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ABSTRACT: All existing data on the level densities, decay widths and time lives of excited nuclei
have been analyzed in the framework of the statistical model in order to better determine the
parameters of the phenomenological systematics of the nuclear level density. Data on level densities
of several hundred nuclides obtained in the excitation energy range from 2 MeV up to 20 MeV were-
used. The level densities of nuclei with large deformation (at the saddle point) have been studied by
analyzing the data on the neutron emission and fission partial width ratio [ /T, and the values of the
fission barrier heights By, the level density parameters ratio ada_ and the saddle point shell corrections
8W __ have been extracted. The influence of shell and collective effects on the level density and the
decay widths of nuclei which have different excitation energies and deformations has been studied.

PACS No 21.10.Ma; 23.20.Ck

1. INTRODUCTION

Residual nuclei with excitation energy U up to 100 MeV and higher can be produced in deep
inelastic interactions of intermediate energy particles with nuclei.[!! To describe the deexcitation of
these highly excited nuclei, a statistical approach is usually applied. In this approach the more
important quantity of the model is the nuclear level density.[“] In fact, nuclear reactions initiated by
intermediate energy particles have a specific feature, in that residual nuclei have a wide distribution
over the excitation energy (U) and over the neutron (N) and proton (Z) numbers. In addition, the
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emission of particles from the residual nucleus, during the steps of the evaporation chain, involves
the production of intermediate nuclei, which have excitation energies varying from U<B,, (B, being
the neutron binding energy) up to the initial value. These nuclei decay to the ground state through
emission of particles and photons. Moreover, at each step of the evaporation cascade they can
undergo fission. The characteristics of various decay modes are determined by the competition
between emission particles and fission, and thus by the values of the partial widths of corresponding
channels. So one needs a sufficiently accurate description of the nuclear level density over a wide
interval of the excitation energies and nuclear composition, of the fission barrier heights, of the level
density parameters and of the shell corrections of the nuclei at the saddle point.

A lot of experimental information on the properties and decay of compound nuclei with
excitation energies in the interval from several MeV up to ~102 MeV produced in low energy nuclear
reactions has been accumulated in literature. These data constitute a good basis for updating the
statistical evaporation model,># by taking into account more accurately both the influence of shell
effects on different characteristics of the evaporation process and the thermal damping of the shell
effects in nuclei.

In this paper we analyze the total bulk of data on level density, decay widths and time-lives of
excited compound nuclei in the framework of the statistical approach. The aim of this work was to
reduce the uncertainties of the parameters of the evaporation model by analyzing this large set of
experimental data now available on the level densities, decay widths and time lives of excited nuclei
produced in low energy nuclear reactions. The more accurate determination of these parameters will
allow to use this model as a part of the combined cascade-evaportion approach to describe more
correctly the yields of the low energy secondaries and isotopes, and the fission cross-sections in
intermediate energy nuclear reactions and to obtain more reliable information about the mechanism of
formation of hot nuclei in the deep inelastic interaction of intermediate energy particles with nuclei.

This paper is divided into two parts relevant, respectively, to nuclear level density, decay
widths, and time-lives of excited nuclei. Specifically, in Section 2 we provide a brief overview of the
formulae used to describe the nuclear level density, we discuss the procedure used to determine the
phenomenological systematics from data and the influence of shell and collective effects on the
evaporation process and we compare our systematics results with data. In Section 3 we give a brief
overview of formulae relevant to decay widths, describe experimental data on neutron resonance
radiative widths, fissilities and time lives of excited nuclei with the aid of the phenomenological

systematics.

2. NUCLEAR LEVEL DENSITY

2.1 The main expressions for the nuclear level density
In the adiabatic approximation for the selection between rotational and vibrational modes, the
nuclear level density p(U) is generally described by the following expression:* 1%




P(U) = Ko K ipPin(U), (D

where K and K, are the coefficients for rotational and vibrational enhancement of the non-
collective internal nuclear excitations p, (U). To describe this quantity, one often uses the Fermi-gas

expression:[“]

Pine (U) = @w U-8)°" exp (2Va (U-B)) , 2
where a is the level density parameter, and

A= X% [in MeV], 3)

is the patring energy (x=0,1, or 2, respectively for odd-odd, odd-even, or even-even nuclei). The
experimental data extracted from the neutron resonances show that this parameter at the excitation
energy U=B_ is strongly influenced by the shell effects.>* In fact, it was straightforward to connect
the observed anomalies in the A-dependence of the level density parameter with the value of the shell
correction in the nuclear mass formula 6W g(Z,N)[5 ) or with the filling of nucleon shells with
increasing A.[81 On the contrary, in the Fermi-gas model this parameter depends only on the mass
number: a=aA, with a=const.?>* Therefore, the empirical approximaﬁons[5’6] based on these
assumptions are able to describe the experiment in the narrow energy interval U=B_, but do not allow
to extrapolate the value of the level density up to the high energy region. This means that shell effects
are assumed to manifest themselves in the level density at high energies in the same manner as at low
energies.

Another empirical approximation, the back—shifted Fermi-gas model,l”® also uses the same
assumption.

The development of numerical methods?®!Y to calculate the nuclear level density using single
particle level scheme of the shell model allowed to understand how these effects manifest themselves
at different values of nuclear excitation. In particular, it was shown that shell effects are strongest at
low excitation energies, and disappear at U>50 MeV.>* However, it is difficult to calculate
correctly the absolute values of the level densities of highly excited nuclei due to uncertainties on the
nuclear potential, and on the understanding of the formation of the nuclear states from the single
particle states. Moreover, microscopic calculations are rather complicated to include them into the
evaporation calculations.

Afterwards, a phenomenological method was developed!!!! to calculate correctly the absolute
values of the nuclear level density. In this method the function which describes the thermal damping
of shell effects (i.e. the energy dependence of the parameter a) was taken from the microscopic shell
model calculations, and the parameters were adjusted to reproduce correctly the data on the absolute
values of the nuclear level density. This method unifies the advantages of the previous methods of (




calculations of the nuclear level density, namely: the simplicity of the Fermi-gas expression (2), the
high accuracy of the absolute values of the level density, the consideration of the damping of shell
effects with increasing the excitation energy, and the possibility of performing a reliable extrapolation
to high excitation region. Therefore, in our work we selected this method which is suitable for using
in the evaporation calculations.

The semiempirical approach of ref. [11] is based on the following relation which describes the
dependence of the level density parameter on the shell correction in the nuclear mass formula and on
the excitation energy:

~ f(U - 4)
U, Z,N)=a (A)] 1+ W (Z, N ———1, 4
a( )a(){+ ¢(Z:N) UA } (4)

where:
a(A)=aA+BAPp, (5)

is the asymptotic Fermi-gas value of the level density parameter at high excitation energy. (The term
proportional to the nuclear surface is due to the existence of gradients of the nucleon density
distribution in the nucleus; { is a constant, and the factor b_ is the surface area of the nucleus in units
of the surface for the sphere of equal volume. For the ground state of nucleus by=1). The shape of the
function f(U), which defines the energy dependence of the level density parameter, was found by
approximation of the numerical microscopical calculations based on the shell model:

f(U) =1-exp (yU). (6)

This energy dependence was assumed(!! to be a universal one for all nuclei, moreover with the y
parameter constant. On the contrary, other authors!'?) assumed this parameter to be A-dependent,

since it is connected with the asymptotic level density parameter by the relation:

~

a
Y=—8_A47‘ @)

(being € is a phenomenological parameter). Moreover the microscopic shell model calculations!!]
showed that the shape of the function f(U) may be influenced by the individual peculiarities of the
single particle level scheme of the given nucleus.

As said at the beginning, the level density is strongly influenced by the collective effects. The
collective enhancement of the level density is especially large in the case of deformed nuclei. The
coefficient of rotational increase of the level density is defined by e7(pression:[4'15 ]




K = 1 for spherical nuclei g
rot™ 16T for deformed nuclei ° (®)

where T="Y (U-A) / a is the nuclear temperature, 6 . =9, f(B,,B,) is the perpendicular moment

of inertia, 6, ;, =<0.4MR? is the rigid body moment of inertia, M and R are the mass and the radius of

45 2 15
the nucleus, f(,,8,)= 1+‘\/—31t + + , B, and 3, are the parameters of
(B2 B4) [( 16 Bz 28 Bz T7 V5 B2B4)] Bz B4 p

quadrupole and octupole deformations of the nucleus.!'®! The liquid drop model estimation for the
vibrational coefficient is:!!

K, = exp (0.0555 A% T8y . 9

The rotational enhancement of the level density of deformed nuclei sz(10+102) is considerably
larger thg.n the vibrational enhancement K ;, =3 at energy U=B,.

2.2 Experimental data on the nuclear level density and extraction of parameters of
the systematics p(U)

We determined the values of the parameters o, B, and y (or €) of the phenomenological

systematic p(U) from a least squares fit to experimental data on the nuclear level density on the basis

of equations (1)—(7). As usual, the experimental data on the nuclear level density, pexp(U), were
derived from the observed level spacing resonance spacing D , . by the relation:!
1 D b n (In+}2_) :
0DS
= Y 2I"+1) exp| - . (10)
obs

Here the symbol (I")
parity (I and &) of nuclear levels. The spin-cutoff parameter is usually calculated by the formula
0'2=T-9r_b'/h2, using the value R=rg-A'? for the nuclear radius (being rp=1.2 fm) .

The expression (10) is a consequence of the relation existing between the level density p(U,I)

obs denotes that the sum extends over all possible combinations of spin and

of nucleus having angular momentum I and excitation energy U, and the total level density p(U):[z'3 !

1.2
20+1 I+3
p U =——exp[- ] p(U) . (11)
©22r o3 20°

The most large and reliable information on the level density has been accumulated from
measurements of neutron resonances. For s-resonances (neutron angular momentum equal to 0) we
obtained, from the equation (10) and (11), the equations:




{Pexpw, 1=1/2) = 2/D,, for's = 0 W

Pexp(U,s+1/2) + Pexp(Uss-1/2) = 2/D fors#0 °

which we used to extract the experimental values of the level density parameter g,,, from the neutron
resonance spacings D, .. Here, I is the total angular momentum of the compound nucleus, and s is
the spin of the target nucleus. The excitation energy of the compound nucleus formed after thermal
neutron capture is U=B,. Values of the neutron binding energy B, were taken from the mass
Tables!!”!.

Table I contains the initial data
analysis we performed by using the relationship (12). Table I includes those data for 284 nuclides
which satisfy the following criteria: (i) s-wave neutron resonace spacing available; (ii) sufficiently
large number (25+10) of observed resonances for a given nuclide; and (iii) measurements for a given
nuclide performed at least by two different experimental groups.

