregular shapes passing from upper to lower
lines.

It is worthy to recall here that the presence of s-o interaction leads, in addition, to an
anomalous field dependence of the proton shell-correction energy amplitude (Kondratyev
2001). The proton orbital magnetism yields rather pronounced enhancement of the shell
effect. Especially, when the values of the parameter b are close to the spin-orbit strength

Mso, the shell-oscillation amplitude can be considerably amplified.
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Fig. 9.— a) Spherical HO model prediction of the neutron shell-correction energy versus the neutron
number N and the parameter b. Smaller energies are indicated by white regions, while the dark regions
denote larger energies. The contours are plotted with the step 0.5 starting from -1.5 for the quantity
Ch - 87%/(woX?). The thick solid lines are related to the relationship Eq. (30). b) The dependence
of the majority- (solid lines) and minority-spin (dashed lines) energy level on the magnetic field. The
energy and the field are measured in the units of the HO level spacing wqo and [wg/gnpn], respectively.
The figures at the level crossings (indicated by triangles) show the total nucleon number when the levels
are filled starting from the bottom. The level degeneracies are displayed by the numbers attached to
respective lines.
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Fig. 10.— Effect of orbital magnetism in the proton shell-correction energy versus the proton number
Z and the parameter b for the spherical HO potential. The white regions display to the energy minima
(i.e. the wells), while the dark regions indicate the maxima (i.e. the hills) in the shell-correction energy
landscape. The contours are plotted with the step 0.15 starting from -1 for the quantity Co-(1+
b/bo)87% /(wo.X?), where by = (4 -90'/3)~1 ~ 0.056. Thick solid lines represent Eq. (34), while dashed
lines correspond to Eq. (33).
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‘\ Fig. 11.— Spherical HO model prediction for the magnetic field dependent proton shell-correction energy
when including spin and orbital magnetization. The contours are the same as in fig. 10, while thick solid
lines are associated with Eq. (35).
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6. Implications in the R-process

The rapid neutron-capture process (i.e. r-process) proceeds through the syntheses of
highly unstable nuclei approaching the neutron drip-line and operates via nuclear trans-
formations governed by strong, electromagnetic and weak interactions. Such nuclear reac-
tion network involves mainly neutron captures, (v, n)-photodisintegrations, #-decays and
beta-delayed processes. The large neutrino-flux from nascent neutron stars may possibly
play a role in nuclear reaction network, as well. The interplay between nuclear structure
far from beta-stability line and certain astrophysical environment originates the r-process
abundances. In fact, generation of heavy r-process nuclei requires an excess of 10 neutrons
per seed nucleus in iron mass region or slightly beyond.

Observations of heavy elements in low metallicity stars with Fe/H abundances ranging
between 0.1 % and 1 % from the solar one provide an information on stellar surface
compositions displaying, thereby, interstellar gas components which form the stars at early
stage of galactic evolution. Such observations show, on one hand, abundance patterns
rather similar to solar r-process (at least for mass numbers A > 130) indicating, thereby,
that during such early times in galactic evolution mainly r-process sources contribute to
the production of heavy elements (Sneden et al. 1996, Cowan et al. 1997) while almost
no s-process sources are involved. Consequently, in low and intermediate mass stars the
s-process sets in only during late evolution time exceeding 10® y.

At the same time, it is recognized that for reaction rates evaluated on the basis of labo-
ratory data the r-process nuclear assembly arise with a delay of over 107 y after iron and
oxygen nuclei (Mathews, Bazan, & Cowan 1992). Such a condition potentially controvert
to an inclusion of the large mass SNe II to candidates of r-process site, because of short
evolution time of such stars with masses beyond 10-12 Mg. The r-process is generally
associated with the inner ejecta of type II sﬁpemovae (see, e.g., reviews by Cowan et al.
(1991) and Meyer (1994)), but also the decompression of neutron star matter was sug-
gested by Lattimer et al. (1977), Meyer (1989), and Eichler et al. (1989) and is consistent
with the above mentioned low metallicity observations. Both these environments provide
or can possibly provide high neutron densities and high temperatures.

Models trying to explain the whole r-process composition by low neutron density
(D, < 102 cm™3) and temperature (T’ < 10° K) environments, like explosive He-burning
in massive stars by Thielemann et al. (1979), are at least questionable according to Blake
et al. (1981). The high entropy wind from the hot neutron star following type II super-
nova explosions has been suggested as a promising site for r-process nucleosynthesis by
Woosley & Hoffman (1992), Woosley et al. (1994b), and Takahashi et al. (1994). Magnetic
enhancement of nuclear reaction rates may serve as a source of entropy enhancement.

