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Screeneda decay in dense astrophysical plasmas and superstrong magnetic fields
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This paper shows that ultrastrong magnetic figlsisch as those of magnetamnd dense astrophysical
plasmas can reduce the half-life @fdecaying nuclei by many orders of magnitude. In such environments, the
conventional Geiger-Nuttall law is modified so that all relevant half-lives are shifted to dramatically lower
values.
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[. INTRODUCTION new formulas which, unlike others, can also take into ac-

count the degree of ionization of the atomic cloud. The new

« radioactivity has been known for a long time in heavy formulas agree perfectly well with other less sophisticated
nuclei. This process, which is described in various textbookenes. In Sec. lll, the parent nucleus is considered to be under
of physics(see, for example, Ref1]), can be described by the influence of a superstrong magnetic field such as the one

the nuclear reaction encountered in magnetars. In Sec. IV, we studydhgecay
) of nuclei in a dense astrophysical plasma where the ¢&w
IXN—5 53Xy o+ 3HE+Q, (1)  and rapid(r) processes take place. In Sec. V, the usual

Geiger-Nuttall law is modified appropriately for magnetars

where the usual textbook notation for the parent, the daughand dense astrophysical plasmas. Finally, Sec. VI presents
ter, and thea nuclei have been used. The value of e bneﬂy the conclusions of the present paper.

energy, which is released during the decay, can be derived by

the application of the conservation-of-energy principle which Il. SCREENED « DECAY IN A TERRESTRIAL
demands that ENVIRONMENT
myc?=my'c?+m,c?+Q,, 2 Let us assume that the parent nucleus is fully ionized

(unscreened During alpha decay, outside the range of the
nuclear forces, ther particle GHeZ) experiences only the

EFﬁpulsive Coulomb potential of the daughter nucleus
5~ 5Xn_») so that the interaction energy will be

wherem; stands for the mass of nucl@) andc is the speed
of light. This approach, adopted in most textbooks, yields th
energy released due to the rearrangement of nucleons whi
takes place during the decay. Actually, the subsanigtas
been used in order to indicate that this energy is purely 2(2-2)e?
nuclear. However, if one wants to be precise in his applica- V(r)= .

tion of the conservation-of-energy principle, then the atomic

nature of the reactants should also be taken into accounfyo maximum height of the barrier will of course be
Thus, the actua energy released in the emission process is

given by 2(Z2-2)e?
Vo=—fgr 5
Q=Qn+Be(Z)=Be(Z-2) —B(2), ()

whereBq(Z),B.(Z—2),B.(2) are the total electron binding
energies of the parent, the daughter, anddtsoms, respec-
tively. Although in typical terrestrial conditions such atomic R=1.9(A—4)¥3+ 413 fm, (6)
corrections are of little importance, they still have to be taken
into account if an accurate experimental value of the half-life  The a-decay half-life TQ‘,%C of an uscreened heavy
Ty, of the decay is to be obtained. On the other hand, imucleus is inversely proportional to the penetration factor
certain astrophysical environments, screemediecay can P(E,) given by the WKB method:
present spectacular properties which have never been inves- o
tigated before. One of the main features of this paper is to 22w (re(Ed)
investigate those properties and their possible implications P(Ea)=ex;{— 5 e We(r)—Eqdri,  (7)
on some long standing theories. The layout of the paper is as
follows. where the kinetic energy of the particle is

In Sec. Il, we study the effects of the electron cloud when
a decay occurs in a usual terrestrial environment. We derive A—-4

E. TQn €)

4

where R is the minimum distance between the daughter
nucleus and thex particle roughly given by

*URL: www.liolios.info and the classical turning point is given by
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a decaying nucleus

V(re)=E,. ©)

We will now define the two major limits of our study whose
validity and plausibility have been firmly establishg2] in

the study of multielectron screening effects in astrophysical
reactions. Namely, if the nucleus belongs to a neutral atom,
we should distinguish two modes of decay.

The adiabatic limit (AL).This limit assumes that the
atomic clouds around the daughter and ¢hauclei rapidly
adjust themselves during the decay so that all the participant
of the decay(parent, daughtery) are always in a neutral
atomic form.

