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Abstract

Formally, the cross section for producing a heavy evaporation residue, σEVR, in a complete fusion

reaction is given as

σEVR(E) =
πh2

2µE

∞∑
`=0

(2`+ 1)T (E, `)PCN(E, `)Wsur(E, `) (1)

where E is the center of mass energy. PCN is the fusion probability and Wsur is the probability

that the compound nucleus will decay by emitting particles rather than fissioning. The first term

represents the capture cross section. Notice that all terms depend on ` and the cross section

depends on the product of these terms, which are not separable. When Wsur is zero or a small

number due to low fission barriers at high angular momenta, the capture and fusion terms will be

limited. For a series of ∼ 287 reactions leading to heavy evaporation residues with ZCN ≤ 110,

we point out the implications of this fact for capture cross sections for heavy element formation

reactions. From a comparison of calculated and measured evaporation residue cross sections we

deduce values of the fusion probability, PCN , for some of these reactions.

PACS numbers: 25.70.Jj,25.85.-w,25.60.Pj,25.70.-z
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I. INTRODUCTION

As shown in equation 1, the cross section for producing a heavy evaporation residue in

a complete fusion reaction can be written as a non-separable product of three factors, that

express the capture cross section, the fusion probability and the survival probability. One

expects the survival probability to depend sensitively on the spin ` with low or zero fission

barriers for higher ` values. By this we mean that many partial waves result in capture, but

the higher partial waves result in non-surviving events. Thus, in the product of terms in

equation 1, only those terms with a high survival rate, i.e., low spin, are relevant. We show,

in Figure 1, the calculated spin dependence of the capture cross section for the reaction of

3He + 233U and the calculated spin dependence of the evaporation residue cross section for

the 5n channel [1, 2]. The surviving spins are restricted due to angular momentum effects

and thus the spin distributions in the capture cross sections are significantly different from

those of the evaporation residues.

0 5 10 15 20 25 30 35 40
0

50

100

150

0 5 10 15 20 25 30 35 40
0.0000

0.0001

0.0002

0.0003
 

 

ca
pt
(J

)(m
b)

3He + 233U

(a)

)J( )

 

 

E
V

R
(J

)(m
b)

J(

(b)

FIG. 1: Spin dependence of the (a) calculated capture cross section and (b) evaporation residue

formation cross section for 3He + 233U. From [1, 2]

In this paper, we examine the impact of the restrictions on spin placed by the survival

probabilities upon the effective capture and fusion cross sections for heavy element forma-

tion. By the term “effective ” capture cross section, we mean the capture events resulting in

non-zero survival probabilities. We do this in the context of a compilation of a large number
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of evaporation residue cross sections for heavy element formation. By using a simple formu-

lation of the spin dependence of the capture cross sections and modern calculations of the

survival probability of heavy evaporation residues, we attempt to deduce the impact of this

spin restriction upon the synthesis of heavy nuclei. A preliminary account of this work has

been presented elsewhere [2]. In [2], we introduced the concept of survival mediated cross

sections and showed some examples of these effects. In this work, we show the full details

of the calculations and draw some new conclusions, regarding PCN , from the calculations.

II. METHODOLOGY

As explained in [2], the formalism for calculating the survival, against fission, of a highly

excited nucleus is relatively well understood[3]. One starts with a single particle model

[4] of the level density in which one allows the level density parameter to be a function of

the excitation energy. Masses and shell corrections are taken from [5]. The deformation

dependent collective enhancement of the level density is taken from [6]. The decay widths

for decay by neutron, charged particle and γ-emission are calculated with standard formulas.

Corrections for Kramers effects [7] are made to the fission widths. The fission barrier heights

are calculated using liquid drop barriers and excitation energy dependent shell corrections.

The uncertainties in these calculations of Wsur are discussed in [2, 8, 9] Fission barrier

heights are known to within 0.5 - 1.0 MeV [9]. A change of fission barrier height by 1 MeV

in each neutron evaporation step can cause an order of magnitude uncertainty in the 4n-

channel. To minimize sensitivity to this factor in this paper, we have restricted our attention

to nuclei where Z ≤ 110 where the barrier heights are better known. In the same vein, we

have not treated reactions where the compound nucleus emits 6 or more neutrons.

As explained in [2], we began with the compilation of Düllmann of evaluated evaporation

residue cross sections for reactions that produce heavy nuclei [10]. This compilation involves

a large number of reactions producing nuclei from Z=80 to Z=122, although we have limited

our calculations to cases where ZCN ≤ 110 and the number of emitted neutrons is 5 or less.