Actual r-process calculations employ usually two different approaches. Focusing mainly
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on nuclear physics issues far from stability one group of studies make use of a model-
independent approach for the r-process as a function of neutron number densities D,, and
temperatures T, extending for a duration time 7 (see e.g. Kratz et al. (1988), Kratz
et al. (1993), Thielemann et al. (1994a), Chen et al. (1995), Bouquelle et al. (1996),
Pfeiffer et al. (1997), and Kratz et al. (1997)). Another studies usually concentrate on
specific astrophysical environment and follow the expansion of matter on typical time-
scales 7 with an initial entropy, passing through declining temperatures and densities
until the freeze-out of all reactions (see, e.g., Woosley and Hoffman (1992), Meyer et al.
(1992), Howard et al. (1993), Hoffman et al. (1996), Qian & Woosley (1996), Hoffman
et al. (1997), Meyer & Brown (1997ab), and Surman et al. (1997)). In this section we

briefly discuss magnetic field effects in r-process.

6.1. The Canonical R-process Path

The actual r-process path is governed by the sequence of neutron captures, (vy,n)-
photodisintegrations and beta-decays (and likely additional reactions like beta-delayed
neutron emission, fission etc.) which are in principle determined by detailed reaction
network described by a system of (several thousand) coupled differential equations with
a dimension equal to the number of isotopes. This can be resolved efficiently as shown
by Cowan et al. (1991). However, at neutron densities and temperatures exceeding
considerably the values D, > 10 cm™3 and T > 10° K, the short capture reaction time-
scales (=2 107*s), see, e.g., Cameron et al. (1983), Bouquelle et al. (1996), and Goriely
& Arnould (1996), justify further simplifications, since the beta-decay half-lives are con-
siderably longer (roughly of the order of 10!s to a few times 107%s). Such a case brings
equilibrated neutron capture and photodisintegration processes. These conditions allow to
make use of the ‘waiting point approximation’, sometimes also referred for as the ‘canon-
ical r-process’, which is equivalent to an (n,7v) = (v,n)-equilibrium. This approximation
relates n-capture and photon induced neutron emission rates as well as the abundances
Yz,4) as

Tf,’fY(Z,A) = )\i’fHY(Z,AH) (36)

for all nuclei in an isotopic chain with charge number Z. The photodisintegration rate

AZA+L s related to the n-capture rate (ov)2# by detailed balance (Fowler et al. 1967)

GHG[> <ﬁ>3/2 mnkpT
Go Ao o2nh?

This expression depends on the reaction Q-value associated with respective particle sep-

3/2
Ao(T) = ( ) (ov) mexp{—Qr./ksT}. (37)

aration quantities ()r,, the temperature T, and the mass numbers A of the participating
nuclear particles in a thermal bath of temperature 7. We note that at vanishing magnetic

fields the neutron partition function G, = 2, see Eq. (4).
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As seen from Egs. (36) and (37) the maximum abundance in each isotopic chain (where
Y(z,4) ® Y(z,441)) is located at the same neutron separation energy S, being the neutron-
capture ()-value of nucleus (Z, A). When less important effects, like ratios of partition
functions, are neglected the location of the r-process path, i.e. the contour lines of neutron
separation energies corresponding to the maximum in all isotopic chains, can be expressed
in terms of the neutron number density D, and the temperature 7" in an astrophysical
environment, as reviewed by Cowan et al. (1991).

Such r-process paths are responsible, e.g., for the solar r-process abundances. The
respective nuclear network proceeds via highly neutron-rich, unstable nuclei which are
located 15 — 35 units away from fS-stability line and correspond to neutron separation
energies of order of S, = 2—4 MeV. These are predominantly nuclei which are not easily
accessible in laboratory experiments to date. The particularly important regions of the
closed shells N=50 and 82, where continuous efforts are taken to extend experimental
information in vicinity of mass numbers A = 80 and 130 with radioactive ion beam
facilities (cf., e.g., Ozawa et al. (2000) and discussion therein).