Unlike the refs. [4,11], where the neutron resonance data were used to determine the

[5.7.8.18 251 51 neutron resonance spacing and the results of the

parameters of the semiempirical systematics for the level density, the present paper involves also the
data obtained both at high and low excitation energies U. This enlargement of the energy interval
allowed us to extract more reliable information about the function (6) which describes the thermal
damping of shell effects. We obtained level densities at the lowest energies from data counting low-
lying bound levels, and, at higher energies, from level spacing data from several reactions [(Y,n),
(p,y), (p.p), (p,o), (a,y), (a,n), (d,p), (3He, d), (3He, a)]. As different angular momenta [ =
0,1,2.... are involved in these reactions, we performed the summation in (11) over all angular
momentum values I of populated levels when we analyzed these data. In this case, as it is follows
from expression (11), the observed level density pexp(U) is connected with the total level density

(state density) by the relation:

Pexp(U) =%2 p(UD = —RZ%J—)-;-. (13)

Table II contains the 228 experimental values of the level density we used. [7.26-33] These data
satisfy the following criteria: (i) nuclear excitation energy (U-A) 22 MeV, and (ii) absolute values
p(U=B,) consistent with neutron resonance data. Moreover, Table II includes results of the Ericson

fluctuation measurements.

2.3 Shell effects in nuclear level density
In Fig. 1 are shown the experimental values of the level density parameter g, , we derived for
different nuclides. As it is seen, clear structures are evident: these structures correlate unambiguously

with similar structures in the A-dependence of the shell correction in the nuclear mass 8Wg(Z,N). So



the level density parameter are strongly influenced by shell effects at U=B_. As a consequence, the
parameters of the semiempirical systematics of nuclear level density depend on the "empirical" shell
correction used in the fitting procedure of the data. The "empirical" shell correction was determined
by the relationship:

SWg(A,Z,B) = Mexp(A,Z) -M (A ZB), (14)

where M _(A,Z,B) is the liquid drop part in the mass formula for the nuclear equilibrium deformation
Bo-

In this paper we used two sets of empirical shell corrections in the nuclear mass formulae. The
first, by Myers and Swiateckil®¥ (M-S), corresponds to generally accepted definition of liquid drop
model parameters which is wide-spread used in the description of nuclear fission. The second, by .
Cameron(3’] (C), presents the shell correction in the form of a table W g(A,Z) = [6W g(N) +
SWg(Z)], which is convenient for numerical calculation of evaporation cascade. As shown in Fig. 1
the discrepancy in absolute values of shell corrections for these two sets may amount up to 2 MeV.

The parameters we obtained for different variants of the phenomenological systematics, which
corresponds to different ways of taking into account shell and collective effects, different A—
dependences of the level density parameter a, etc., are presented in Table III. To give a quantitative
overall estimation of the agreement between calculation and experimental data on the level density, the
averaged ratio (f-factor in the following):

n Pk

= pcalc _ k2
f=<==>=exp - igl In

2 |12
(15)

Por P
is usually used,>23 where n is the number of experimental points. Values of the factor f are also
given in Table I1I.

" From Table III (case without collective effects) one sees that: (i) the systematics based on M-S
shell corrections®*! describes experiments better than systematics based on C shell corrections!®”
(they have lower f values); (ii) there is a deviation from the linear dependence of the Fermi-gas level
density parameter @ on the mass number A; (iii) the description of data is not improved if the A-
dependence (7) of parameter  is taken into account (one has f=1.71 instead of 1.68). Moreovér, one
should notice that the value of the parameter y = (0.05+0.06) MeV~!, which defines the rate of
damping of shell effects, agrees well with the value y= 0.05 MeV-! obtained by the microscopic
shell model calculations;[4'1” (iv) the empirical value the parameter €=0.46, for the variant which
takes into account the A-dependence (7) of the parameter v, is close to the theoretical estimation,
£=0.4.112]

From what said above, we will use the parameters of the systematics with M-S shell
corrections and with parameter Y independent of the mass number A.




2.4 Collective effects in nuclear level density

In order to take into account the collective enhancement of the nuclear level density in the
phenomenological systematics, it is important to know whether a given nucleus is spherical or
deformed. In fact, a strong rotational enhancement of the level density starts its influence at the same
time as a nuclear deformation appears (see condition (8)).

In Fig. 2 (a) we give the asymptotic value of the level density parameter @ as a function of A
obtained without taking into account rotational and vibrational enhancements (K =1, and K_; =1).
As it is shown the A-dependence is correct but the @ values are considerably larger than experimental
and theoretical results,/*3637) [that is about (A/7+A/8) instead of about (A/10+A/15)].

Assuming, as usual,] that all nuclides are spherical apart those lying in the regions
150<A<204, and A > 230, we obtained the results shown in Fig. 2 (b): that is, the A-dependence of
the Fermi-gas parameter @ becomes to be unsmooth, and contradictory to the physical meaning of this
parameter, and the agreement between calculations and data is bad (see Table III, case with collective
effects).

Recent theoretical calculations?®®! showed that practically all nuclides have non-zero equilibrium
deformation at the ground state. Moreover, spherical nuclides in excited states may have properties of
deformed nuclei due to the existence of dynamical deformation. Then, we assumed that all nuclides,
for which experimental data are available, have collective enhancement on the level density, and we
obtained the results shown in Fig. 2 (c). That is, our phenomenological approximation gives the
required smooth dependence of a(A), and describes experiment rather well (see Table IIT). Moreover,
the asymptotical values of the level density parameter @ = (A/10+A/15) are reasonable from the
physical point of view. It should be noted that, also in this case, the variant of systematics based on
M-S shell corrections(®*! describes experiments better than systematics based on C shell

corrections>>! which corresponds to more fast thermal damping of shell effects.

2.5 Comparison of phenomenological systematics with data on level density

Here, we compare in more details the phenomenological systematics with experimental results.
At first, we consider neutron resonance data. As it is seen from Figs. 3 and 4, our systematics
reproduces correctly the details of the structure in the A-dependence as caused by shell effects and
provides also an accurate calculation (within a factor 2) of the absolute values of the level density.
Both variants of the systematics, with and without collective effects, are able to describe neutron
resonance data measured at an excitation energy U=B_, because in this case we simply redetermine
absolute values of level densities with help of expression (1).

Differences between the two variants of the systematics which have different asymptotic value
of the parameter @ are shown in Figs. 5 and 6, where the energy dependences p(U) are displayed for
the given nuclei, together with experimental data. In the case of light nuclei the variant of the
systematics with the M-S shell corrections¥! describes data better than the variant with the C shell
corrections.>”) Variant of the systematics with collective effects gives a weaker energy dependence




and describes the experiments better at higher excitations, U=(20+30) MeV. However, it is desirable
to analyze other characteristics of decay of excited nuclei, in particular the decay widths, before
drawing more definite conclusions about the phenomenological systematics of nuclear level density
and developing a more correct evaporation model.

3. PARTIAL DECAY WIDTHS AND TIME LIVES OF EXCITED NUCLEI

3.1 The main relationships for particle decay widths of excited nuclei

For studying the level densities of nuclei with large deformation (at the saddle point) we
analyzed the data on the neutron emission and fission partial width ratio I /T';, and extracted the
values of the fission barrier heights By, the level density parameters ratio a/a,, and the saddle point
shell corrections 8Wsp. In this case one has not access to the level density itself, but one is dealing
with ratios of partial decay widths, which depend on the level density of compound and residual
nuclei. This makes difficult the analysis and, in principle, decreases the sensitivity of data to the level
densities studied. Nevertheless, data on decay widths allow to test the nuclear level density
systematics on a wider energy interval, and, in some particular cases (for example, nuclear fissilities),
to evidence more reliably the influence on the nuclear level density of shell and collective effects.

[39:401 are generally used to calculate the

In the statistical model the following expressions
partial widths Fj,_l“y, and Iy, respectively for the emission of a particle jG=n,p, 4t 3He, a),

photon and fission:

U~—Bj

fég—;iz- Po(;o) \j} G,y(E) p(U;-B; -E) EdE, (16)
S T A
2% puUy [ p{U;-B¢-E)dE. a7
1 10 )
L= GmoR 5y (U 4 OF) PUom B ETAE, o

Here, py, Pj Py and p; are the level densities of compound nucleus and residual nuclei produced
after the emission of the j—th particle, y-quantum and at the fission saddle point, respectively; gp m;,
Vj, and Bj are the spin factor, the mass, the Coulomb barrier, and the binding energy of the j-th
particle, respectively; By is the fission barrier height; o, (E) is the inverse cross-section for
absorption of j—th particle or y-quantum with kinetic energy E by the residual nucleus; Uj=(Ucn-Aj);

Ug=(U,~4p); U=(U_~Ap; U, is the excitation energy of the compound nucleus, A, Aj, and
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A=14x/VA [in MeV] are the pairing energy for compound and residual nuclei, and also for fission
saddle point(*),
Writing the series expansion for the integrand (16) near the upper limit and then performing

integration with the energy dependence o, (E)=0 1+d/E), (being ¢ and d constants) one

geomc(
obtains!*!! for the neutron emission width:

g, m Pn(U-B)) U-B
r, =a"ﬁ—)2’-‘-c’gleom c, T, W[Tn +d, - (U-B_+T +d)) exp (- Tn“ )], (19)
and for the charge particle emission width:
gm ;i _ p(U-B-V) U-B-V,
s e LY Ty (s bl RS (4 [T.— U-B.~V+T.) exp(~ —'—L):,. (20)
J (TCH)Z geom ") ) pO(UO) J ( | J) P( Tj

The constants c. and dj in the inverse cross—section expression are taken from ref.[42]

: j
(remember that 0 = n‘ro2 (A—Aj)zf3 ). In a similar way one obtains for the fission width:

geom
1 . p{U-B U-B;
[i=—T,——|1 - - =1l 21
oy L ) b
In p(U)\™

From the definition of temperature as: T = (dT) , taking for p(U) the forms (2), and
(4), we obtained the expression for temperature in the j—th decay channel (j=n, p, d, t, 3He, a, f):

- -1
aq; 1 a;q; YW, ' .
where: §;= —=—; F=—(1+ ——9); q=(1+ —9); U;=(U-B;-V)) for particle
aj(Uj)-Uj Uj 4 aj(Uj) exp ('ij)

emission, and Ut'=(U—Bf) for fission. We derived I‘y by numerical integration of expression (18). In
this case, to describe the dipole photoabsorption cross-section we used the dependence:

2.2
ooEyI‘R

o, (E) =— o 23)
T (B EQMTEE,

here the empirical parameters of the giant dipole resonance have the valuesi*31 6,=2.5-A [in mb],
I'g=0.3-Eg , and Ez=40.3/A%2 [in MeV].

*)  Inthe following we will use the notation U instead U-A not to overload formulae.
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In the next paragraphs we analyze the experimental data on the basis of the relationships for I‘j,
I‘7 , and I; described above and the phenomenological systematics for nuclear level density.

3.2 Neutron resonance radiative width

Low energy neutron experiments allow to obtain a large information on the averaged resonance
spacing and on the total averaged radiative width FY of neutron resonances. Fig. 7 shows
experimental values of FY for 132 nuclides*4! together with the calculated ones. Both experimental
and calculated A—-dependences manifest a shell structure which is more evident nearby the closed shell
N=126. The peak around A=60 observed in the experimental data is absent in the calculated one. To
this respect it should be noted that experimental errors at this region are very largc.[44] It is
noteworthy that spread of I'Y values for neighbouring nuclei lying between closed shells is larger in
the calculation than in the experiment. The reason is that the phenomenological systematics takes into
account the pairing effects via expressions (2) and (3) which give significant error at the level density
calculation when U<B_. To modify the phenomenological systematics in the region of low
excitations, one generally uses relationships of the generalized superfluid model of the nucleus.*!

