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Ther~ ~re s~~erafieasons. that ~~ke interesting 'the i~vestii-.;_tio~· of. the. p;aducti~-n 
cross sectioJls .of Th-U)sotop~s \Vith N~126 in .heivy7ion fusl~n-'reilctio~~- The\ 
shell correcti~n ene~gy ~alue8 'to:the grmind states of these isotopes a're large .a~d ' 

-cou'iparable t~their Iiquid~d~~P fisfiio.n barrie'rs .. This is a-good reason to.~s~m'e that. ~-; 
th~ c~~pa~is~'n of the expe~imentai'cross s~ction~ for xn;· pxri' and ~xn r~actions ~ith -

.I the' caiCulat~d vahies obtained f~~rri the'. st.;.tiktical lit ode! of the cortlpou'nd nuC!eU:s ~ · . 
. de-excitation will ~nab!~ ·0;~ to see the influ~nc~ 6f sh~ll effects orith.e corcipoun'd .- ' 
nu~l~\l~ ,fi.ssion probability\yhich,trn, turn~ ·g~verns the pro·4~~ti.on~eross sections 9f, ·• 

evap~r.atioil !esid!Jes:. ~ cpr!ect understa~d!I1g of therolt: ~f tpe' s~ell dfecis in. highly: 
·fissile· excited nuclei is. important· for:~tlie ·consideration of the compoun<l hucletis' 
survi ~~i pr~b::,_bili'ty; e~peci~Iiy)n the. trans~ferrrii~m regiori, I-Io~ever, the.p;~sently _ 
availablt; experimimtal data allow• only' ambigu'ous interpretati~ns d~pe~ding on· the 
physic~!. prin~iples em,pldy_~d b.Y.dLtrerent; rr10de!s: For example,. the analy~is ·~r the 

.. cross .sections·()btaiP.'ed f(): ·N~l26Thisotopes.pro~uced'~ _a ~esult. of't~~neutrol_l ' 
evaporation fro~ the Th C<?~P,()';lnd nuclei forrr,iea in. heavy~ionJusion.reaCtions led 
the autliors:of Refs: [1~ 2] to th~ cori~lusion· that·in excited~nuclei,the shell effects 

. di~app~~~ ste~ply, ·_ To· quantitatively r~produce _the· cr~ss sectici~k inv~l~~~ the~e 
auth;)rs introdu~~d a: r~d~~~d v~lu~; D=6-.M~V •. fo~ the.,; dampjng constant" o(thd. /. 

.- · ~hell e!fects i11 ~.x"'cited compblln~(~'iiei~i (see f~rmula (1 )- b~h>w): One'~lio11ld comparp, . 
this vah1e of the·"damping constant" with the'vahie of D=J8.5 MeV that had beei1 . 1 

- deduced (!~;li~r hy Igri:atyllkc[~, 4]; -'he idea of ReJs. {1, 2] gain~d acc~ptan~e in . 
som~· jot.ii:riai papers;' even, though: such a small :value of. D'is inconsistent<wilh ;the 

' .. -. . . . . , -- ·. I .. -._ . . .... " 
experimentaldataobtainedfor nuclei that are dose to'the.Iine of stability and with· _ 
the sta_ ridar'd ·treatment of the problem of the fadiri.g aw~y of' the shell effects ·iri. 

• • -~ . ' ' . ' ~. •• ' • • .~ / ~ • • . ' . . ' • ' ' . • ' • ,, l • -

the n1lclearlev'eLdensiti:with the.increa:sing 'exCitation energy (seidor €xample Ref:·'. 
[~,4])._· . ' ;,:·.:~ ;:•,, '··::.: ~- ' '·:.·· '.; ··'··' 

Soo~ aftei: ti;e publi~atiori of p~pers~'[i; 2] it w~ showtlin. Ref. [5].tha:t'a p_ossibl~
aliernati~e exJ>l~natioil of t~e~mallpr?duction:cross sed ions 'obtained ·for the neti~ 
trondeficierit isotopes of Th with !i-~126 coulct l:Je ari increase in the relative fission· 
probabilit_y ~-the consequence of a· considerable_ enhancement in the rotatio!).allevel 
density, ~hich is thefe.at~re Of highlydef?rmesJ. nucl~ar s~ddle point coilfigu~ations 
typical of 'these nuclei.. Another: e~planation w~ giveri in~ Ref, [6kwheni we ana- . 