The sudden limit (SL)Here we assume that throughout
the decaying process, the atomic cloud of the parent nucleus r
remains undisturbed so that the daughter nucleus is screened-v
by the same cloud as the parent one and d¢hparticle is
emitted fully ionized. Note that in that limit, the neutral 0 1
daughter atom will be assumed to haXe 2 electrons so
that the Thomas-FerniirF) theory can be used.

In the adiabatic limit, the kinetic enerdy, will be

Potentigl Energy

Relative Distance

FIG. 1. A simplified picture of screened decay. The alpha
particle is emitted with grelative kinetic energyE,, while the
screened °9) and unscreened {9 classical turning points are
also shown. Note that the maximum height of the Coulomb barrier
in the screened case will be shifted downwardsAdy. while the
nuclear state of the parent nucleus is described by a potential well
of depth—V,. The relative distance is measured in screening radii
while the mantissa has been modifiéeixaggeratedin certain
points to help visualization of the effect.

EAN=E,+U,, (10)

where the energy shift will be given by

A-4
ue=(T)[Be<2>—8e<2—2>—Be<2)]. (1

The energy shift is usually much smaller than the kinetic . . .
energyE,, imparted on thev particle due to the rearrange- wheren is the Sommerfeld parameter for the interaction be-
ment of nucleons and can be calculated in the framework ofV€S" Fhe daughter and.the helium nuclei. .

the Thomas-Fermi theorf2]. According to previous studies Obviously, the screening effect reduces the half-life of the

[3], we can always define a screening enhancement fact&’ecay'ng nucleus. This is of course as e>_<pected, since the
(SEP so that screening cloud reduces the Coulomb barrier thus easing the

way of thea particle out of the parent nucleus. In Fig. 1, we
have drawn a simplified picture of the screeneddecay.
According to that figure, the Coulomb potential practically
vanished at distances further than three screening (seki
following sections and Ref2]).
where PSYE,+U,) is the screened penetration factor and  The SEFs for heavy nuclei have been calculated in a pa-
PNSHE,) is the unscreened one. Note that the kinetic energyer [2] dealing with astrophysical nuclear reaction experi-
E. in Eq. (12) refers to the unscreened nucleus. ments. Actually, the derived formulas are particularly rel-
SinceT,;,~P~*(E,), we can write the following for the evant here, since the atoms involved in alpha decay are
screenedT35(Z,A,Q,) and the unscreened);(Z,A,Q,)  always multielectronic. We can easily adjust those formulas
half-lives: appropriately in order to describe the relevant screening ef-
fect in o decay:

PSYE,+Ue)
— =

2 AQN= e =L (12

TS Z.A.Qn) Sudden limit.
TSSZAQ) =+ oo (13
fa(Z,A,Qn)
oL 3.8562-2)"% A q

On the other hand, if the screening energy sbiftis much ~ fa (E)=exp — RYC Azl S@+ x|l

smaller than the kinetic enerdy, of the « particle, then n (16)
§] D )
fa(Z,A,Qn)=exp( N E_z) (14) where the degree of ionization is defined by

_ _ _ 1 electrons 1

The screened half-life will, therefore, be given by a=1-otons (17)
U i ) .

Tffz:(Z,A,Qn):ex% _TmE_e) TNSGZ,A.Q,), (15 and the quantities(q),xo(q) are defined in Ref{2]. For
@ neutral atomsg=0,(0)<e, andS(0)= —1.588 so that
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6.12332-2)"°%/ A
SL .
fTF(E)—eX[{ Qﬁ’z Acall (18
Note that the quantit®, is measured in keV throughout this paper.
Adiabatic limit.
AL 62(Z—2)[F(quF) 2"~ F1(q1)(Z=2)"P=Fy(q2)2™% A
Te(E)=exp — a2 ACal (19
|
whereF(q) is defined in Ref[5]: hypothesis that two separate classes of astronomical x-ray