Let us notice that the variant of systematics of the nuclear level density with M-S shell
corrections, the surface term in the asymptotic parametér a, and the collective effects describes data
on the total averaged radiative widths of neutron resonances better than other variants.

Moreover, Fig. 8 shows that this variant describes data on I" Y with sufficient accuracy (the
average value of the factor ?\,E<I“Y""‘P/F Y°al°> is 1.78). The similar calculation with C shell correction
has practically the same accuracy (A=1.81); while calculation without collective effects gives FY
values which are twice lower (A=2.67). This is an additional proof in favour of the systematics

which takes into account collective effects.

3.3 Nuclear fissility

A lot of experimental data are available on cross-section of fission of heavy nuclei (A2 170)
induced by low energy particles.[45] As the main decay channels of excited heavy nuclei are neutron
emission and fission, from these data one extracts the energy dependence of the ratio of the partial
widths I'/T"_ and, using expressions (16-21), it is possible to study the nuclear level density at the
fission saddle point.

In this case the niicleus has the maximum possible deformation and collective effects influence
the nuclear level density strongly. Moreover, the analysis of the energy dependence of the ratio I'/T"
allows to investigate the influence of the shell effects on the nuclear level density in a relatively large
region of excitation energies and deformations of the nucleus.

From this point of view it is interesting to study the fissility of nuclei in two regions of the
nuclide chart, specifically those of preactinide and transuranium nuclei. In fact, nuclei nearby lead
have a maximum deformation (dumb-bells shape) at the saddle point. A large shell correction in the
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ground state influences strongly the level density in the neutron channel and leads to a high fission
barrier height By. As a result, fissility of preactinides is sensitive to both collective and shell effects in
nuclei which have an equilibrium deformation. Actinides have a double-humped structure of fission
barrier due to strong oscillation of shell correction with deformation. The fission barrier height B of
the heaviest transuranium nuclei is exhausted by the shell component. So fissility of actinides is
sensitive to shell effects at the fission barrier, and energy dependence of fissility is sensitive to
velocity of damping of shell effects with excitation energy.

3.3.1 Fissility of preactinide nuclei

Once the level density parameters of a nucleus in the neutron channel are obtained from data on
P, then the I'y/T" ratio depends mainly on two parameters, specifically on the fission barrier height B,
and the level density parameter ratio of the nucleus at the saddle point a/a .

The fission barrier height By is connected with its liquid-drop component BIf‘D, and with the
shell corrections of the nucleus at the ground state 8Wg and at the saddle point SWSP through the

expression:
B,=B:°—8W_ +8W (24).
f f g sp. : -

Usually, one neglects the shell correction at the saddle point of preactinides (<3Wsp =~ 0).%)1n fact, the
shell component in the nuclear potential energy is assumed to be small (SWsp <1 MeV) because the
nucleus has a maximum possible deformation at the saddle point, and this configuration is close to the
scission configuration in the case of preactinides. Due to the manifestation of the shell structure in the
nuclear ground state (nuclides near lead have shell correction 6W8= — 10 MeYV), the fission barrier
heights of preactinides are increasing and amount to a value B; = 20 MeV when we approach to the
closed shell N = 126.

Considerable difference in the deformations of a nucleus at equilibrium and transitional states
must lead to higher value of the asymptotical level density parameter ratio of the nucleus at the saddle
point than at the ground state: a/a_> 1 (see expression (5) and remember that b5=2”3 for saddle
point of preactinides(**).

We analyzed I'/T", data given in ref. [45] on the basis of expressions (16-21) and we adjusted
the parameters By, a [a' > and oW sp 1O achieve the best agreement between calculation and
experiment.(*) The procedure of adjusting the parameters was formulated taking into account the
peculiarity of preactinide fission, namely strong dependence of fission probability on excitation
energy. Due to this fact, the position of the fission threshold B is defined by the position of the sharp
drop of I'/T"_ caused by the decreasing of the transmission through the fission barrier at energies near
B;. Therefore, the determination of the B, value does not strongly depend on the model description of
the level density in the neutron and fission channels. So at first we derived the fission barrier height

*) More strictly, from experimental data one extracts /T, , instead of I'JT", .
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B, from the description of experimental ratios ['/T" in the region of the lowest energies U, then, to
describe experimental boints at higher energies, we adjusted the other important parameter a/a .
Finally, if it was impossible to achieve a good description of experiment, we adjusted the parameter
BWsp.

The procedure of adjustment of the parameters B, a#a_, and SWSP was performed for the
different variants of the phenomenological level density systematics. In the variant I we used the
systematics whose parameters @, B, and y were obtained without taking into account collective
effects. In variant I we took into account collective effects at both neutron and fission channels.
Moreover, for the latter we analyzed two particular cases, specifically in variant III we took Kfo[= 1,
K™ =1, KL =1, and K[ =1, in variant IV we took into account rotational enhancement only for the
fission channel (K = 1).(**) These last two variants simulate different physical situations which can
take place in fission of preactinides. The variant IV corresponds to fission of spherical nuclei
(Kfotil) which have a higher and more sharply increasing fissility, on the contrary of the case of
deformed nuclei (K;‘ofe . T). A similar situation may occur in the fission of a highly excited
deformed nucleus. The point is that the equilibrium deformation is caused by shell effects and an
excited nucleus will become spherical when shell effects disappear (K:‘ot=1). Since deformation at
the saddle point has a liquid drop nature, the rotational enhancement of p; will keep unchanged.
Finally, the collective coefficients should have asymptotical behaviour K ,—1 and K ;;—1 as time
increases due to mixture of collective and quasiparticle degrees of freedom in a highly excited
nucleus. Variant III corresponds to the case in which this phenomenon manifests at moderate
excitations U230 MeV in both channels. Then, variant IV corresponds to the case in which
suppression of collective modes "switchs on" in the fission channel later than in the neutron one (as it
was predicted in ref.[47]).

The results of our analysis are presented in Table IV for preactinide nuclei whose fissility was
measured as close to the fission threshold as possible. From the Table one sees that:

(i) Fission barriers heights B; obtained on the basis of systematics of level density with
collective effects (the varaints II, ITI, and IV) are closer to each other (discrepancies less than 1-2
MeV). The B, values obtained on the basis of level density systematics without collective effects (the
variant I) are lower of 2-3 MeV. The liquid drop barriers Blf‘D extracted from the empirical barriers B¢
by expression (24) for variant II agree well with the results of the liquid drop model calculation>*
which is used traditionally in fission studies (see Fig. 9). The agreement between the "empirical” and
calculated liquid drop fission barriers Blf‘D is worse for other variants. It should be remembered that
for nuclides near lead (BB _>10 MeV) there is the near threshold energy interval where the excitation
energy is high for the neutron channel and one can use for the ratio I'¢T";, a Fermi-gas model
description of p(U), but at the same time the excitation energy for the fission channel is low and one

must take into account correctly the pairing effects. As it was shown in ref.[45], the fission barrier

(**) As the shape of preactinide nuclides at the saddle point has the same symmetry which deformed nuclei have at the
ground state, we calcualted Kfot by formula (8) with 0 | = Br.b_f (x). The function f (x) of the nuclear fissility parameter

x has been taken from ref.[46].
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heights B, obtained by the generalized superfluid model expressions for the nuclear level density can
be different up to 2 MeV from the results of the Fermi—gas model analysis.

(ii) The largest (up to 1.16) and smallest (1.00) values of the parameter a/a_ are provided by
variant III and variant IV, respectively. The variant II has the intermediate values of the parameter
agda_. All the values are lying within the range of different theoretical estimations, as it is shown in
Fig. 10, which have a large spead.

(iti) Variants I, II, and III do not require the introduction of a noticeable shell correction SWSP
to describe data. This corresponds to the traditional notions about magnitude of shell effects at the
fission saddle point. The small values of SWSPz — (1+2) MeV were obtained for nuclides near lead in
the variant IT which are in agreement with the predictions of ref. [52]. On the contrary, the amplitude
of shell effects at the saddle point is unusually large (up to 8Wsp== -7 MeV) for the variant IV.

Therefore, in the analysis of data on fissility of preactinides we chose the variant II of the
phenomenological systematics as the best. Moreover, for this variant it is possible to use the self-
consistent description of the ground state shell corrections ESWg and the liquid drop fission barriers
B';D in the framework of the same modcl,[34] and reasonable values of the parameter 5/&' , and of the
shell corrections at the saddle point W g,. In this variant the collective effects manifest themselves
both in the neutron and fission channels. In Fig. 11 we show the results of variant II together with

(451 a5 a function of excitation energy.

fissility data of different preactinide nuclei

However, one must regard to these conclusions very carefully, especially, for what concerns
the parameter a/a_. Obviously, the preequilibrium processes and also the second chance fission after
neutron emission must be taken into account when one extracts the I'/I"_ ratio from the measured
fission cross-section in the high excitation energy region. As it is seen from Fig. 12, the last effect
lowers the obtained I'yT", values. In turn, it decreases the a/a, value of about 0.02-0.04. The
angular momentum effects work in the opposite direction. If the I'/T"  data have been obtained by o—

particle induced reactions, it may increase the @/a_ value of about 0.02.

3.3.2 Fissility of transuranium nuclei

Unlike the case of preactinides, shell effects at the fission barrier play a decisive role for
transuranium nuclei. Here the shell correction at the fission barrier is comparable with its liquid drop
component. Moreover, the shell correction to the nuclear energy is an oscillating function of the
deformation and this causes the double-humped shape of the fission barrier. In this case the heights

of double-humped fission barrier B? and B? are expressed by:

By =V (o) -8W, + W, , (25)
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where 8Wip is the shell correction for the i—th maximum of the nuclear potential energy which is
counted off the liquid drop potential energy at the corresponding deformation V(ai).(*) The
parameters of the double-humped fission barriers of transuranium nuclides have been measured in
experiments with low energy particles, and compiled in ref. [54]. Some authors[53] took the values V
(o) calculated by the liquid drop model®* and the experimental values SW BA ¢»and BB ¢» obtaining
the "empirical” values for shell correction: BW »=2.80 MeV, and swh sp=0- 50 MeV. On this basis, the
empirical fission barrier systematics for transuramum nuclei was formulated®>. In the present paper
we obtained a little different values for SW and 8W (see Table V). We used the empirical values
of the fission barrier helghts B and B? to calculate thc fission width I';. When empirical values were
lacking, we derived Bf and BB ¢ Dy the fission barrier systematics, although we are aware that such
systematics is reliable for interpolating data, while extrapolating to the region far from the -stability
line or to the region of large Z can give uncorrect values of Bf‘ and B?.