We have only treated those cases where the experimental data is published in the open

refereed literature. For each reaction (projectile, target and beam energy) we calculate the

spin dependent capture cross sections using the Bass model [11, 12]. The Bass model is a

semi-empirical model of fusion that uses an empirical nucleus-nucleus potential derived from
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an analysis of a wide range of experimental fusion cross sections. It should be applicable over

a wide range of system masses and energies and offers a simple method of calculating a large

number of cross sections. The predictive power of this model is expected for most systems

to be comparable to experimental accuracy. At low energies, at or below the interaction

barrier, the transmission probability is calculated using a parabolic potential [13] with a

curvature of h̄ω of 3 MeV. For some cases, this procedure fails and a full coupled channels

calculation is employed to get the capture cross section and its spin dependence [3, 14, 15].

The input parameters for these calculations are taken from [3]. The survival probability is

calculated using the formalism(s) of [3] for each value of the angular momentum, `,. If we

assume PCN is 1, then, according to equation 1, we can estimate the evaporation residue

formation cross section. If the calculated evaporation residue cross section is significantly

greater then the measured cross section for this reaction, we have evidence that PCN is less

than 1.

To check the validity of this procedure, we calculated the EVR spin distribution for

the reaction 176Yb(48Ca,4n)220Th and compared it to the measured spin distribution of

Henning et al. [16] (Figure 2) for the same reaction [2]. The measured and calculated

spin distributions for this reaction are in general agreement. A similar agreement between

calculated and measured spin distributions for the 208Pb(48Ca, 2n)254No reaction was found

in [6] using a calculation model similar to that employed in this work. Further measurements

of the spin distributions for the survivors of fusion reactions leading to heavy nuclei would

be useful in this regard.

A. Sensitivity of Calculations to the Choice of Calculation Models

We have chosen the Bass model [12] to calculate most of the capture cross sections in this

work because of the simplicity of the model and its established [12] predictive power. What

if we had used the computationally more complex coupled channels method to do these

calculations? We show, in Figure 3, a comparison of the calculated spin distributions of the

capture products using the Bass model and coupled channels calculations for a representative

set of reactions. While there are differences in the calculated spin distributions using the

two methods, there are no qualitative differences.

The issue of the uncertainties in the calculated spin distributions of the survivors of the
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FIG. 2: Spin dependence of calculated and measured evaporation residue formation cross sections

for the 176Yb(48Ca,4n)220Th reaction. From [2].

fission-particle emission competition is more complex [9]. From the point of view of this

work, we show, in Figure 2, the reasonable agreement between the calculated and measured

spin distributions for a known case of a heavy element synthesis reaction. A similar results

was found for the 48Ca + 208Pb reaction [6]. Loveland [9] has made a detailed examination

of the strengths and weaknesses of models such as [3] and has placed limits on how well

these models work.

III. RESULTS

For each reaction studied, we have tabulated the A and Z of the projectile, the target

nucleus and the compound nucleus and the bombarding energy corresponding to the peak of

the excitation function. We have also tabulated the calculated mean spin for capture process

and mean spin of the calculated evaporation residues, and the measured evaporation residue

cross section. These tables are found in the Supplemental Material[17].
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FIG. 3: A comparison of the calculated capture product spin distributions using the Bass model

and coupled channels calculations (CC) for a representative set of reactions, (a) 91 MeV 18O +

249Bk, (b) 44.7 MeV 3He + 233U, (c) 71 MeV 12C + 235U and (d) 88 MeV 15N + 248Cm.

IV. DISCUSSION

As stated above, we have calculated the spin dependent capture cross sections and the

spin dependent evaporation residue cross sections for 287 reactions. Statistical summaries

of these calculations can be found in the Supplemental Materials. In this section, we will

discuss these calculational results , sorting them by Z1Z2 product.