3 sources—the soft gamma repeaters and the anomalous x-ray
2 . . . . .
1 € pulsars—are actually different manifestations of this peculiar
F(a)= 7(@) ay type of star. The giant magnetic field of magnetars has a
significant and observable effect on quantum electrodynamic
anday is the Bohr radius. processes operating near the star. It can also support strong
If we assume, according to the AL, that the parent, theand persistent electrical currents, which alter the spin down
daughter, and ther nuclei are all in a neutral atomic state, of the star and contribute to the continuous glow of x rays
then F(q.2) =F(q1) =F(a,)=—20.98 eV and the relevant and optical light observed in between outbursts. In this sec-
SEF is written tion, we will investigate its effects on the abundances of
a-decaying heavy elements which may find themselves in
[27°-(z-2)"*-2"% A the neighborhood of a magnetar.
Qﬁ’Z A—4 | In large magnetic fields, such as those existing in the at-
(21)  mospheres of neutron stars, atomic clouds are compressed
both perpendicular and parallel to the magnetic field direc-
We have compared E@L8) to Eq.(21) and have found that o, [5] The effects of giant magnetic field8& 102 G) on
the_lr resulits pracnca!ly _commde for a&-decaym.g. nuclei. hydrogen and helium atoms have been extensively studied
This remarkable coincidence proves the. validity of theby many authors. Various studies have appeared focusing on
present method and allows us to use the simple SL formulguch topics as the formation of molecules and chighgand
for the description of the screening effect in terrestiaal references therejrand nuclear fusioi7]. However, no au-
decay. _ _ _ ‘thor has ever considered the effects of such a magnetic field
U_SL_JaIIy in a-decay studle_s, experimentalists use a semi, a-decay processes.
empirical formula for screening energy, Let us consider the heavy neutral atom of etlecaying
_ _on\T/5_ _ 25 element, which is under the influence of such an ultrastrong
Ue=6532-2) 80(2=2)" eV, 22 magnetic field. We will disregard all exchange, thermal, and
which when inserted in Eq15) gives roughly the same re- felativistic effects as a first approximation and adopt the
sults as Eq(19). usual supermagnetic field notati¢6] B,,=(B/10'?) G,B,
Thus we have derived alternative formulas for the accu=2.351x10° G,b=B/B,. Moreover, the parent and the
rate description of the screening effect indecay. Those daughter nuclei are considered spinlgsg., U-238,Th-234
formulas, which are based on the solid mathematical framelust like thea particle, so that we can disregard any coupling
work of the TF theory, are the only ones available that carvith the external magnetic field. Note that the effect of a
take into account the degree of ionization of the participanfUperstrong magnetic field on nuclear properties has also

P
S(q)+ m} (20

fﬁL(E)zex;{ 1.297Z2-2)

nuclei. been disregarded in the study of magnetically catalyzed fu-
sion reaction$6,7]. However, in such cases where the fusing
. MAGNETICALLY CATALYZED  a DECAY nuclei are not always spinless, coupling effects may play a
IN MAGNETARS non-negligible role.

In any case, the present study will exclusively focus on
Nowadays, there is a growing body of eviderisee Ref. the perturbation of half-lives due to atomitunneling ef-

[4] for a review for a population of neutron stars with mag- fects allowing for an extra perturbation term due to purely
netic fields of the order of 8 G, which is much larger than nuclear effects. This assumption is based on the Born-
the typical magnetic field of a neutron stére., 102G).  Oppenheime(BO) approximation according to which there
These “magnetars” are distinguished from radio pulsars ands a complete decoupling between electronic and nuclear de-
accreeting binary neutron stars not only by the strength ofirees of freedom(The BO approximation has been used
their field but also by the fact that their decaying magneticfrequently in screening studi¢8—10].)
field is their primary energy source. Moreover, recent obser- Sudden limitThe magnetic TF screened Coulomb poten-
vations[4] provide strong evidence for the validity of the old tial will be given by
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Ze r where the relativistic parametér stands for
(Dsc(r)_7¢ R_B ) (23) 5
AT (29
where the scaling parameter Ry=>55 13Z %~ %5 fm and 2m.c2Rg
the universal functionp(x) is given by Kadomtsev'$11]
differential equation with the initial conditions of RéfL2], or else
d2(x) Z*%9?/5< 38 286. (30)
=(x¢)",  $(0)=1,¢'(0)=—0.938 965, _ o _
dx? We have run extensive numerical integrations of &)