The inner hump of transuranium nuclei is higher than the external one (B? > Blf;). The external
hump height is strongly dependent on the nucleonic composition of the nucleus, in particular it
decreases sharply with increasing Z. The inner hump height, on the contrary changes weakly with Z
and N. As for the preactinides, the behaviour of the values of B? and B? of transuranium nuclei
reflects the shell structure of the ground state 8W g namely the fission barriers B, increase
approaching the subshell N= 152.

In the case of double-humped barrier the fission width is defined by the f:xpression:[5 3l

T, = , (26)

where ', and I'y are the partial fission widths for the corresponding saddle points. Each of these
widths is calculated by formula (21) with the own shell correction. The rotational enhancement
coefficients K;Aot and K?m are calculated in a different way than for preactinides. Since heavy nuclei
have a small deformation at the saddle point and an axially symmetric shape at the hump A, the
coefficient Kit is calculated by formula (8). This nucleus loses the mirror symmetry at the hump B
and the twice larger value Iglit=26 | T corresponds to this situation.[5!

" In the region of transuranium targets one extracts the ratio [ T, =" /T; (because ['»I) from
the experimental cross sections. Fig. 13 shows the experimental data on I' /T, , and their comparison
with calculations. Being fission barriers of transuranium nuclides known, the experimental values B?
and B? (or values obtained by semiempirical systematics for fission barriers) and also the "empirical”
values of the shell corrections SW?p and SWEP have been used in the calculation of I'y. The @/,
parameter were adjusted to reproduce the experimental data. As transuranium nuclei have a relatively
large deformation in the ground state and their deformation at the saddle point do not differ strongly
from the equilibrium deformation, the I‘n/T‘ £ ratio will not be so sensitive to collective effects as in the

(*) The deformations of transuranium nuclides o, =0.3, ag =0.6 are slightly dependent on the nucleonic

composition.[53]
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case of preactinides. Therefore, we show only the results of calculations with level density
systematics parameters o, B, and y obtained by taking into account collective effects (solid line curve
in Fig.13).

A high sensitivity of fissility to shell effects is a peculiarity of transuranium nuclei. To select
the shell effects influence we performed also the calculation without shell effects for each case. As it
is seen from Fig. 13 (dashed-line curve), the shell effects are fastly destroyed with increasing of the
excitation energy, disappearing at U 2 30 MeV while at low excitations, U<20 MeV, they prevent the
fission.

Fig. 14 illustrates the sensitivity of the I' /T, , ratio to the value of the shell corrections at the
neutron channel 6W_and at the saddle point SW‘:‘p for the 2°°Md nuclide. (As the external hump is
small, the fissility of transfermium nuclei is determined mainly by the inner hump). The variation of
OW_ or BW‘:‘p of only 1 MeV changes the I' /T, , ratio approximately by a factor of 2. So the
availability of more correct data on the fissility of transfermium nuclei would allow to obtain more
reliable information about shell corrections at the ground state and at the saddle point and about
velocity of damping of shell effects in heated nuclei.

3.4 Time lives of excited nuclei

We analyzed experimental data on time lives of compound nuclei with 5<U<15 MeV produced
in nuclear reactions initiated by low energy neutrons, protons and a-particles. Time lives of medium
weight (A~110) compound nuclei produced in (p,p') reaction were measured by X-ray
37381 and time lives of heavy (A~240) compound nuclei produced in (n,xnf), (p,xnf),
(a,xnf) reactions were measured using the crystal-blocking technique.[59‘62] In this case the

spectroscopy,!

evaporation chain is short (x =1 or 2), and consequently it is possible to select the decay of different
excited nuclei in the evaporation chain by analyzing the first and second chance fission. We extracted
from these data the absolute value of the total decay width I, =3 I‘j by the expression:

j

t=h/T,,. 27)

We did not consider data obtained in heavy ion reactions, because, in this case, the excitation energy
of compound nucleus is high, the evaporation chain is long, and the interpretation of the process is
more complicated due to the high angular momentum of compound nucleus. So such experiments
give only an effective time life which can not be put in correspondence to the actual nucleus with
given value of excitation energy.[sgl Moreover, from the theoretical point of view it is also a serious
problem to analyze time lives of highly excited nuclei. In fact, the expression (27) is valid only for
decay of an isolated level, while a highly excited nucleus has strongly overlapping levels and, due to
their interference, time life will exceed significantly the estimated value (27) for the case of an
isolated level.[®*]
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The time life (deduced from the total decay width) is more sensitive to the nuclear level density
than the nuclear fissility (deduced from the ratio I‘f/I“ o) Moreover, usually one or two channels
dominate the nuclear decay. Then it is possible to determine the given partial width from the measured
time life. For example, in the case of medium weight nuclei (like 10714 and 1'*Sb), the main decay
channel is the neutron emission and, in the case of heavy nuclei (like 239U, 239Np, 23’8Pu, and
239Pu), these channels are the neutron and the fission ones.

Fig. 15 shows data on time lives and their comparison with calculations. Both calculation
based on M-SP*¥ and C!* shell corrections give similar results. The calculation which takes into
account collective effects (curves 1) gives time lives values which are considerably lower than the
calculation without collective effects (curves 2). The partial widths are strongly influenced by
collective effects in spite of the fact that they depend on the ratio of level densities of compound and
residual nuclei, and so collective enhancement of level density is partially compensated. The quality
of data is not good enough to draw definite conclusions. However, on the whole the calculation with
collective effects describes the experiment better than the calculation without collective effects. The
calculated time lives drop with energy faster than the experimental ones. It would be desirable to
measure correctly time lives of different nuclides in the energy region 10<U<15 MeV to investigate
this discrepancy. There is also a discrepancy in the region of low energies caused by the fact that the
residual nucleus in the neutron or fission channels has a very low excitation energy (U-B,) or (U-By).
As it was mentioned, one must take into account pairing effect in a more correct manner and use
relationships of the generalised superfluid model.[*”) Moreover, in the case of low excited heavy
nuclei one ought to use, instead of eq. (26), a more correct expression for I'; which takes into account
the population of the states of the second potential well and the non-radiative transitions through the
inner barrier of the double-humped fission barrier.[m]Using such correct expression for I'; and also
varying the pairing parameters in the neutron, A , and fission, A, channels it would be possible to
descibe the dependence t(U) in the low energy region, U~(6+7) MeV. But a correct description of the
nuclear level density at low energy region was not in the aim of the present paper.

4. CONCLUSION

In the present paper the total bulk of data on level density, decay widths and time lives of
excited compound nuclei has been analyzed in the framework of the statistical approach. The
phenomenological level density systematics,“” based on the Fermi-gas model relationships and
taking into account the shell and collective effects, is able to describe the absolute values of level
density for different nuclides in the energy range from ~5 MeV to ~ 20 MeV with accuracy of a
factor 2. The same accuracy has been achieved in the description of data on radiative width I Y An
analysis of data on compound nucleus fissilities allowed us to widen the excitation energy region
under study and to get an information about the level density of nuclei with high deformation (at the
fission saddle point). Moreover, fissility of preactinide nuclei is most sensitive to the collective
effects at the level density, and fissility of transuranium nuclei is most sensitive to the shell effects.
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It follows from the analysis of existing data that: (i) shell effects manifest themselves most
strongly in the level density and partial decay widths of cold nuclei and they disappears at energies
U>30 MeV; and (ii) collective effects are suppressed slowerly and must be taken into account, at least
up to excitations U=(30+50) MeV, in both emission and fission channels.

Taking into account collective effects, it is possible to improve the agreement with experiment
and also to get reasonable asymptotical Fermi-gas values of the level density parameter which are not
in contradiction with the data on evaporation spectra. To obtain a further better accuracy, one needs to
take into account the rotational enhancement of the nuclear level density even for nuclei which have a
small deformation.

The obtained accuracy of the simple phenomenological expressions allowed the formulation of
a reliable evaporation model for describing the decay of nuclei which have the excitation énergy
B _<U<100 MeV. The parameters of this model have been fixed by analyzing the totality of
independent experimental data. To get higher reliance of the evaporation model at high excitation
energy region one needs to solve the problems connected with suppression of collective states
contributions to level density at high excitation energy[45] and with temperature dependence of the
asymptotic level density parameter a caused by the effects of nuclear medium on the nucleon mass

(the variation with temperature of the effective mass).[8!

The authors are deeply indebted to G.D. Adeev, E.A. Cherepanov, T. Von Egidy, A.V.
Ignatyuk, M.V. Kazarnovsky, V.M. Lobashev, V.V. Pashkevich, S.Shlomo, and G.N. Smirenkin
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FIG.1- Experimental values of the level density parameter a,,, and the empirical ground
state shell correction 6W _ as a function of the atomic mass A. The Qexp values extracted
without (K =1,and K, =1) and with (K_#1, and K, #1) collective effects are shown.
The shell corrections are determined on the basis of M-S (open triangles) and C (full
triangles) liquid drop model parameters.
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FIG. 2 - A-dependence of the asymptotic value of the level density parameter @. extracted
without (K _ =1, and K, =1) [Fig.a] and with (K #1, and K, ;,#1) collective effects. For
the latter, two cases are shown: respectively, when nuclei with deformation >0.17 [Fig.b]
and B>0 [Fig.c] are assumed to be deformed.
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collective effects, and with M-S shell corrections.
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results of calculation with and without collective effects, respectively, and with the M-S shell

corrections. The dashed curves are the calculation results without collective effects and with
C shell corrections.
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- FIG. 9 - Dependence of the
= 7 liquid drop fission barrier heights
a _ 1 B¢ on the parameter Z?/A. The
E)

< points are BI}D values extracted
— from the analysis of the nuclear
fissilities. The curve is the liquid
drop model®* calculation results.
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FIG. 10 - A-dependence of the a/a, ratio. The curves are the results of
theoretical estimations: curve 1, ref. [48]; curve 2, ref. [49]; curve 3, ref.
[14], curve 4, ref. [50]. The shaded area represents the results of the
analysis of nuclear fissilities performed in ref. [51]. The points are results of
our analysis.
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FIG. 11 - Excitation energy dependence of the fissility I'y/I",, of different
compound nuclei. Curves are the calculation results with M-S shell corrections and
with collective effects. Experimental points were taken from ref.[45].
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FIG. 12 - First chance fission and angular momentum effects on nuclear fissility. Fig. (a): full
circles are the observed fissility values, the open circles are the "first chance” fissilityl43]. The solid
curves are the calculation results with @4z =1.09 (*'2pPo) and @ Ja =108 (1380s). The dashed
curves are the calculation results with a/a_=1.05 (*12po) and ada_=1.06 (1380s).

Fig. (b): full and open circles are the fissilities of nuclei by o.—particles and protons
respectively.The solid curves are the results of calculation with afa =1.09 (1%0) and 1.11
(18608). The dashed curves are the results of calculation with @ lfd =107 (21°Po) and 1.09

(1860s).
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FIG. 14 - Energy dependence of the I' /T", , ratio for 256Md. Full curve is as in Fig. 13.
Upper part: dashed and dott—dashed curves are the calculations with the neutron channel shell
correction 1 MeV larger, and smaller, respectively.
‘Lower part: dashed and dott—dashed curves are the calculations with the saddle point shell
correction 1 MeV smaller and larger , respectively.