The dependence on nuclear masses or mass model predictions enters via neutron sepa-
ration energy S,. The beta-decay properties along contour lines of constant S, towards
heavy nuclei (see, e.g., Fig. 4 in Thielemann et al. (1994a)) are responsible for the
resulting abundance pattern. At conditions of canonical r-process (i.e. waiting point
approximation) the formation of heavy nuclei is governed by effective decay rates )\g of
isotopic chains. Then the environment properties D, and T (defining the S, for the path)
and the duration time 7 determine the resulting composition of nuclear spices. In case
of sufficient duration time 7 (i.e. longer than the longest half-lives encountered in such
a path) the following steady flow of beta-decays results in abundance ratios independent
on duration 7. The saturated composition corresponds to /\gY(Z) ~ const for all Z-
isotopic chains, where Y|z is the total abundance of an isotopic chain and /\g represents
its effective beta-decay rate.

Number of idealizations in this picture has to be pointed out. The assumption of
independence of separation energies S, on astrophysical parameters over the duration time
7 implies that nuclei exist in forms of highly unstable isotopes which decay back to beta-
stability. In reality D,, and T exhibit the time and spatial dependence. As long as {D,,T'}
are high enough to ensure the waiting point approximation, one can neglect the memory
effects during evolution, because of lack memory in the system which immediately adjusts
to proceeding equilibrium conditions and only the new values (D, T) are important. The
prominent question is whether the decrease from equilibrium conditions in D, and T
which initially ensure the waiting point approximation, down to conditions where the
competition of neutron captures and beta-decays has to be taken into account explicitly

(neutron freeze-out) can affect significantly resulting abundances. Investigations usually
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consider sudden drop in D, and T, leading to a sudden ‘freeze-out’ of the abundance
pattern, while only beta-decays and beta-delayed processes (like, neutron emission and
fission) are accounted for the final decay towards the vicinity of stability line (see e.g. the
effect displayed in Fig. 9 of Kratz et al. (1993)).

When applying such a strategy, an analysis of the solar-system isotopic r-process abun-
dance pattern shows that as a minimum three components with different neutron sepa-
ration energies S, (characterizing in turn different r-process paths) are required in order
to reproduce correctly three peaks at A ~~ 80, 130, and 195 and the abundances between
them (Thielemann et al. (1993), Kratz et al. (1993)). When making use of experimental
beta-decay properties at magic neutron numbers N = 50 and 82, as well as the abun-
dance pattern down to the next peak, the low mass number A components of the peaks
could be properly reproduced even with the assumption of a steady flow of beta-decays.
Such an agreement indicates that the astrophysical duration time-scales T are large as
compared to the most of beta-decay half-lives encountered in the synthesis. At the same
time it suggests that the time is only comparable to the longest half-lives in the peaks,
where the path exhibits the closest approach to the stability line, and which control, in
fact, the leaking out to larger mass numbers A. The continuous superposition (rather
than only three, as expected in astrophysical environment) of components with varying
D,., T or S,(D,,T) with equidistant steps in separation energy S, between 2 and 4 MeV
and 7 between 1 and 2.5 s led to a slight (but not dramatic) change/improvement of the
abundance curve in Kratz et al. (1994).

When the calculations of Kratz et al. (1993) were supplemented by use of the most
modern mass formula data, i.e. Finite Range Droplet Model (FRDM) by Moller et al.
(1995) and Extended Thomas-Fermi model with Strutinsky Integral (ETFSI) by Aboussir
et al. (1995), instead of using a somewhat dated but still very successful droplet model by
Hilf, von Groote, & Takahashi (1976), one could show that abundance troughs appeared
before (and after) the 130 and 195 abundances peaks, due to specific behavior of the
contour lines for quantities S, of these mass models (Thielemann et al. (1994a), Chen
et al. (1995)). The location in N of an r-process path with a given S, does not behave
smoothly as a function of Z. Sudden jumps are displaied at positions of magic neutron
numbers, where the contour lines show a saddle point behavior for the FRDM as well as
ETFSI mass models. The population gap of nuclei as a function of A leads after decay to
the abundance.