(24 applying the above relativistic model to various magnetic
fields and heavy nuclei. Provided that the conditiong1

where we have set=r/Rg. andZz*3<b<2Z? are valid, we have concluded that relativ-

The above model is valid for neutral atoms when the conistic corrections tafS(Z,A,B) are negligible.
dition 24/3<b<j,,2;3 (or according to another studyi3], Adiabatic limit. In an ultrastrong magnetic field, due to
Z27°<b<4.2527) is sgtlsfled. S ) ) the multielectron nature of an-decaying atom, the sudden

In the sudden limit approximation, the particle, on its  |imjt is expected to yield practically the same results as the
way out of the parent nucleus, will have to penetrate theygiapatic limit. This has been shown in the preceding section
screened Coulomb potential given by Eg3) so that the o conventional screened decay and common sense de-
tunneling will involve an interaction potential energy given mands that this is the case when supermagnetized atoms are

by considered. It is obvious that subtracting two electrons from
2 the large number of them which orbit the parent nucleus will
2(Z—-2)e r . . T
Vedr,B)= ———— | —|, (25)  induce a very small perturbation to the charge distribution
r Rs around it. This of course means that the sudden limit is ex-

s — 25 , pected to be very accurate just as was shown in the preceding
whereRg=55,133¢ —2)"*" " fm and the respective SEF ggction. We can use the total binding energy of a supermag-
will of course be given by the screened versus the Unyatized heavy atorE=— 13.&%%25 eV, in order to obtain
screened penetration factor: the screening shift yielded by the adiabatic limit which, ac-
cording to Eq.(11), reads

R USE=0.013607Z%°— (2—2)%5-2%] keV  (31)

2 2 rC(Ea'B)
fiL(z,A,B)zex;{——'ﬁ“U Weodr B)—E.dr

and after some algebra the relevant AL SEF is found to be
: (260 given by the formula

- YV (r)—E,dr
R

rC(Ea) )

0.85

312
Qn

(Z_Z)(L) b2/5

A—4

where the classical turning point in the magnetizedecay fAL(Z,A,Q,B)=ex
is given as usual by a VPR

Vsdlre,B)=E,. (27)

We might follow the treatment of Sec. Il where we derived

appr_oximate analytic SL SEFs for conventioaadecay, as- | Fig. 2 ,we have numerically integrated Eg6) in order to
suming that there exists a constant screening energy shlp ot the magnetic SL SEF for the: decay of 228U (T,

(much smaller tharE,). This method, which actually re- = 4.46<10° yr), and 2%U(T,,=0.7x 10° yr) with respect

places Eq.26) with Eq. (14), would indeed yield very el- Do 4 .
egant analytic SEFs but we cannot afford to make any a to the magnetic field strengttmeasured in units of 2.351

proximations yet. This is due to the fact that we are studyin 9 ;)OQTC;)e' z\cl)?i dhE\l/\é?tizlg’lot;gflgidi?fi;hse t’f]‘lé iEFgrgl::fiP g‘yoicr].
a completely novel effect and thus we must be certain abo . 9 PP

the accuracy of our results. Thus we will numerically evalu-mOdeI for the nuclei in question, while the lower limit is
. actually that field for which the SEF becomes roughly unity.
ate the SL SEFs given by E(6). The results of both limits are very close to each other just as
Moreover, in some cases, relativistic corrections to the TF redicted y J
atom may become important. In order to investigate relativF ‘ . . .
We have particularly chosen these two uranium isotopes

istic effects, we will employ the equation derived by Hill, as they are thoroughly used as cosmochronological tools
Grout, and Marctj14] and Shivamoggi and Muls¢t.5], [16,17. By observing the reduction in the half-lives of those

a-decaying isotopes in Fig. 1, we can argue that ultrastrong

X [29/5_ (Z— 2)9/5_ 29/5] . (32)

2 1/2
d"¢(x) _ 112 ¢ - magnetic fields act as giant transformers?U,?%%U into
(X¢)™ 1+A , $(0)=1,
dx? X their respective daughtef$*Th and 23'Th.
According to Fig. 2, magnetars can reduce the half-life of
¢'(0)=—0.938 965, (28) uranium by four orders of magnitude. The effect is of a simi-
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Actually, heavy nuclei which decay by particle emis-
sion exist only in the form of seeds in ordinary massive stars
where the zero metallicity scenario is usually valid for most
stellar evolution calculations. For example, in population |
stars the uranium abundance is rougHig] 11 (6) orders of
magnitude smaller than that of hydrogesilicon). Neverthe-
less, there are stellar processes such assthed r ones
which generate a significant number of heavy nuclei which
are then ejected into space via a supernova explosion. Ad-
mittedly, the production of such nuclei does not play any
significant role in stellar evolution which is governed by
light element production-destruction processes. However, the
abundances of heavy elements give important information
about the formation of the universe and therefore all factors
which influence them deserve special attention. In this sec-
tion, we will prove thate decay in dense stellar plasmas can
play a much more important role in the destruction of heavy