32

c(sz) i iT Ty s
3
1 V(s) 2
J
16 .4 1
10 -18 Y, 239
4 10F % 7
3 7, %,
3 3 2 2,
e o 7 %, 3
r L 7, ’// p
d 2 %, s
i 7 7, p
1 g %, 2, <
L
-17 -16 % %, 2 )
10 3 - 10 /’/,/
E 3 E 2 %,
o < - 0 /,,
- ] - 72, 2,
b 9 o //, ///,
- / 7,
7,
b 7,
J 1 %
.18 - %,
.17 %,
10 | - %,
I3 I ) 1 L 1 L I I 1 10 B ///,i
d 1 3 L l"l

U (MeV)

L4 4

s 1111114

il
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[62] (238Pu, 241Pu). Curves 1 and 2 refer to the calculation with and without collective
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TABLE I - Neutron resonance data on nuclear level density.
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Nuclide Spin B, D @ exp (MeV ‘1) Ref.
MeV) eV) eV) I II |
20F 0.5 6.601 1.60E+05 4.00E+04 322  1.87 (19)
24Na 1.5 6.959  9.50E+04 3.00E+04 349 1.75 (19)
Mg 0.0 7.331  470E+05 140E+05 3.67 192  (19)
Mg 2.5 11.093 5.50E+04 1.70E+04 4.16 2.37 (19)
28A1 2.5 7.725  5.50E+04 1.50E+04 3.83 1.85 (21)
298i 0.0 8.474  2.00E+05 6.00E+04 4.09 2.29 (19)
32p 0.5 7.937  7.50E+04 2.00E+04 399 202 (19)
343 1.5 11.417  2.70E+04 1.00E+04 4.57 244  (19)
358 0.0 6.986  2.00E+05 7.00E+04 504 2.81 (19)
338 0.0 8.642 1.50E+05 3.50E+04 442 2.39 (19)
36C1 1.5 8.580  1.30E+04 4.00E+03 4.82 2.60 (24)
ELle)| 1.5 6.108  2.10E+04 6.50E+03 570 3.26 (19)
41Ar 0.0 6.099 9.50E+04 240E+04 671 4.03  (19)
40K 1.5 7.800 4.30E+03 5.00E+02 6.20 3.75 (24)
41K 4.0 10.096 2.50E+03 2.50E+02 6.56 3.89  (19)
42K 1.5 7.534  480E+03 1.20E+03 6.34  3.78 (24)
41Ca 0.0 8.363  4.50E+04 1.00E+04 5.85 3.35 (18)
43Ca 0.0 7933  280E+04 5.00E+03 6.63  3.98 (19)
44Ca 3.5 11.132  2.60E+03 4.00E+02 6.81 4.00 (19)
45Ca 0.0 7.415  330E+04 6.00E+03 6.92 4.14 (19)
49Ca 0.0 5.147  2.60E+05 9.00E+04 6.79  3.63 (24)
465 3.5 8.761 1.30E+03 1.00E+02 6.86 3.99 . (18)
47Tj 0.0 8.878  1.69E+04 2.50E+03 6.63 3.84  (19)
48T 2.5 11.627 1.60E+03 4.00E+02 6.86 399  (19)
49Ti 0.0 8.143  2.00E+04 3.20E+03 7.03 4.08 (19)
50Ti 3.5 10.939  3.60E+03 9.00E+02 6.62  3.58 (19)
51Tj 0.0 6.372  7.10E+04 4.00E+04 721 4.04 (19
Sty 6.0 11.051 1.40E+03  3.00E+02 7.01 3.78 (19)
52y 3.5 7311  4.39E+03 5.30E+02 6.84 3.64  (20)
51Cr 0.0 9262 1.50E+04 2.00E+03 6.65 3.69  (18)
3Cr 0.0 7.940 290E+04 S.00E+03 6.96  3.82 (19)
54Cr 1.5 9719  S.70E+03 2.00E+03 7.19 397 (19)
55Cr 0.0 6.246  6.00E+04 9.00E+03 7.67 4.23 (20)
56Mn 2.5 7.271 2.70E+03  4.00E+02 742 4.06 (18)
55Fe 0.0 9298  2.00E+04 3.50E+03 6.50 3.41 (20).
57Fe 0.0 7.646  2.50E+04 4.00E+03 7.47  4.09 (20)
58Fe 0.5 10.045 5.90E+03 1.S0E+03 7.55 420  (18)
59Fe 0.0 6.581 3.50E+04 1.50E+04 8.13 450  (i8)
60Co 3.5 7.491 1.40E+03  2.00E+02 8.01 4.45 (24)
61Co 5.0 9.321 3.60E+02 2.40E+01 9.34  5.57 (19)
59Ni 0.0 9.000 1.37E+04 2.00E+03 7.14 3.87 (18)
60Ni 1.5 11.399  1.40E+03 3.00E+02 7.47 4.16 (19)
61Ni 0.0 7820 1.60E+04 2.50E+03 791 446  (18)
62Ni 1.5 10.597 1.40E+03 2.00E+02 8.05 4.58 (19)