. - · ·:: . > _ ' ,_ . I. f. ·' . · , ' ; - • : -. ~ ' . . . \ 1 ' '· • ~ , • ' ' 

lyzcd the production cross sections of the neutron deficient isotopes of Ac,.Ra:and Fr 
, with N~126-formed as ·a· result of heavy-ion fll.sion-evaporation-rea~tions and came
to ~the conclusion. that' a good agr~einc'~t' between the e?Cperimental dat'aand 'th~ . 
. stati~ticaJ modei calcufatio~s· CaJ;l· be> achieved, by. adopting lgnatyuk's ''stan:dard"' . 
prescr,ipti_Qn[3,4]. The {)rtly c~nditl~n 'tWit ·,;.11~V.:cd us. t() ~chieve this.agreem,ent :.Vas 
that we had rfi!duced the liquid~drop fission. ba:rricrs of compound nuclei by' 30% 
as compared to the ba-rriers predicted by:·the n\ociel of thcrotatjfig charg~d liq~id 
drop developed by ·cohen; Plasil andSwiat~cki (CPS) [i]. S~on.after thi~, the new

-experiments [8, 9] showed. 'tlt~tthe need for the rcdtictioq of the' q~s ljquid-drop. 
'<' . ' . . • ' ' . . ~' . :·. ' . " ' -· • 
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fission barriers by 30-40% has an. universal character and caube considered as the 
condition' for obtaining correct calculated cross sections for the neutron deficient iso
topes situated in a wide region extending from Bi to U. Also; this barrier reducti~n 
factor appeareq to be nearly invariable both for nuclei that. show· remarkable shell 
effeCts and for nuclei where these shell effects are vanishing. Only inthe.very riar
~ow regio~ ofth~'neutron'numbers 122::; N::; 128 the.reduction factor required for · 
the best fits to the experimental cross sections occurred to be lower by yet ~ 10%: 
It appears t() us that this observation- is an indication that Ign~tyuk's "standard'~ 

· prescription used in Refs.· [6, 8, 9) is a good· first order' approximation. However, 
f~rthei: investigations are.riecessary to additionally improve our insight into the role 
of shell effects in the survival probability of heavy, fissile 'compound nuclei . 

.! The·surprisingly high ratios of the cross sections ofo:xn and xn evaporation reac-
. tioris (uai~/~.x,.;:)obtained in the narrow region of the nuclei located near the proton 
number Z~92 and neutron 'number N=126 make another interesting peculiarity of 
the heavy-ion' fusion-evaporation reactions. discussed here. Statistical model calcu-
lations fail to reproduce these large ratios [10). . 

Taking into ·account all these considerations;,we carried out new experiments 
aimed at the meii.inirement of the cross sections for the xn, pxn and' o:xn evaporation 
reactions th~t 'take place at the bombardments of a-2P8 Pb target with beams of ~2Ne 

_ ions'of different energy v~rying between 100 an'd 1551MeV. The new dat'a obtained 
in these experiments; together with the' data' on' the formation cross sections of the 
n'CU.troi:t 'deficient isotopes of U, Pa, Th obtained for the reactions 20

•
22 N e+208 Pb and 

~7Ai +191A.u [11, 12, 13,' 14], allowed us t~ closely follow the cross section variations 
o~~urring iri the Th-U regiciri at the transition from'theevaporation residues having 
;n~utrori !lUmbers between 'N='134 ~nd N='124: An analysis''of these experimental 
d~ta an~( the'ir comparison with th~ calculations performed: with the • employment 
~fthe ~tatistical model of the' compound nuCleus de-excitation make the subject of 
this paper. · 

',f'' ' ',, 

2 ,, Details of the experiritents a:nd 'the .. obtained 
results ·'. 