FIG. 2. The ratio of the unscreened half-life)5¢ to the elements than initially though2o]. _
screened on&Ss (i.e., the SEFfor two importanta-decaying iso- Let us consider a heavy-decaying anC|e_U§MN ina
topes with respect to the magnetic field strengtteasured in units  fully ionized multicomponent plasma which is at thermody-

of 2.351x10° G):23%U (upper/lower solid curvas 233U (upper/ ~ Namic equilibrium. We will modify Mitler’s mode[21] for
lower dotted curves The upper(lower) curves stand for the AL Screened thermonuclear reactions in order to derive screen

(SL) SEFs for each isotope. ing corrections in oulx-decay study. Actually, this modifi-
cation is perfectly legitimate, since all plasma screening

lar order of magnitude for other heawdecaying nuclei as models are concerned with the perturbation of the penetra-

well. Although the mathematics of our model forbids its usetion factor P(E) which is the same for both fusion and de-

at fields larger than #0 G, it is more than obvious that cay.

half-lives will be further reduced at ever stronger fields Sudden limitIn that limit, we assume that the plasma

where our model is invalid. which screens the nucle@\/lN remains undisturbed by the

Another interesting fact about ultramagnetizediecay is  emission of thex particle. According to Secs. Il and Ill, we
that the compression of the electron cloud is particularlymodel this process by considering the interaction between
large in the direction perpendicular to the magnetic field,the daughter nucleus and theparticle inside the plasma. If
while it is very small in the parallel direction. Thus, the we modify Mitler's model, the screened Coulomb potential
emission ofa particles will not be isotropic as is usually the is given by
case in terrestrial process but it will occur in such a way that
it peaks in the perpendicular direction. The phenomenon of VM (r)= 2(2-2) —C.+C.r2 r<r (33)

: : : : sC! (o] 1t 0>
anisotropically enhanced decay has never been investi- r
gated before. In Sec. 1V, we will prove that it also appears in
the s and r processes in stellar plasmas, although in such
sites the screened half-lives can be up to nine orders of mag-
nitude smaller than the unscreened ones.

Finally, we note that the screened half-litae SEFis an  where
increasing(decreasing function of the decay energ®,,. 13
This is due to the fact that the classical turning point is a _To_[3(2=2) +1] -1
decreasing function of the ener@y, so that the smaller the = Rp 4mn RS '
Q, the thicker the barrier that the particle will have to
cross and thus the stronger the screening effect. Our tesk, is the usual Debye-Huckel radigsorrected of course for
have shown that the TF screened Coulomb potential exhibitslectron degeneragyn, is the average electron number den-
a marked deviation from the unscreened one mainly at largsity in the plasma, and the constafitg, C, are given by
distances from the nucleus. Thus, large turning points allow

B (2.35X10° G)

2(2-2
Vi) = 222E : ) (349

(39

the screening effect to play a more important role in the 2 B 2
tunneling process. Ci=zmene, Co=2menRpX(x+2). (36)
IV. SCREENED « DECAY IN DENSE ASTROPHYSICAL In ordgr to derive a simple analytip formula for the SL SEF,
PLASMAS let us first assume that the screening energy due to the stellar

plasma is much smaller than the decay endpgy which is
Although various authors have studied the effects of ausually a few MeV. To the extent that this assumption is
very dense astrophysical plasma on fusion reaction rates, nerong, our calculation would yield a conservative estimate
author has ever studied such effects ondheéecay process. of the associated SEfe., the SEF will certainly be larger
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However, as we will prove, this assumption is perfectly le- 10° 5 5 Supermovastort
gitimate in most stellar plasmas away from solidification. In 10 10 10
such a case, the screening energy will be the properly modi-  10° 10° 1 10"

fied Mitler’s shift:

2(2-2)e? 5
Ug=—pr——9(x), (37)
* "Ry ;
0
1
where 5
3
) 1+x4/2 38)
9X) =\ 5|
1+x,+x3/2
then using Eq(14) we obtain
10" 107 10°
uY T
M= ex;{ N Q—e) e
g FIG. 3. The ratio of the unscreened half-lifE}5¢ to the
or else screened ond3s (i.e., the SEF for the isotope*®U in various
stellar plasmas. The vertical column of values10,—5, etc.) on
M 2(Z—-2)e’mwng(x) the right-hand-side mantissa stands for the well-known degeneracy
fa(Z,Ap,T)=ex Q.Rp (39 parameteia which is related to the electron chemical potenjial

via the formulaa= — u./KT. In the plot, five electron degeneracy

Adiabatic limit. In order to be more precise, we have to regimes are shown: ND, nondegenerate; WD, weakly degenerate;
take into account the screening effects induced by d¢he ID, intermediate degeneracy; SD, strong degeneracy; CD, complete
particle as well as that the assumption of a very small screerflegeneracydefined in Ref[2]). The numbers in the whited-out
ing energy is not necessarily true for all cases. Both thes@®as of the plot correspond to_the SEFs%??_U calculated acco_rd-
factors are taken into account by the adiabatic limit. If welng to thgtheory gf Sec. IV. Various stellar S|t§s are shown whllg the
further assume that the stellar plasma where gheecay thick horizontal line atp=7.3x 10° glent defines the relativistic
takes place has not reached the solidification point, which igomaln of the the equation of state.
the case irs andr process environments, then the screenin
enhancement factor will be the respective Mitldi24] SEF
modified appropriately for an-decay process:

%half-life of the screened-decaying nuclei. In any case, the
SEF is well constrained by Eqé&39) and (40).
The whited-out figures of Fig. 3 represent the ratio of the
foy= (o914, (40)  unscreened half-lifgy>° versus the screened offigy (i.e.,
the SEB for the isotope?®U in various stellar environments.
wherefg is the usual Salpeter[22] SEF and the parameter The screening reduction of half-lives is not very sensitive to
gis[23] temperature for completely degenerate environments. This is
9 due to the fact that, as can be shown after some algebra, in
such ultradense environments the screening energy is ap-
9(41.82)= 1—0(@)[(§1+§2+ 1% proximately given for both limit§see Fig. 2 by the simple

f |
(LA DT (D1, @y

1/3
p
where ¢,,Z, are dimensionless parameters which for the U2L=0-017€<—) [Z%3~(2-2)%3-2%7] keV,
a-decay process are given by fe (44)
_3(2-2) 3X2 which is independent of temperature. Equat{d#) is actu-

1 2 (42

ally Salpeter’q22] formula for completely degenerate elec-
tron gases modified appropriately for our study. The relevant

Thus, the screened half-life of a particutardecaying heavy ~SEF is of course still given by E¢14). Note that, according
nucleus will now be a function of plasma composition, den-t0 Fig. 3, in supernova shocks, where therocess takes

T 47NRE TP anNRY

sity, and temperature: place, the screening effect is particularly accentuated.
Most heavy nuclei, which underge decay, are produced
TSo(p, T)= (" 2T)sC, (43)  [24] during thes andr processes of stellar evolution either