AD
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0IHg 0.0 6.230 1.30E+03 1.00E+02 16.57 849  (23)
202Hg 1.5 7.755 1.10E+02 2.00E+01 1675 8.85 (23)
203Hg 0.0 5933 2.50E+03 1.30E+03 16.19 8.01 (21)
20411 0.5 6.656  3.60E+02 5.00E+01 15.15 7.51 (18)
20611 0.5 6.503 4.00E+03 1.50E+03 12.13 4.71 )
205pb 0.0 6.732  2.70E+03 6.00E+02 14.46 6.69 (7)
2076 0.0 6.738  2.40E+04 4.00E+03 11.44 3.93 (23)
208pp 0.5 7.368 1.90E+04  6.00E+03 11.04 347 (21)
209 0.0 3.937 3.50E+05 1.50E+05 1245 3.71 (19)
210B4 4.5 4.605 4.50E+03 6.00E+02 13.15 4.88 (18)
27Ra 0.0 4.561 488E+01  1.04E+01 30.41 19.03 (24)
20Th 2.5 6.793  5.30E-01 1.50E-01 29.54 19.09  (18)
21Th 0.0 5118  9.60E+00 1.30E+00 31.42 20.21 (18)
23Th 0.0 4.786 1.90E+01  6.00E+00 31.68 20.14 (19)
232p, 1.5 5.570  4.50E-01  7.00E-02 29.78 19.39  (18)
234pg 1.5 5.220  5.90E-01  9.00E-02 30.87 20.13 (18)
235pa 0.0 6.090  6.90E-01  9.00E-02 3270 21.86 (24)
233y 0.0 5744  4.60E+00 7.00E-01 30.03 19.33 (18)
234y 2.5 6.843  5.50E-01  5.00E-02 29.26 18.79  (18)
235y 0.0 5.298 1.06E+01  5.00E+00 30.26 19.22  (18)
236y 3.5 6.545  4.40E-01 6.00E-02 30.66 19.80  (18)
2371y 0.0 5.126 1.54E+01  1.00E+00 30.34 19.12 (18)
238y 0.5 6.153  3.50E+00 8.00E-01 30.65 19.58 (18)
23%u 0.0 4806  2.08E+01 2.00E+00 31.44 19.82  (18)
28Np 2.5 5.488  5.20E-01 4.00E-02 29.14 18.63 (18)
2%Pu 0.0 5.647  9.00E+00 7.00E-01 2899 1822  (18)
240py 0.5 6.534  2.30E+00 1.00E-01 29.79 19.00 (18)
241py 0.0 5.242 1.36E+01  4.00E-01 30.09 18.90  (18)
42py 2.5 6.310  9.00E-01 1.00E-01 30.75 19.65 (18)
243py 0.0 5.034 1.7SE+01  2.10E+00 30.61 19.18 (19)
245 0.0 4.699 2.40E+01 S.00E+00 31.69 19.84 (24)
242Am 2.5 5.539 5.50E-01 1.30E-01 28.89 18.36 (18)
43Am 1.0 6.364  4.00E-01  8.00E-02 3042 19.79 (18)
244Am 2.5 5366  6.00E-01  6.00E-02 29.46 18.74  (18)
243Cm 0.0 5.695 1.28E+01  2.70E+00 28.03 17.33 (20)
244Cm 2.5 6.800  8.10E-01 1.00E-01 28.67 18.05  (20)
245Cm 0.0 5.522 1.20E+01  1.00E+00 29.06 18.09  (18)
246Cm 0.5 6.456 1.90E+00  8.00E-01 30.69 19.64  (19)
247Cm 0.0 5.156  3.20E+01 5.00E+00 28.54 17.36 (20)
248Cm 4.5 6.212 1.40E+00  3.00E-01 2932 18.15 (18)
29Cm 0.0 4714  3.30E+01 S.00E+00 3095 19.11 (18)
250Bk 3.5 4.967 1.00E+00 1.00E-01 29.73 18.61 (18)
250Cctf 4.5 6.622  7.00E-01 1.00E-01 29.01 18.08 (18)
23¢f 0.0 4805 2.70E+01 4.00E+00 31.08 19.22  (18)
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8py 25 7.658  S.00E+00 8.00E-01 21.21 13.24  (18)
165Dy 0.0 5716 ~ 1.70E+02  2.50E+01 21.01 12.67  (18)
166Ho 3.5 6.244 2.70E+00 5.00E-01 21.16 13.21 (24)
163er 0.0 6.902  8.00E+00 1.10E+00 23.08 15.02  (19)
1656 0.0 6.650  2.30E+01 3.00E+00 21.90 13.83  (20)
I67Er 0.0 6.436  4.30E+01 4.30E+00 21.43 13.27 (19)
168Er 3.5 7.771 3.00E+00 5.00E-01 21.49 13.40 (5)
169%r 0.0 6.003 9.40E+01  1.00E+01 21.32 12.97 (18)
7IEr 0.0 5.682 1.50E+02  1.50E+01 21.52 1296 (24)
10Tm 0.5 6.593  6.00E+00  1.00E+00 21.03 13.17 (22)
19vyb 0.0 6.867  2.26E+01 1.30E+00 21.41 13.37  (20)
Ilyb 0.0 6.615 2.30E+01  3.00E+00 22.14 13.88 (19)
12y 0.5 8.020  S5.80E+00 5.00E-01 21.79 13.73 (18)
I3Yb 0.0 6.367 6.30E+01  3.00E+00 21.04 12.78 (19)
174yb 2.5 7.464  7.80E+00 9.00E-01 21.04 12.82  (18)
1756 0.0 5.822 1.62E+02  1.80E+01 20.97 12.48 (18)
177vb 0.0 5.567 1.85E+02  2.00E+01 21.62 12.89 (18)
176y 3.5 6.293 2.10E+00  2.70E-01 21.70 13.52 (19)
Ua 7.0 7.072 1.30E+00  1.80E-01 22.48 14.00 (19)
175Hf 0.0 6.709 1.60E+01  3.00E+00 22.18 13.94 (19)
VTHf 0.0 6.384  3.20E+01  7.00E+00 22.36 13.89  (18)
I78Hf 3.5 7.626  2.40E+00  3.00E-01 22.42 14.01 (18)
ISHf 0.0 6.100  5.30E+01 7.40E+00 22.33 13.71 (19)
180Hf 4.5 7.388 3.80E+00  3.80E-01 22.09 13.55 (18)
BIHf 0.0 5.696 1.00E+02 4.00E+01 22.49 13.63 (19)
18lTa 8.0 7.577 1.10E+00 1.00E-01 21.28 13.01 (18)
182T, 3.5 6.063 430E+00 3.00E-01 21.19 12.87 (18)
18Ta 3.0 6.934  3.60E+00 7.20E-01 21.55 13.20 (19)
Blw 0.0 6.683 1.80E+01  4.00E+00 22.72 1424  (19)
183w 0.0 6.191 5.00E+01  1.20E+01 22.22 13.58 (5)
184y 0.5 7.412 1.20E+01  1.00E+00 22.38 13.87 (18)
185w 0.0 5.754  8.70E+01 8.70E+00 22.65 13.76 (19)
87w 0.0 5.466 1.25E+02  9.00E+00 2298 13.88 (24)
18Re 2.5 6.178 3.30E+00 3.00E-01 21.80 13.43 (18)
188Re 2.5 5.872 3.50E+00 4.20E-01 22.64 14.04 (19)
1870s 0.0 6.291 3.00E+01  6.00E+00 2295 14.22 (7
1880s 0.5 7.989 4.40E+00 2.00E-01 22.57 14.21 (18)
1890s 0.0 5922  4.00E+01 2.00E+00 23.70 14.72  (18)
1900s 1.5 7.793 3.30E+00 2.00E-01 22.48 14.02 (18)
910s 0.0 5.758 7.00E+01  5.00E+00 23.18 14.16 (18)
1930s 0.0 5.584 1.15SE+02  1.00E+01 22.83 13.74 (18)
1921r 1.5 6.212 3.30E+00  3.00E-01 22.52 14.03 (20)
1931r 4.0 7.757 6.30E-01 1.00E-01 2221 13.93 (20)
1941y 1.5 6.067 7.70E+00  8.00E-01 21.41 12.96 (24)
195pt 0.0 6.105 2.40E+02  7.50E+01 19.73 11.34 (18)
196py 0.5 7.922 1.80E+01  3.00E+00 20.37 12.23 (18)
197p¢ 0.0 5.846 3.80E+02 1.00E+02 19.66 11.14 (20)
198Au 1.5 6.512 1.62E+01  3.00E-01 19.07 11.08 (18)
200Hg 0.5 8.029 8.40E+01  1.80E+01 17.63  9.75 (19)
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133xe 0.0 6.447  7.50E+02 2.30E+01 15.71  9.17 (19)
136Xe 1.5 7.993 5.00E+02 1.00E+02 1327 7.05 (23)
134Ccs 3.5 6.892  2.00E+01 2.00E+00 1575 9.40  (18)
135cs 4.0 8.827 1.30E+01  2.40E+00 14.66  8.59 (19)
137cs 5.0 8.272 5.80E+01 1.20E+01 1344 732 (24)
131Ba 0.0 7.493  6.60E+01  7.00E+00 17.31 10.82 (18)
133Ba 0.0 7.190 1.35E+02  3.30E+01 16.87 10.34 (18)
135Ba 0.0 6.973 3.80E+02 1.00E+02 1574 9.25 (23)
136Ba 1.5 9.107 3.50E+01 9.00E+00 15.16 8.96 (18)
137Ba 0.0 6.899 9.20E+02 2.00E+02 14.58 8.16 (20)
1388a 1.5 8.611 2.00E+02 6.50E+01 13.59 7.42 (19)
139Ba 0.0 4.723 1.40E+04 4.00E+03 1494 7.75 (21)
13%ta 5.0 8.778 2.10E+01  3.00E+00 14.10 7.95 (19)
1401 3.5 5.161 2.40E+02 1.00E+01 1553  8.63 (18)
137Ce 0.0 7.482 1.00E+02 1.30E+01 16.51 10.04 ~ (19)
14lce 0.0 5.429 3.00E+03 1.00E+03 1592  8.83 (18)
142py 2.5 5.843 6.50E+01 1.50E+01 16.48  9.67 [¥3))
143Nd 0.0 6.124  6.63E+02 . 7.00E+01 16.86 9.85 (20)
144Nd 3.5 7.817 3.65E+01  4.00E+00 16.87 9.98 (20)
145Nd 0.0 5.755 5.40E+02 6.50E+01 18.23 10.84 (24)
146Nd 3.5 7.565 1.70E+01 1.60E+00 18.77 11.49 (20)
147Nd 0.0 5.292 3.30E+02 4.00E+01 20.68 12.74  (19)
148Nd 2.5 7333  5.00E+00 2.00E+00 22.02 14.27 (18)
149Nd 0.0 5.039 1.67E+02  2.10E+01 23.10 14.68 (18)
I5INd 0.0 5.335 1.74E+02  2.00E+01 22.09 13.83 (18)
148pm 3.5 5.804  5.70E+00 1.S0E+00 20.34 12.85 (19)
148Sm 3.5 8.141 5.70E+00 5.00E-01 1922 12.01 (18)
150Sm 3.5 7986  2.50E+00 2.S0E-01 21.07 13.53 (19)
151Sm 0.0 5.597 6.80E+01  1.00E+01 23.02 14.79 (24)
152Sm 3.5 8.258 1.30E+00 2.00E-01 21.47 1392 (18)
153Sm 0.0 5.868 6.00E+01 2.00E+01 22.32 14.21 (23)
1558m 0.0 5.807 1.30E+02  1.30E+01 21.00 12.96 (19)
152y 2.5 6.305 8.50E-01 1.40E-01 2298 15.28 1)
153y 3.0 8.553 2.50E-01  4.00E-02 21.54 14.27 (20)
154Ey 2.5 6.442 1.30E+00 2.00E-01 2196 14.32 (18)
155 3.0 8.152  9.20E-01 1.70E-01 2027 12.98 (20)
156Eu 2.5 6.336  4.80E+00 4.00E-01 20.04 12.51 (20)
153Gd 0.0 6.247 1.50E+01  2.00E+00 23.06 15.14  (18)
155Gd 0.0 6.435 1.55E+01  1.S0E+00 23.12 15.10 (18)
156Gd 1.5 8.536 1.60E+00 1.60E-01 21.37 13.85 (19).
157Gd 0.0 6.360 4.40E+01  S.00E+00 21.39 13.46 (19)
158Gd 1.5 7.937 490E+00 4.00E-01 21.02 13.32 (18)
159Gd 0.0 5.943 8.60E+01 4.00E+00 21.48 13.34 (18)
161Gd 0.0 5.635 2.02E+02 2.00E+01 20.86 12.61 (18)
160Tb 1.5 6260  3.50E+00 1.50E+00 21.13 13.43 (19)
155py 0.0 6.831 3.00E+01 6.00E+00 20.81 13.05 o)
16lpy 0.0 6.453 2.73E+01  1.70E+00 22.12 14.06  (18)
162Dy 2.5 8.197 2.00E+00 1.20E+00 21.34 13.58 (19)
163Dy 0.0 6.271 6.46E+01  9.00E+00 21.08 13.01 (18)
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I0Ry 2.5 9.673  3.40E+01 7.00E+00 13.46 8.28 (7
002Ry 2.5 9.220 1.80E+01  2.00E+00 15.05 9.57 (20)
103Ru 0.0 6.232  S.50E+02 1.50E+02 1595 10.01 (19)
MRy 2.5 8.909  7.50E+00 3.80E+00 16.92 11.15 (20)
14Rh 0.5 7.000 3.70E+01 4.00E+00 15.45 991 (19)
105pd 0.0 7.094  2.40E+02 3.00E+01 155t 9.79  (19)
106pd 2.5 9.562 1.33E+01  1.70E+00 1495 9.46 (5)
107pd 0.0 6.535 2.70E+02 9.00E+01 16.56 10.54  (20)
108pd 2.5 9.219 1.20E+01  2.00E+00 15.68 10.00  (19)
19pd 0.0 6.154  2.00E+02 8.00E+01 18.06 11.72  (20)
lipd 0.0 5750  3.60E+02 4.70E+01 18.13 11.84  (19)
18ag 0.5 7.270  3.10E+01  6.00E+00 1537  9.81 (5)
110Ag 0.5 6.809  2.20E+01 4.00E+00 16.75 10.92 (5)
‘ 07cd 0.0 7.930 1.35E+02 3.50E+01 1490 9.35 (18)
E 19Ccd 0.0 7.347 1.20E+02  3.00E+01 16.15 10.32  (18)
: lcd 0.0 6.975 1.55E+02 2.00E+01 16.58 10.58  (18)
g 12cd 0.5 9.399  2.60E+01 4.00E+00 1566 998  (19)
113cd 0.0 6.540  2.00E+02 4.00E+01 17.19 10.96  (18)
ll4cd 0.5 9.043  2.70E+01  3.50E+00 16.26 10.40  (19)
15¢d 0.0 6.141  2.35E+02 3.30E+01 17.95 11.47  (18)
7¢cd 0.0 5.768  3.90E+02 9.00E+01 18.12 11.65 (18)
1141n 4.5 7275  7.80E+00 1.10E+00 15.82 9.97 (19)
1161 4.5 6.784  1.07E+01 6.00E -01 16.29 10.25 (18)
113sp. 0.0 7.746  1.57E+02 S5.20E+01 15.15 9.48 (20)
115sn 0.0 7.546  2.30E+02 8.00E+01 15.00 9.25 (19)
116sn 0.5 9.563  4.40E+01 2.20E+01 1473 9.14 (19)
117sn 0.0 6.945  3.80E+02 1.30E+02 1540 9.43 (19)
1188n 0.5 .9,327 4.50E+01 1.00E+0l 15.10 9.39  (19)
119sn 0.0 6.486  6.00E+02 1.50E+02 15.66 9.52  (19)
12060 0.5 9.107 6.20E+01  1.20E+01 1505 9.26 (19)
121Sn 0.0 6.172 1.00E+03  3.00E+02 15.54 9.27 21)
123sn 0.0 5.946 1.60E+03  8.00E+02 1534 897 - (21)
125sn 0.0 5.733  2.50E+03  1.20E+03 15.13  8.66 N
1228p 2.5 6.807  1.80E+01 2.00E+00 16.01 10.01 (18)
1245 3.5 6.467  2.40E+01 2.40E+00 16.04 9.88 (19)
123Te 0.0 6.934 1.40E+02 S.00E+01 17.14 10.88 (18)
124Te 0.5 9.425 1.80E+01  4.00E+00 1631 10.39  (19)
125Te 0.0 6.571 2.20E+02 S.00E+01 17.23 10.82 21)
126Te 0.5 9.114  3.80E+01 3.00E+00 15.82 9.83 (18)
| 127Te 0.0 6.291  6.00E+02 1.00E+02 16.27 9.81 (19)
| 129Te 0.0 6.086  2.00E+03 6.00E+02 14.81 839  (2I)
BlTe 0.0 5930 5.70E+03 8.00E+02 13.53 7.14  (23)
1281 2.5 6.826 1.90E+01  5.00E+00 16.06 9.91 (23)
1301 3.5 6.463 2.70E+01  5.00E+00 16.03 9.72 (5)
125Xe 0.0 7.603  6.30E+01  3.00E+00 17.03 10.87 (19)
129Xe 0.0 6.908 2.60E+02 1.60E+01 16.33  9.98 (19)
130xe 0.5 9.255 3.20E+01  3.00E+00 15.86 9.82 (20)
BlXe 0.0 6.616 1.90E+02  6.00E+01 17.55 1096  (18)
132Xe 1.5 8.936 4.00E+01 1.50E+01 15.22 9.07 (21)
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63Ni 0.0 6.839 191E+04 3.60E+03 8.71 5.03 (18)
65Ni 0.0 6.098 2.85E+04 6.00E+03 9.14 5.26 )
64Cu 1.5 7916 6.90E+02 7.00E+01 8.73 5.13 (19)
66Cu 1.5 7.066 1.00E+03 2.00E+02 9.16 546 (24)
65Zn 0.0 7980 3.60E+03 1.00E+03 9.51 572  (18)
67Zn 0.0 7.052  6.50E+03 1.00E+03 990 6.02 (21)
68Zn 2.5 10.198  2.90E+02 3.00E+01 9.88 6.07 (19)
69Zn 0.0 6.482  8.60E+03 1.20E+03 10.35 6.28 21)
Zn 0.0 5834  6.90E+03 1.00E+03 11.73 7.29 (18)
0Ga 1.5 7.654  230E+02 S5.50E+01 10.34  6.49 (24)
72Ga 1.5 6.521 3.70E+02 7.00E+01 11.13  7.04 (7
Ge 0.0 7.416  2.00E+03 8.00E+02 11.06 6.99 (23)
3Ge 0.0 6.782  2.20E+03 3.10E+02 11.89 7.61 (19)
74Ge 4.5 10.200 9.30E+01 1.00E+01 1126 7.06 (19)
75Ge 0.0 6.506  3.90E+03 7.70E+02 11.61 7.12  (19)
T1Ge 0.0 6.072  8.00E+03 8.00E+02 11.41 6.77 (23)
T6As 1.5 7.327  9.50E+01 1.00E+01 1195 7.75 (19)
75Se 0.0 8.028  4.20E+02 2.40E+02 1237 8.14 (18)
71Se 0.0 7.419  7.90E+02 1.60E+02 1246  8.08 (19)
78Se 0.5 10.498 1.10E+02 2.00E+01 11.76 7.49 (19)
9Se 0.0 6.962  1.75E+03 3.20E+02 12.10 7.49 (19)
81Se 0.0 6.701 3.50E+03 = 1.50E+03 11.62 6.94 (18)
83Se 0.0 5.818  6.90E+03 1.10E+03 1197 7.07 7
80Br 1.5 7.892  5.40E+01 S.00E+00 12.10 7.71 (19)
82Br 1.5 7.593  9.40E+01 = 1.50E+01 11.84 7.37 (18)
9Kr 0.0 8.362 2.30E+02 6.00E+01 12.80 8.45 (18)
81Kr 0.0 7.876  2.80E+02 1.40E+01 1328 8.66  (19)
83Kr 0.0 7.463  3.82E+02 2.40E+02 13.56 8.78 (1)
86Rb 2.5 8.650  1.00E+02 2.00E+01 1047 6.10 (24
88Rb 1.5 6.083 1.60E+03  4.20E+02 1042 5.78 (19)
85Sr 0.0 8.531 4.00E+02 1.50E+02 12.06 7.55 (18)
87Sr 0.0 8.428  1.00E+03 3.00E+02 11.13 6.59 (24)
88Sr 4.5 11.113 1.21E+02 1.30E+01 10.05 5.62 (23)
89Sr 0.0 6.365 1.20E+04 2.00E+03 10.67 5.86  (18)
Ny 0.5 6.857 1.20E+03 2.00E+02 10.66 6.06 (24)
917Zr 0.0 7.195  6.40E+03 1.10E+03 1045 5.73 (18)
927r 2.5 8.635  3.00E+02 8.00E+01 1199  7.07 21)
937r 0.0 6.734  2.60E+03  7.00E+02 1229 7.24  (18)
95Zr 0.0 6.463  2.50E+03 4.00E+02 12.88 7.59 (5)
977r 0.0 5579  3.00E+03 8.00E+02 1443 862 (2D
94Nb 4.5 7230  7.40E+01 1.00E+01 1247 7.44 (19)
93Mo 0.0 8.067 1.80E+03  3.00E+02 1099  6.25 (19)
95Mo 0.0 7.367 1.15E+03  3.50E+02 12.52 7.48 (20)
%Mo 2.5 9.154  9.10E+01 1.10E+01 12.87 7.79 (20)
9"Mo 0.0 6.821  9.80E+02 1.40E+02 13.70  8.33 (19)
98Mo 2.5 8.643  7.80E+01 1.00E+01 13.89  8.54 (19)
Mo 0.0 5926  9.70E+02 2.20E+02 15.62 9.77 (18)
0IMo 0.0 5399  7.00E+02 S.00E+01 17.67 11.32 (20)
00T 4.5 6.764  2.60E+01 S5.00E+00 1507 9.46  (23)
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Nuclide E* [MeV] p [MeV] Ap [MeV] a.,[Mev ] Ref.
I II