A. Z1Z2 ≤ 750

There are 68 cases where Z1Z2 ≤ 750. Review of these data shows certain straightforward

trends. As one goes from a 3n to a 4n to a 5n reaction, the excitation energy of the

fissioning system increases, and the mean spin of the captured system increases significantly.
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As a consequence, the surviving evaporation residues show a spin distribution that is an

increasingly smaller subset of the products of the capture process. In Figures 4 and 5 we

show typical plots of the spin dependent capture cross sections and the spin dependent

evaporation residue cross sections for some cases of 3n, 4n and 5n reactions [18, 19] that

demonstrate this effect. A further consequence of this behavior comes in evaluating the

terms in equation 1. In evaluating these terms (capture, fusion and survival) one must use

the spin restricted values of each term–which are quite different than the non spin-restricted

values. Consider the 5n capture cross sections shown in Figure 4 and 5. Much of the capture

distribution does not survive fission and must be excluded in using equation 1. Similarly

calculations of PCN should be spin restricted to be relevant for heavy element synthesis.
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FIG. 4: Spin dependence of calculated capture and evaporation residue cross sections for the

235U(12C, 3-5n) reactions [18]

On average, we found that PCN was 1 for this group of reactions, i.e., the calculated

evaporation residue cross section agreed with the measured cross section within experimental
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FIG. 5: Spin dependence of calculated capture and evaporation residue cross sections for the

248Cm(12C, 3-5n) reactions [19]

error. (This conclusion was based upon studying the 3n reactions, where these types of

calculations should be most reliable.) A general sampling of some typical cases for ZCN =

94-98, 101-103 and 104-105 is shown in Figure 6. [2]

The surviving evaporation residues have a most probable spin of ∼ 5 h̄. The capture

reactions have an average spins of 10-20 h̄. The evaporation residue cross sections are

significantly less than the capture cross sections. due to the fission of the completely fused

system. Capture cross sections for these hot fusion reactions are typically 100-300 mb while

the evaporation residue cross sections are ∼ nb to µb. Almost all of the reactions with Z1Z2

≤ 750 are “hot” fusion reactions. For the few cases of “cold” fusion reactions, the mean spin

of the capturing system is about 20h̄ while the surviving EVRs have J ∼ 6.7h̄

As discussed in[2], it is sometimes assumed that the relevant capture cross sections and

PCN factors can be evaluated for J=0. This assumption is not supported by the data shown
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FIG. 6: Spin dependence of calculated capture cross sections and the EVR cross sections for the

reactions of 12C + 232Th, 243Am, 249Cf and the reaction of 15N with 248Cm. [18, 20–22] where the

lab frame beam energies were 70,73,70, and 86 MeV respectively. From [2]

in Fig.6.

B. 750 ≤ Z1Z2 ≤1000

There are 37 cases in this category. Most of these reactions are sub-barrier reactions

with small (nb) cross sections. Apart from the few cases of cold fusion reactions, one

observes a smaller difference between the spin dependent capture and evaporation residue

cross sections. The ratio of the mean spin of the EVR distribution relative to the capture

distribution is 0.60 compared to 0.52 for the previous group. A sampling of these cases is

shown in Figure 7 [2]. The mean spin of the surviving evaporation residues is less than that

of the capture products. The evaporation residue cross sections are orders of magnitude less
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than the capture cross sections due to the effect of fission de-excitation. There are no cases

of 3n reactions involving actinide nuclei or 1n reactions involving Pb or Bi target nuclei, so

no conclusions about PCN for this group are possible.

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

0 10 20 30 40
0.0

2.0x10-6

4.0x10-6

6.0x10-6

8.0x10-6
 

 

ca
pt
(J

)(m
b)

22Ne + 244Pu

 

 

E
V

R
(J

)(m
b)

244Pu(22Ne,5n)

J(   ) J(   )
0 10 20 30 40

0

2

4

6

8

0 10 20 30 40
0.0

5.0x10-7

1.0x10-6

1.5x10-6

2.0x10-6

 

 

ca
pt
(J

)(m
b)

19F + 248Cm

 

 

E
V

R
(J

)(m
b)

248Cm(19F, 5n)

J(   ) J(   )

0 5 10 15 20 25 30 35 40
0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25 30 35 40
0.000000

0.000002

0.000004

0.000006
 

 

ca
pt
(J

)(m
b)

18O + 249Bk

 

E
V

R
(J

)(m
b)

249Bk(18O,4n)

J(   ) J(   )

FIG. 7: Spin dependence of calculated capture cross sections and the EVR cross sections for the

reaction of 22Ne + 244Pu, 19F + 248Cm and 18O + 249Bk. [23–25] where the laboratory frame beam

energies were 114,106, and 93 MeV, respectively. From[2]

C. 1000 ≤ Z1Z2 ≤1500

There are 69 cases in this category and they are almost exclusively hot fusion reactions.