Additional tests were performed in order to see how this pattern could be avoided
with different nuclear structure properties far from stability. One possibility to overcome
the problem has been considered by Chen et al. (1995). For very neutron-rich nuclei
the shell gap at the magic neutron number N = 82 is less pronounced, i.e. quenched,

than predicted by the global macroscopic-microscopic mass models. For light nuclei the
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quenching of shell effects in neutron-rich isotopes represents an established and long-
studied property (see, e.g., Orr (1991), Campi et al. (1975), Fukunishi, Otsuka, & Sebe
(1992), and Sorlin et al. (1993)). The Hartree-Fock-Bogoliubov calculations by Werner
et al. (1994), Dobaczewski et al. (1994), and Dobaczewski, Nazarewicz, & Werner (1995)
with a specific Skyrme force yield suppression effects which were expected for the r-process
path and i the result in proper abundance curve, as shown in Chen et al. (1995). This
effect has been recently also confirmed by Pearson et al. (1996), when the ETFSI mass
formula was phenomenologically quenched in a similar way as the HFB results and led
to a very good agreement with solar r-abundances in a more systematic study by Pfeiffer
et al. (1997). An experimental investigation of shell quenching along the N = 50 and 82
shell towards more neutron-rich nuclei (and approaching the r-process path for N = 126)
is a highly desirable goal in order to test the nuclear structure responsible for the solar

abundances of heavy nuclei.

6.2. Magnetic Shift of R-process Path

There are strong indications pointing to type II supernovae as r-process astrophysical
site. However, galactic evolution time-scales suggest that r-process can perhaps efficiently
operate only in the low mass SNe II with longer evolution time interval Cowan et al.
(1991), Mathews et al. (1992), while neutron star mergers or still other sites are not
necessarily excluded Lattimer et al. (1977), Meyer (1989), Eichler et al. (1989). As
mentioned in sect. 1 the core region of massive SNe II can experience very strong magnetic
fields. In this section we briefly analyze the field effect on r-process path.

Implications of simplified treatment to actual astrophysical sites rise the question on
type of environment which satisfies the required conditions as well as on validity of sud-
den freeze-out approximation for realistic evolution time-scales encountered in specific
environment. As shown in sect. 4 including the magnetic field enhances significantly the
relevant reaction rates at the same values of density-temperature parameters {D,,T}.
Such a property implies wider range of conditions for applicability of simplified canonical
r-process picture as compared to the case of vanishing field limit.

In the ultramagnetized stellar media the detailed balance equations (Fowler et al. 1967)

are modified to be

GnG[) (_ﬁ)?’/2 mnksT
GO Ao 271'7&2

3/2
ool) = ( ) (eohnesnl=(@n + B)fhsT). (39

The reaction Q-value includes, in addition to the field dependent particle separation
quantities ()7,, the magnetic energy Fum, see Eq. (21) and discussion therein.
As evident from Eq. (38) the r-process path in magnetized stellar media is determined

by relationship between neutron separation S,(B) and magnetic Ey; energies.
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As discussed in sect. 5 predominant magnetic field effects in nuclear binding energies
are associated with the oscillating (i.e. shell correction) parts. For neutrons the mag-
netic field dependence of shell energy exhibits an oscillating behavior displaying, thereby,
magic-antimagic switching in nuclear structure. Consequently, the magnetic shift of magic
numbers gives rise to the shift of saddle points in respective contour lines of r-process path.
Furthermore, as demonstrated in sect. 4 magnetic fields enhance considerably population
of high spin states of radiative capture reaction products. Therefore, the magnetic path
might be shifted towards high spin states encreasing, thereby, the portion of large mass

numbers.

7. Summary and Outlook

We have considered for the first time radiative nuclear capture reactions in ultra-
magnetized stellar media relevant for supernova cores and neutron stars. Employing sta-
tistical model the magnetic field influence on the nuclear level densities and v-transition
energies is argued to dominate the field effect in the reactions. The nuclear structure
is reflected by level densities which result in oscillations of radiative n-capture rate as a
function of magnetic field strength. The interaction of the field with magnetic moments
of nuclei modifies the photon energy, and enhances (n,v) reaction cross sections as well
as components of high spin states of reaction products. Such an enhancement suggests
weaker conditions (i.e. neutron density and temperature) for applicability of nuclear
synthesis ‘waiting point’ (or ‘canonical r-process’) approximation (Fowler, Caughlan &
Zimmerman 1967 Fowler 1984, Meyer & Brown 1997, Hoffman et al. 1999) corresponding
to (n,7) = (v,n) equilibrium. Furthermore, an increase in the population of high-spin
states implies growing portion of massive nuclear spices. The detail evaluations require,
however, to account for magnetic field dependence of spins of nuclei (cf., e.g., Kondratyev
2001, 2001a).

We note finally that similar magnetic effects can arise in electronic shell structure of
magnetized atomic clusters (see, e.g., Kondratyev & Lutz 1998, 1999 and refs. therein).

These phenomena have to be accounted in respective chemical processes.
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