“Ne 7.000 7.00E+00  1.40E+00 4.53 2.88 (33)
22Ne 8.000 1.20E+01  2.50E+00 4.30 2.60 (33)
BNe 4.500 S.00E+00 1.00E+00 4.22 2.52 (33)
BNa 5.500 6.00E+00  1.20E+00 3.65 1.70 (33)
BNa 6.500 1.30E+01  2.50E+00 3.83 1.94 (33)
Na 7.500 2.00E+01  4.00E+00 3.70 1.83 (33)
BNa 10.050 3.68E+01  7.40E+00 3.21 1.37 (33)
BNa 11.200 7.30E+01  1.50E+01 3.32 1.52 (33)
Na 2.000 4.00E+00  8.00E-01 4.16 2.16 (33)
%Na 2.500 5.00E+00 1.00E+00 4.00 2.00 (33)
Na 3.000 7.50E+00  1.70E+00 4.09 2.11 (33)
24Na 3.500 1.10E+01  2.40E+00 4.15 2.20 (33)
%Na 4.550 3.15E+01  6.00E+00 4.51 2.63 (33)
%Na 7.080 6.71E+01  1.70E+01 3.88 2.03 (33)
%*Na 9.250 8.40E+02  3.50E+02 4.86 3.09 (25)
%Na 11.250 3.50E+02  1.50E+02 3.66 1.88 (25)
SNa 5.000 1.00E+01  2.00E+00 4.66 2.95 (33)
Mg 7.500 5.00E+00 1.00E+00 3.62 1.53 (33)
Mg 8.000 8.00E+00 1.60E+00 3.80 1.77 (33)
Mg 11.440 2.18E+01 7.60E+00 3.13 1.15 (33)
Mg 12.650 4.88E+01  1.60E+01 3.30 1.40 (33)
Mg 19.900 3.23E+02 1.60E+02 2.84 0.93 (33)
Mg 25.000 1.84E+03  9.20E+02 2.89 1.07 (33)
BMg 5000  7.00E+00 1.40E+00 4.21 2.13 (33)
BMg 6.000 1.35E+01  3.90E+00 4.19 2.16 (33)
SMg 7.150 2.19E+01  4.40E+00 3.97 197  (33)
BMg 12.800 3.80E+02 1.90E+02 3.90 206  (33)
SMg 15.100 1.10E+03  5.50E+02 3.92 212 (33)
BMg 17.400 2.40E+03  1.20E+03 3.82 2.05 (33)
BMg 18.600 5.30E+03  2.60E+03 3.97 222 (33)
Mg 6.500 6.00E+00  1.20E+00 4.65 2.85 (33)
Mg 7.000 1.20E+01  2.00E+00 5.06 329 (33
Mg 11.450 6.23E+01  1.40E+01 3.85 2.04 (33)
Mg 5.000 9.00E+00  2.00E+00 4.53 2.48 (33)
Mg 5.500 1.30E+01  2.50E+00 4.53 250 (33)
6] 3.000 7.00E+00  1.40E+00 4.09 2.20 (33)
61 4.550 1.59E+01  4.60E+00 3.92 2.05 (33)
2641 5.600 2.95E+01  7.40E+00 3.92 2.09 (33)
2641 7.110 5.18E+01 8.80E+00 3.73 1.90 (33)
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15.200
5.000
5.500
7.000
9.720

10.500

20.000

21.000
3.000
4.000
5.350
6.500
7.830

13.100

15.100
4.500
5.000
7.000
7.500
8.000
8.500
9.000

12.450

19.600

20.800

24.550

28.000
4.500
7.080
9.310

14.400

16.300

18.700

20.300

21.000

21.400
6.500
7.000
9.250
5.000
5.500
2.500
3.000
4.000
4.700
7.430

1.11E+03
9.00E+00
1.10E+01
2.00E+01
5.59E+01
9.34E+01
3.70E+03
1.33E+04
8.00E+00
1.50E+01
2.42E+01
4.00E+00
7.57E+01
1.06E+03
1.20E+03
7.00E+00
1.00E+01
5.00E+00
4.00E+00
5.00E+00
7.00E+00
1.00E+01
5.58E+01
7.81E+02
1.42E+03
2.24E+03
8.14E+03
5.00E+00
1.97E+01
7.21E+01
1.20E+02
5.00E+02
2.00E+03
4.00E+03
7.00E+03
7.30E+03
7.00E+00
1.20E+01
2.22E+01
7.00E+00
1.20E+01
4.00E+00
5.00E+00
1.10E+01
1.40E+01
3.87E+01
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5.50E+02
1.80E+00
2.00E+00
4.00E+00
8.40E+00
1.60E+01
1.80E+03
6.70E+03
1.60E+00
3.00E+00
4.60E+00
8.00E-01
2.20E+01
5.03E+02

6.00E+02

1.40E+00
2.00E+00
1.00E+00
8.00E-01
1.00E+00
1.40E+00
2.00E+00
9.50E+00
3.90E+02
7.10E+02
1.12E+03
4.10E+03
1.00E+00
3.90E+00
1.20E+01
6.00E+01
2.50E+02
1.00E+03
2.00E+03
3.50E+03
3.70E+03
1.40E+00
2.50E+00
6.40E+00
1.40E+00
2.50E+00
8.00E-01
1.00E+00
2.00E+00
2.80E+00
7.70E+00

3.46
4.53
4.34
3.98
3.63
3.72
3.57
3.98
4.32
4.26
3.93
4.02
3.78
3.90
3.54
4.70
4.67
3.89
3.32
3.28
3.34
3.42
3.43
3.28
3.36
3.02
3.11
4.24
3.94
3.98
3.01
3.29
3.52
3.57
3.71
3.66
4.71
4.91
3.96
4.24
4.46
3.95
3.84
4.00
3.83
3.50