The clear case of a cold fusion reaction is the 207Pb(40Ar, 1n) reaction [26] where the cal-

culated mean spin of the surviving evaporation residues is 21.6 h̄ while the calculated mean

spin of the capture products is 48 h̄. A sampling of the calculated spin distributions for

some randomly selected hot fusion cases is shown in Figure 8. One notices that the survivor
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distributions are a tiny fraction of the initial capture distributions and are, in fact, remark-

ably similar for all these reactions. While the calculated values of PCN for this group are

consistent with PCN = 1, the dispersion of these values is unusually large and suggests that

the estimation of PCN from these calculations is not straightforward.

D. Z1Z2 ≥ 1500

There are 113 cases of reactions in this category. The reactions range from 1n to 5n

reactions with several examples of progressions like 208Pb(48Ca, 1-4n)([31]) to 209Bi(48Ca,

1-4n)[32, 33]. In these reactions, the mean spin in the capture cross section distributions

increases from ∼ 10 h̄ to ∼ 45 h̄ while the mean spin of the surviving nuclei is ∼ 5 h̄.

Similar patterns are observed for symmetric reactions such as 100Mo(100Mo, 1-5n) [33] and

50Ti-based reactions [34, 35] . Use of a 86Kr projectile [85] in 121−123Sb ( 86Kr, 3-5n ) produces

high spin capture products (J ∼ 60h̄ ) but the surviving nuclei are of lower spin (6-7 h̄).

The oft studied 124Sn + 96Zr reaction [85] has a mean surviving spin of ∼ 6 h̄ while the

capture products show mean spins up to 73 h̄. The average EVR spin of the 113 cases in

this category is 5.8 ± 1.1 h̄, despite large changes in the mean spin of the capture products.

For the 1n out reactions, the mean evr spin is 6.0 ± 1.1 h̄.

In this group, there are a number of cases of 1 n reactions, where the uncertainties in

the deduced PCN values should be minimal. Also, it is generally thought that systems with

Z1Z2 ≥ 1600 should show significant amounts of quasi-fission, making PCN ≤ 1 [37]. In

Fig. 9, we show the deduced values of PCN for 1n reactions in this group as a function of

the traditional scaling variable Z1Z2. It should be noted that to the extent the techniques

used in this paper to deduce PCN are correct, this plot includes a substantial number of

new “measurements” of PCN not available from mass angle correlations, i.e., cases where

PCN ≤ 0.01. The scatter in the data for a given Z1Z2 value reflects intrinsic uncertainty in

our method of deducing PCN and inadequacies in the use of a single variable like Z1Z2 to

predict PCN . (In Figure 10, we also show the use of an alternate scaling variable, xeff [38]

to sort out PCN values, but with no substantial improvement in correlating PCN . At any

given value of xeff , PCN is undetermined within a factor of 10-100.)

These new data allow one to test some semi-empirical prescriptions of PCN . For Pb and
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Bi based reactions, Zagrebaev and Greiner [39] have proposed that

PCN(E, `) =
P 0
CN(Z1Z2)

1 + exp
(
E∗

B−E
∗
int(`)

∆

) (2)

where E∗B is the excitation energy of the compound nucleus at the Bass barrier and E∗int

= E+Q-Erot(`), where Q is the fusion Q value and Erot(`) is the rotational energy and ∆ is

4 MeV.

P 0
CN =

1

1 + exp
(
Z1Z2−ζ

τ

) (3)

where ζ=1760 and τ=45.

To compare our measured PCN values with estimates of this model, we define a compar-

ison metric [40], the theory evaluation factor, tef.

For each data point, we define

tefi = log

(
σtheory
σexpt

)
(4)

where σtheory and σexpt are the calculated and measured values of the PCN factors. Then,

the average theory evaluation factor is given by

tef =
1

Nd

Nd∑
i=1

tefi (5)

where Nd is the number of data points.

In Figure 11, we show the tef values for the comparison of the experimental and calculated

values of PCN [39] as a function of the scaling variable Z1Z2. The average tef value is -0.02,

indicating the theoretical description of the PCN factors for Pb and Bi based reactions is

very good.

V. CONCLUSIONS

What have we learned from this study?