during a long epoch of thousands of years or during short
We have compared the results given by E@€) and (39) pulses and shocks of milliseconds. Let us assume that such a
and have found that they are practically the same for alhucleus of abundancl(t) is produced in a dense stellar
relevant stellar environments.. Therefore the simple formulgplasma. We know that this abundance will actually follow
given by Eq.(39) describes accurately the reduction of thethe usual law of exponential decay that is
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with respect to the atomic number and the decay energy, then
)- (45 in the previously studied screened environments all such
plots should be modified so that the readings on the mantissa
According to the evolutionary stage of the star, there areshould be shifted by lagf ;*. Thus, in our study of decay
various mechanisms which generate or destroy the heavip magnetars and dense plasmas, we can use all conventional
nucleus in question with the paramount ones being neutroN plots and data currently available provided we apply the
capture(i.e., s andr processes 8 decay, and photodisinte- following rules:
gration. It is a very important finding of the present paper
that a-decay half-lives in dense astrophysical plqsmgs can Ioglon,g(Z,A,B)=IogloT'I',gc(Z,A)—IoglonF(Z,A,B)
become so small that decay can play an equally significant (48)
role in the evolution of heavy element abundances. Instead
of presenting a detailed analysis of this effect, we can give
fair approximation to the actual extent of the new effec
by comparing the screened half-lives to the time scale of
the destruction/production mechanisms: First we note thatlog,T$S5(Z,A,p,T)=log;TY5Z,A) —logof™(Z,A,p,T)
if we disregard all other factors, them decay alone can (49
reduce the stellar abundance of a nucleus by three orders
of magnitude within ten half-lives. Since the half-life itself or
in a screened environment can be many orders of magnituJe
smaller than the unscreened one, it is obvious that a ne
important mechanism of destruction has been discovere hich bears a lot of physical similarities to fission. Since

\r’w‘/h'Ch S? far ?asl b;eer; c_r:fo_r\s[[c:]er?_d neghgrblfe for a LOF Offission is also importante.g., the californium hypothesis
eavy elements. In fact, i IS (he ime scale Tor a certain 54]) in the evolution of heavy element abundances, we ar-

In2
N(t)=N(0)exr{ ——t

T

t?or magnetars and

dense stellar plasmas.
A final argument concerning heavy element production/
estruction should be expresseddecay is a nuclear process

process which produces or destroys a heavy nuclgusz then ¢ Bie that similar strong screening effects are bound to appear
abundances of all nuclei whose unscreened half-life is of th hen fissionable nuclei exist in the astrophysical environ-

order of ments discussed in the present paper.
Ty~ f0(ZApT)7 (46)

will be considerably affected by the-decay process. Con- VI CONCLUSIONS

sidering that the time scales of tlseandr processes vary ~ We have studied electron screening effectsaimlecay
[19] from seconds to several hundred thousands of years, th&rocesses applying a formalism which so far has been exclu-

importance of the present findings is now obvious. sively used in the study of astrophysical fusion reactions. We
have derived alternative analytic SEF formulas for terrestrial
V. THE GEIGER-NUTTALL LAW FOR MAGNETARS a-decay processes which can also take into account the de-
AND DENSE THERMONUCLEAR PLASMAS gree of ionization of the decaying atom.

More importantly, this paper also studies the effects of
superstrong magnetic fieldsuch as those of magnetamm
a decay proving that the relevant half-life can be reduced by
several orders of magnitude. The whole effect, which is ex-
pressed in the form of a very handy formula, namely Eq.
(32), may possibly have notable implications on heavy ele-
ment abundances and the cosmochronological models that

_ ~1/2 rely on them.
10910T1/2(Z, A, Qn) = C1(2)Qn 74 Co “7) Finally, it has been shown, for the first time, thatlecay

whereC,is a constant an@,(Z) is a slowly varying param- half-lives in dense astr_ophysical plasmas can b(_a reduced
eter of the atomic numbet. by many orders of magnitude due to plasma screening. Those

These relationships have been proved more effectivéesults may have significant implic_:ations on the evolution
than most microscopically based calculations in the predicOf heavy element abundances during ghendr processes.
tion of a-decay half-lives. Their application to the decays”® Very simple analytical formula has been produced
of all isotopic sequences of the heaviest elements withi-€- Ed.(39)], which can take into account all those novel
neutron numbeN>126 has long been knowi26] to yield  effects.
spectacularly straight line plots. The validity of this linear
correlation has been establisH&¥,2§ for lighter nuclei, as
well.

According to the new findings of the present paper, the This work was presented during the conference “Super-
GN law in magnetar atmospheres and dense thermonucleaova, 10 years of SN1993J,” April 2003, Valencia, Spain.
plasmas should be modified. Therefore, if the GN law in anThe author is grateful to Professor Hillebrandt for useful
unscreened environment is given as a plot of the half-lifecomments and discussions.

The success of the quantum mechanical descriptiom of
decay has been established by the Geiger-Nui@N) law
[25], which is described in most textbooks dealing with
a-decay theory. According to that law, in an unscreened en
vironment, a good fit to the half life daté,,, of a large
number ofe emitters is obtained with the formula
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