1.72
2.59
2.40
2.04
1.73
1.85
1.80
2.26
2.08
2.08
1.80
1.88
1.73
1.98
1.61
2.35
2.36
1.76
1.05
1.03
1.17
1.30
1.44
1.38
1.49
1.08
1.23
2.05
1.84
1.97
0.81
1.31
1.62

1.69

1.85
1.80
2.46
2.71
1.80
1.88
2.17
1.56
1.47
1.75
1.60
1.32

(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
33
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)

(33

(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
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15.700
5.000
5.500
6.000
6.500
8.270
9.060
9.670
2.500
3.500
4.750
5.850
4.000
5.000
5.700
6.500
7.000
9.700

10.550

19.000
5.000
5.500
6.000
6.750
7.500

14.100

16.200

18.300

11.100
5.000
2.700
3.000
3.500
4.100
6.200
4.500
7.790
2.000
2.500
3.000
4.400
8.610
4.000
9.590

10.020
2.000

1.17E+03
8.00E+00
1.20E+01
1.50E+01
1.80E+01
3.70E+01
4.88E+01
8.18E+01
5.00E+00
9.00E+00
1.13E+01
2.53E+01
4.00E+00
6.00E+00
1.40E+01
6.00E+00
1.00E+01
3.47E+01
5.33E+01
1.03E+03
1.40E+01
1.60E+01
2.07E+01
2.79E+01
4.37E+01

'8.50E+02

1.30E+03
4.30E+03
1.09E+02
8.00E+00
6.00E+00
7.00E+00
1.00E+01
1.36E+01
3.55E+01
1.00E+01
5.10E+01
5.00E+00
9.00E+00
1.30E+01
2.30E+01
2.67E+02
1.00E+01
2.09E+02
2.87E+02
7.00E+00
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5.80E+02
1.60E+00
2.50E+00
3.00E+00
3.00E+00
7.40E+00
9.80E+00
1.60E+01
1.00E+00
1.80E+00
2.30E+00
6.30E+00
8.00E-01
1.00E+00
2.50E+00
1.00E+00
2.00E+00
6.90E+00
1.30E+01
5.10E+02
3.00E+00
3.00E+00
4.10E+00
7.00E+00
8.70E+00
4.25E+02
6.50E+02
2.10E+03
2.00E+01
1.60E+00
1.00E+00
1.40E+00
2.00E+00
3.40E+00
6.70E+00
2.00E+00
8.70E+00
1.00E+00
1.80E+00
2.50E+00
5.50E+00
1.40E+02
2.00E+00
4.20E+01
3.40E+01
1.40E+00

3.45
4.40
4.46
4.33
4.33
3.91
3.80
3.95
4.31
4.19
3.66
3.83
4.46
4.07
4.49
4.44
4.63
4.11
4.06
3.52
5.10
4.80
4.68
4.47
4.45
4.08
3.82
3.99
4.36
4.42
4.43
4.35
4.36
4.26
3.98
5.21
4.44
5.01
5.26
5.19
4.64
4.53
5.88
4.72
4.77
5.63

1.45
2.06
2.16
2.06
1.93
1.71
1.62
1.80
1.78
1.75
1.21
1.50
1.75
1.44
2.00
1.98
2.23
1.83
1.82
1.41
2.65
2.37
2.28
2.11
2.12
1.94
1.69
1.91
2.03
1.67
1.77
1.72
1.79
1.74
1.57
2.50
1.97
2.06
2.43
2.43
1.99
2.13
2.96
2.24
2.31
2.52

(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
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2.56E+01
1.74E+02
6.00E+00
9.00E+00
1.50E+01
4.53E+01
7.65E+01
1.40E+01
2.29E+01
2.93E+04
2.00E+01
2.58E+01
1.32E+02
3.23E+04
7.50E+04
3.15E+01
2.55E+02
8.00E+00
7.85E+01
1.00E+01
2.00E+01
2.60E+01
3.02E+01
4.78E+01
3.56E+02
6.00E+00
1.00E+01
1.85E+02
2.00E+01
3.30E+01
4.30E+01
4.50E+02
3.50E+03
3.20E+03
1.40E+04
1.90E+04
9.20E+04
1.30E+05
4.00E+01
3.00E+03
1.10E+05
4.90E+05
7.30E+06
2.40E+01
3.20E+01
4.10E+01
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S.10E+00
8.40E+01
1.00E+00
1.80E+00
3.00E+00
9.10E+00
1.40E+01
3.00E+00
5.70E+00
1.50E+04
4.00E+00
9.00E+00
2.60E+01
1.62E+04
3.70E+04
8.50E+00
5.10E+01
1.60E+00
1.20E+01
2.00E+00
4.00E+00
S.00E+00
6.60E+00
1.00E+01
7.50E+01
1.00E+00
2.00E+00
4.40E+01
6.00E+00
9.00E+00
1.20E+01
1.30E+02
1.50E+03
1.30E+03
6.00E+03
7.00E+03
3.80E+04
5.00E+04
1.20E+01
8.00E+02
3.00E+04
1.50E+05
2.00E+06
7.00E+00
9.00E+00
1.20E+01

5.29
5.48
4.87
4.88
5.03
4.43
4.37
6.45
5.74
4.66
6.67
6.12
4.97

- 4.74

5.21
5.84
5.27
5.53
4.65
6.32
6.62
6.27
5.54
5.20
5.16
4.78
4.94
4.82
6.22
6.02
5.81
6.01
6.4
5.42
5.67
5.21
5.56
5.24
9.54
6.83
7.02
6.89
6.91
8.38
7.78
7.28

2.46
2.86
2.01
2.11
2.34
1.90
1.89
3.54
2.94
2.44
3.74
3.25
2.38
2.48
2.96
2.95
2.59
2.41
1.97
3.12
3.53
3.25
2.61
2.37
2.54
1.51
1.82
2.15
3.06
2.97
2.83
3.27
3.81
2.87
3.18
2.77
3.17
2.88
4.93
3.47
3.93
3.90
4.03
3.80
3.42
3.10

(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(26)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)
(33)

(&)

M

(7

)
(25)
(25)
(25)
(25)
(25)
(25)

)

)
@27)
(27)
@27
(28)
(28)
(28)
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17.000
18.000
19.000
20.000
21.000
22.000
23.000
3.550
2.110
3.560
2.130
9.600
10.000
2.140
8.000
9.500
11.500
13.500
3.580
4.500
5.000
15.500
16.500
17.500
18.500
19.500
20.500
21.500
22.500
5.000
3.500
4.000
8.600
9.000
3.500
4.000
9.000
6.250
9.850
9.200
10.240
7.550
8.800
9.500
11.860
3.240

1.30E+05
1.60E+05
2.60E+05
4.00E+05
6.00E+05
8.00E+05
1.20E+06
1.09E+01
1.27E+01
3.09E+01
3.09E+01
1.70E+03
3.00E+03
3.92E+01
5.00E+03
2.90E+04
1.00E+05
2.40E+05
5.51E+01
2.70E+01
3.20E+01
1.20E+05
1.90E+05
3.10E+05
5.00E+05
7.50E+0S5

1.10E+06 -

1.80E+06
2.50E+06
3.40E+01
4.00E+01
5.00E+01
2.10E+03
4.10E+03
4.50E+01
5.60E+01
2.20E+06
3.20E+06
7.00E+08
1.23E+08
6.67E+07
3.20E+05
1.92E+06
6.40E+06
1.60E+08
1.00E+04
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3.00E+04
5.00E+04
7.00E+04
1.20E+05
2.20E+05
3.00E+05
4.00E+05
4.70E+00
8.10E+00
6.40E+00
1.07E+01
4.00E+02
9.00E+02
2.10E+01
1.50E+03
1.20E+04
4.00E+04
1.10E+05
1.27E+01
5.40E+00
6.40E+00
3.60E+04
5.70E+04
9.00E+04
2.00E+05
2.20E+05
3.30E+05
5.40E+05
7.00E+05
1.00E+01
7.00E+00
8.00E+00
6.00E+02
1.20E+03
9.00E+00
1.60E+01
6.00E+05
9.00E+05
2.10E+08
3.00E+07
2.00E+07
1.00E+05
6.00E+05
2.00E+06
4.50E+07
2.00E+03

6.96
6.71
6.66
6.59
6.51
6.38
6.33
6.82
7.04
8.81
8.77
6.60
6.85
9.28
7.74
8.30
8.08
7.70
9.94
10.03
8.81
7.59
7.45
7.36
7.28
7.17
7.06
7.02
6.91
8.87
9.49
8.63
7.55
7.90
9.73
8.84
17.67
20.58
21.11
21.52

17.29.

15.77
16.08
16.57
17.22
32.74

3.86
3.64
3.63
3.59
3.54
3.43
3.40
2.36
2.51
4.18
4.06
3.06
3.34
4.41
4.12
4.76
4.68
4.41
4.99
4.93
4.04
4.29
4.20
4.15
4.10
4.03
3.94
3.94
3.85
3.98
4.41
3.83
3.74
4.12
4.55
3.94
11.39
12.37
13.46
13.45
9.84
7.52
8.14
8.75
9.77
17.24

(28)
(28)
(28)
(28)
(28)
(28)
(28)
(32)
(32)
(32)
(32)
(28)
(28)
(32)

)
(25)
(25)
(25)
(32)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(28)
(29)
(29)
€]
(3D
(31
@31
(31
(3D
(31
(30)
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801 4.670 2.00E+05  4.00E+04 28.58 16.12 (30)
B0Th 5.060 4.60E+05 1.60E+05 28.23 16.22 (30)
830ThH 5.500 1.30E+06  4.00E+05 28.28 16.65 (30)
801 6.000 4.00E+06 1.20E+06 28.32 17.07 (30)
230Th 6.820 2.00E+07 6.00E+06 28.08 17.38 (30)

lljinov et al. TABLE Il

TABLE III - Results of level density analysis for different variants of the
phenomenological systematics.

o B Y ffactor shell corrections

Without collective effects (K =1, K ;;=1)

rot”

0.114 0.098 0.051 1.68 Myers, Swiatecki

0.111 0.107  d/0.46A%*P(*) 1.71

0.072 0.257 0.059 2.31 Cameron
0.077 0.229  a/0.037A%(%) 2.48

With collective effects (K, #1, K, #1)
0.090  -0.040 0.070 1.63 Myers, Swiatecki
0.034 0.312 0.011 5.00(**)
0.052 0.113 0.086 2.20 Cameron
0.029 0.332 0.012 5.47(**)

(*) The value given is relative to the € parameter (remember that Y = d /eAY?),
(**) Nuclides with deformation B< 0.2 were assumed to be spherical (K., =1).
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TABLE V - Empirical values of the saddle point shell corrections BWQ and SW?p for actinides.

z SW SWe, z Wy Wy

MeV MeV MeV MeV
% 2.80 - 0.50 91 2.80 - 0.50
92 2.20 ~0.50 93 2.20 020
9% 2.00 0.00 95 2.50 0.50
9% 2.80 0.50 97 2.80 0.50