(a) The survival mediated capture cross sections for a series of 287 heavy element synthesis

reactions have a mean associated spin ∼ 5h̄ even though the capture cross sections have mean

spins ranging from 10 to 70 h̄. (b) In estimating heavy element production cross sections,

both the capture cross sections and the PCN factors must be spin mediated, which in the

case of the capture cross sections results in orders of magnitude lower cross sections. (c)
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These concerns about the effect of spin mediation are more acute in hot fusion reactions

compared to cold fusion reactions. (d) By comparing the measured and deduced values of

the EVR cross sections for reactions where Z1Z2 ≥ 1500, we have been able to deduce a set

of new values of PCN for 1n reactions for situations where ordinary measurements of PCN

are not possible. (e) The semi-empirical estimates of Zagrebaev and Greiner for PCN in Pb

and Bi based reactions appear to describe our PCN data quite well.
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VI. APPENDIX

The Supplemental Materials are a vital part of this study, containing a heretofore unpub-

lished compilation of experimental data and calculations for the ∼ 287 reactions studied in

this work. To be sure that this material is properly cited as part of this paper, we compile

the 92 references cited only in the Supplemental Materials as part of the reference list of

this paper. This list includes the following references. [41–63] [64–87] [88–110] [111–132].
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[10] Ch. E. Düllmann, private communication

[11] O.B. Tarasov and D. Bazin, Nucl. Instru, Meth. B 204, 174 (2003).

[12] R. Bass, Phys. Rev. C 39, 265 (1977). See also R. Bass, Nuclear Reactions with Heavy Ions

(Springer, Berlin, 1980)

[13] D.L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).

[14] K. Hagino, N. Rowley and A. T. Kruppa, Comp. Phys. Comm. 123, 143 (1999).

[15] V. I. Zagrebaev and V. V. Samarin, Phys. At. Nuclei, 67, 1462 (2004).

[16] G. Henning, et al., Phys. Rev. Lett. 113, 262505 (2014).

[17] See Supplemental Material at [URL to be inserted by publisher] for tables of calculated and

measured cross sections.

[18] T. Sikkleland, J. Maly, and D.F. Lebeck, Phys. Rev. 169, 1000 (1968).

[19] T. Sikkeland, A. Ghiorso, and M.J. Nurmia, Phys. Rev. 172, 1232 (1968).

[20] Z. Qin et al. , Radiochemica Acta, 96, 455 (2008)

[21] P. Eskola, Phys. Rev. C 7, 280 (1973)

[22] K. Eskola, P. Eskola, M. Nurmia and A. Ghiorso, Phys. Rev. C 4, 632 (1971)

[23] Yu. A. Lazarev et al. , Phys. Rev. C 62, 064307 (2000)

[24] Y. Nagame, et al., J. Nucl. Radio Sciences 3, 85 (2002).

[25] J. V. Kratz et al., Phys. Rev, C 45, 1064 (1992).

14



[26] Y.T. Oganessian, A.S. Iljinov, A.G. Demin, and S. P. Tretyakova, Nucl. Phys. A 239, 353

(1975)

[27] K. Morita. et al., J. Phys. Soc. Japan 78, 064201 (2009).

[28] J.M. Gates et al., Phys. Rev. C 77, 034603 (2008)

[29] J. Dvorak et al., Phys. Rev. Lett. 100, 132503 (2008)

[30] K. Nishio et al., Phys. Rev. C 82, 024611 (2010)

[31] A.V. Belozerov et al., Eur. Phys. J. A 16, 447 (2003).

[32] H.W. Gaggeler and D.T. Jost, Nucl. Phys. A 502, 561 (1989)

[33] A.B. Quint. et al., Z. Phys. A 346, 119 (1993)

[34] F. P. Hessberger et al., Z. Phys. A 321, 317 (1985)

[35] F.P. Hessberger et al., Eur. Phys. J. A 12, 57 (2001)

[36] C.C. Sahm and H. G. Clerc, Nucl. Phys. A 441, 316 (1985).

[37] B.B. Back, H. Esbenson, C.L. Jiang and K.E. Rehm, Rev. Mod. Phys. 86, 317 (2014).

[38] R. du Rietz, et al., Phys. Rev. C 88, 054618 (2013).

[39] V. Zagrebaev and W. Greiner, Phys. Rev. C 78, 034610 (2008).

[40] G.F. Bertsch, W. Loveland, W. Nazarewicz, and P. Talou, J. Phys. G: Nucl. Part. Phys. 42,

077001 (2015).

[41] Y. Hatsukawa et al. Phys. Rev. 500, 90 (1989).

[42] N.Sato, et al., Radio. Chim. Acta 102, 211 (2014)

[43] F.P. Hessberger, S. Hofmann, and D. Ackermann, Eur. Phys. J. A 16. 365 (2003).

[44] D.A. Shaughnessy et al., Phys. Rev. C 65, 024612 (2002).

[45] G.N. Flerov, S. M. Polikanov, V.L. Mikheev, V. I. Ilyushchenko, M. B. Miller and V.A.

Shchegolev, Soviet Atomic Energy, 22, 434 (1967).

[46] M. Nurmia, T. Sikkeland. R. Silva, and A. Ghiorso, Phys. Lett B 26, 78 (1967)

[47] V. V. Volkov, L.I. Guseva, B.F. Myasoedov, N. I. Tarantin, and K.V. Filippova, Soviet

Physics JETP, 37, 860 (1960).

[48] T. Sikkeland, S. G. Thompson and A. Ghiorso, Phys. Rev. 112, 543 (1958).

[49] B. Kadkhodayan, et al., Radiochim. Acta 56, 1 (1992).

[50] A, Ghiorso, M. Nurmia, J. Harris, K. Eskola, and P. Eskola, Phys. Rev. Lett. 22, 1317 (1969).

[51] L. P. Somerville, M. J. Nurmia, J. M. Nitschke, A. Ghiorso, E. K. Hulet and R. W. Lougheed,

Phys. Rev. C 31, 1801 (1985).

15



[52] C. E. Bemis, Jr., P. F. Dittner, R. L. Ferguson, D. C. Hensley, F. Plasil, and F. Pleasonton,

Phys. Rev. C 23, 555 (1981).

[53] V.L. Mikheev, V.I. Ilyushchenko, and M. B. Miller, Yadernaya Fizika 5, 49 (1967).

[54] O. Hausser, W. Witthuhn, T.K. Alexander, A.B. McDonald, J.C.D. Milton. and A. Olin,

Phys. Rev. Lett 31, 323 (1973).

[55] P.A. Wilk, et al., Phys. Rev. C 56, 1626 (1997).

[56] C.E. Bemis, R.L. Ferguson, F. Plasil, R.J. Silva, F. Pleasanton. and R.L. Hahn, Phys. Rev.

C 15, 705 (1977).

[57] D. Seweryniak, et al., Phys. Rev. C 73, 061301(R) (2006)

[58] E. K. Hulet, et al., Phys. Rev. C 40, 770 (1989)

[59] C.E. Bemis, P.F. Dittner, R.J. Silva, R.L. Hahn, J.R. Tarrant, L.D. Hunt, and D.C. Hensley,

Phys. Rev. C 16, 1146 (1977).

[60] M.R. Lane, et al., Phys. Rev. C 58, 3413 (1998).

[61] M. Nurmia, T. Sikkeland, R. Silva and A, Ghiorso, Phys. Lett. B 26, 78 (1967).

[62] K. Nishio et al., Phys. Rev. Lett. 93, 162701 (2004)

[63] E. D. Donets, V. A. Shchegolev, and V. A. Ermakov, Yadernaya Fizika, 2, 1015 (1965)

[64] V.L. Mikheev, V.I. Ilyushchenko, M. B. Miller, S. Polikanov, G.N. Flerov and Y.P.

Kharitonov, Atomnaya Energiya 22, 90 (1967).

[65] A. Ghiorso, M. Nurmia, K. Eskola, and P. Eskola. Phys. Rev. C 4, 1850 (1971).

[66] A. Ghiorso, J.M. Nitschke, J. R. Alonso, C.t. Alonso, M. Nurmia, G.T. Seaborg, E.K. Hulet,

and R.W. Lougheed, Phys. Rev. Lett 33, 1490 (1974)

[67] J. Borggreen, K. Valli, and E.K. hyde, Phys. Rev. C 2, 1841 (1970)

[68] V. Ninov et al., Z. Phys. A 336, 473 (1990)

[69] H, Haba, et al. Phys. Rev. C 89, 024618 (2014)

[70] E. D. Donets, V.A. Karnaukhov, G. Kumpf, B.A. Gvozdev and Y.T. Chuburkov, Sov, Phys.

JETP 16, 7, (1963).

[71] A.N. Andreyev, et al., Z. Phys. A 345, 389 (1993)

[72] Z.G. Gan et al., Eur. Phys. J. A 10, 21(2001)

[73] H, Haba, et al. Phys. Rev. C 85, 024611 (2012)

[74] P.A. Wilk, et al., Phys. Rev. Lett. 85, 2697 (2000).

[75] A. N. Andreyev, et al., Z. Phys. A 347, 225 (1994).

16



[76] A.N. Andreyev, D.D. Bogdanov, V.I. Chepigin, A.P. Kabachenko, S. Sharo, G.M. Ter-

Akopian, A.V. Yeremin, and O.N. Malyshev, Z. Phys. A 337, 231 (1990).

[77] Z.G. Gan et al., Eur. Phys. J. A 20, 385 (2004)

[78] J. Dvorak et al., Phys. Rev. C 79, 037602 (2009)

[79] S. Mitsuoka, H, ikezoe, K, Nishio, and J. Lu Phys. Rev. C 62, 054603 (2000)

[80] A.N. Andreyev et al. Z. Phys. A 344, 225 (1992).

[81] J. Uusitalo, T. Enqvist, M. Leino, W.H. Traska, K. Eskola, P. Armbruster, and V. Ninov,

Phys. Rev. C 52, 113 (1995).

[82] K. Nishio, H. Ikezoe, S. Mitsuoka, K. Satou, and C. J. Lin, Phys. Rev. C 68, 064305 (2003).

[83] K. Nishio, et al., Eur. Phys. J. A 29, 281 (2006).

[84] K.E. Gregorich et al., Phys. Rev. C 74, 044611 (2006).

[85] C.C. Sahm and H. G. Clerc, Nucl. Phys. A 441, 316 (1985).

[86] Y.T. Oganessian et al., Phys. Rev. C 64, 054606 (2001)

[87] J. Khuyagbaatar et al., Eur. Phys. J. A 46, 59(2010)

[88] K.-H. Schmidt, W. Faust, and G. Munzenberg, Nucl. Phys. A 318, 253 (1979)

[89] D. Vermeulen, H. -G. Clerc, C. -C. Sahm, K. -H. Schmidt, J.G. Keller, G. Munzenberg, and

W. Reisdorf, Z. Phys. A 318, 157 (1984)

[90] A. P. Leppanen et al., Phys. Rev. C 75, 054307 (2007)

[91] A. N. Andreyev et al., Phys. Rev. C 73, 044324 (2006).

[92] A.N. Andreyev et al., Phys. Rev. C 73, 024317 (2006)

[93] F.P. Hessberger et al., Z. Phys. A 333, 111 (1989)

[94] A.N. Andreyev et al., Phys. Rev. C 72, 014612 (2005)

[95] R. Graeger, et al., Phys. Rev. C 81, 061601(R) (2010)

[96] Y.A. Lazarev et al., Phys. Rev. Lett. 75, 1903 (1995)

[97] H. Gaggeler et al., Z. Phys. A 316, 291 (1984)

[98] G. Munzenberg, Z. Phys. A 302 7 (1981)

[99] S. Antalic et al., Eur. Phys. J. A 43 , 35 (2010)

[100] F.P. Hessberger et al., Eur. Phys. J. A 8, 521 (2000)

[101] A.N. Andreyev et al., Phys. At. Nuclei 60, 1 (1997).

[102] J.E. Bastin et al., Phys. Rev. C 73, 024308 (2006)

[103] J. G. Keller, K.-H. Schmidt, H. Stelzer, W. Reisdorf, Y. K. Agarwal, F. P. Hessberger, G.

17



Munzenberg, H.-G. Clerc, and C.-C. Sahm Phys. Rev. C 29, 1569(R) (1984)

[104] A. Chatillon et al. Phys. Rev. Lett. 98, 132503 (2007)

[105] D. Peterson et al., Phys. Rev. C 74, 014316 (2006)

[106] T, Grahn et al., Phys. Rev. Lett. 97, 062501 (2006)

[107] F.P. Hessberger Eur. Phys. J. D 45, 33 (2007)

[108] Yu. Ts. Oganessian et al. Phys. Rev. C 87, 034605 (2013)

[109] Y.T. Oganessian et al., Acta Physica Slovaca 49, 65 (1999).

[110] I. Dragojevic, K. E. Gregorich, Ch. E. Dullmann, M. A. Garcia, J. M. Gates, S. L. Nelson,

L. Stavsetra, R. Sudowe, and H. Nitsche Phys. Rev. C 78, 024605 (2008).

[111] Y.T. Oganessian et al., Radiochimica Acta 37, 113 (1984).

[112] S. Hofmann et al., Nucl. Phys. A 734, 93 (2004).

[113] H.B. Jeppesen et al., Phys. Rev. C 79, 031303(R) (2009)

[114] F. P. Hessberger et al., Z. Phys. A 359, 415 (1997)

[115] J.M. Gates et al., Phys. Rev. C 78, 034604 (2008)

[116] C. M. Folden III et al., Phys. Rev. C 79, 027602 (2009)

[117] G. Munzenberg et al., Z. Phys. A 322, 227 (1985)

[118] S. Antalic, B. Streicher, F.P. Hessberger, S. Hofmann, D. Ackerman, S. Saro, and B. Sulig-

nano, Acta Phys. Slov. 56, 87 (2006)

[119] Y.T. Oganessian et al., Z. Phys. A 319, 215 (1984).

[120] S. L. Nelson, K. E. Gregorich, I. Dragojevi?, M. A. Garcia, J. M. Gates, R. Sudowe, and H.

Nitsche Phys. Rev. Lett. 100, 022501 (2008)

[121] S. L. Nelson, C. M. Folden III, K. E. Gregorich, I. Dragojevic, Ch. E. Dllmann, R. Eichler,

M. A. Garcia, J. M. Gates, R. Sudowe, and H. Nitsche Phys. Rev. C 78, 024606 (2008)

[122] K. -H. Schmidt et al., Z. Phys. A 301, 21 (1981)

[123] I. Dragojevic, K. E. Gregorich, Ch. E. Dllmann, J. Dvorak, P. A. Ellison, J. M. Gates, S. L.

Nelson, L. Stavsetra, and H. Nitsche Phys. Rev. C 79, 011602(R) (2009)

[124] S. Hofmann et al., Z. Phys. A 358, 377 (1997)

[125] N. Sato et al., J. Phys. Soc. Jpn 80, 094201 (2011)

[126] S. Hofmann Rep. Prog. Phys. 61, 639 (1998).

[127] D. Kaji et al., J. Phys. Soc. Jpn, 78, 034003 (2009)

[128] S. L. Nelson et al. Phys. Rev. C 79, 027605 (2009)

18



[129] A. Ghiorso et al., Nucl. Phys. A 583, 861 (1995)

[130] S. Hofmann et al., Z. Phys. A 350, 277 (1995)

[131] K. Morita et al. Eur. Phys. J. A 21, 257 (2004)

[132] S. Hofmann et al. Eur. Phys. J. A 10, 5 (2001)

19



0 10 20 30
10-10

10-8

10-6

10-4

10-2

100

102
 

 

 capt

 EVR(m
b)

248Cm(23Na,5n)

J(   )
0 10 20 30

10-10

10-8

10-6

10-4

10-2

100

102
 

  capt

 EVR

(m
b)

238U(26Mg,5n)

J(   )

0 5 10 15 20 25 30 35 40
10-10

10-8

10-6

10-4

10-2

100

102
 

 

 capt

 EVR(m
b)

248Cm(26Mg,5n)

J(   )

0 10 20 30 40
10-10

10-8

10-6

10-4

10-2

100

102
 

 

 capt

 EVR(m
b)

238U(34S,5n)

J(   )

0 5 10 15 20
10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5
 

 

E
V

R
(m

b)

 248Cm(23Na,5n)
 238U(26Mg,5n)
 248Cm(26Mg,5n)
 238U(34S,5n)

J(   )

FIG. 8: Spin dependence of calculated capture cross sections and evaporation residue cross sections

[27–30] where 1000 ≤ Z1Z2 ≤1500 and the lab frame beam energies were 130,139,144 and 188 MeV

respectively.
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FIG. 9: Deduced PCN values for 1 n reactions with Z1Z2 ≥ 1500.
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FIG. 10: Deduced PCN values for 1 n reactions with Z1Z2 ≥ 1500 as a function of xeff .

22



1600 1800 2000 2200
-5

-4

-3

-2

-1

0

1

2

3

4

5

lo
g 1

0(
P

C
N
th
eo

ry
/P

C
N
ex

pt
.)

Z1Z2

FIG. 11: Comparison of the calculated [39] and measured values of PCN for 1 n reactions with

Z1Z2 ≥ 1500 as a function of Z1Z2.
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