The experiments were perf~~med' with the use of the 22 N e beam of the u;4,(J(J cy
clotron (JINR; Dubna). The 22 l\Te beams with an initi~l ~nergy of 130 and 160 MiN 
had the intensity of 2 X 1011 s-1 ' ~n the average. The beam ~nergy WaS varied in 

, stepsor' 3-_6 MeV using aluminium andtitaniur'n degnlders~ In' each experiment the 
projectile energy ~as determined by: m~asuring theem~rgy ,ofions scatter~d ~las

_tically at 30°froin,a250JLg/~m2 gold foil (or homthe t.U:get material). The Si 
·detectors used in the~e measurements ~~re · cali'brated 'with standard a sources. A 
rotating target of enriched 208Pb was Jsed in the experiments. The thickness of the 
target fab~icated ~f metallic lead.evaporated onto a 6 p.· AI foil a~d containing 99% 
of the 208 Pb isotope made 400 ± 150 JL9l cm2

• · - ·• •• 
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. The nuclei formed as a result of the complete fusion reactions were separated from 
the products of the other. reactions and from the projectiles with the VASSILISSA 
kinematic separator [15]. This three-stage electrostatic ~eparator delivered to its 
focal plane the nuclei which had been emitted from.the target in the beam direction 
within a solid angle of 15 msr, and had an electric rigidity fitting the chosen band 
of a width of ±10 %. Owing to the short flight time of the. recoil nuclei fro~ the 
target to the separator focal plane, the separator. provided a high efficiency for the 
registration of the short~ lived reaction products, beginning with a minimum life time 
of about 1 ps. The efficiency of the separator, measured for the evaporation residues 
produced in the calibration reaction of 22 N e +nat W {240 pf cm2

), made 3.5 :1:0.5% 
the for xn andpxn reaction products. Taking into account the difference betwe~n 
the target thicknesseS {for Ph and W), we estim~ted the separation.effi~ien'cy for 
the I~ target to he 2 ± 0.4 %. . For the products of the axn _reactions we took 
the separation efficiency reduced by a factor of 6. This reduction factor had ·been 
deduced ~lier for the reaction 22 N e +197 Au [6]. . . . ·. 

The recoil nuclei arriving at the separator focal plane and their a decays were 
. recorded with a detector array (16] involving two timing d~tectors and an ~ight
strip Si d~tector:.The recoils passed firstthrough.thetwo wide aperture(di~~eter 
of 90.'mm) timing detectors (providing' the measurement of their'yel~city ~vera 
path of 40 em with a timeresolution o£0.5 ns) and, after that, ,were implanted 
into the Si strip detector having an area ~f60x60 mrn2, where thei'r'energy signals 
were ~btained .. The energy resolutio~ of the Si strip detect~r m.;,de ~15 k~V for 
the a particles emitted by the recoil nuclei implanted ill the detector surface~ Thi~ 
detector was calibrated with the use of a 226Ra a sour~e, and a mor~.precise cal
ibration was accomplished by making use ofthe implanted a-decaying nuclei that 
had been produced in the reactions of2.2Ne ions on targets of W, Os.and Pt.' All 
the events corresponding to the detection of recoil n~clei or a'decays were stored in 
the computer memory together with the event time given' ~ith a pr~cision' of 1 p.s. 
The time-amplitude correlation analysis of the stored events allowed one t~ see the 
a-decay chains and identify the mother nuclei by their known a-decaying daughters. 
The time correlati~ns between the signals of the evaporation residues·(ER) ·and the 
a de~ys of the mother and daughter nuclei, ER- Omother - adaughten provided th.e 
estimations of the half-lives of the mother nuclei. 

·The principal a-decay charaCteristics of the neutron deficient isotopes of 223
-

226U 
were reported earlier (see Refs'. [n,· 12,17, 18]). 'Mo.~t of the cha~acte~istics that 
have been obtained in the present work are in a good agreemei;.t .with the earlier . 
data. Differences were obtained only for the half-lives of 223U and 225U .. The half-life 
of 225U estimated in the pre~ent work makes 60 ± 10 ms, and this is in agreement 
with the average of the values reported in Refs~ [11, 17, 18]. The relative intensities 
of the 7.87 and 7.83 MeV a-transition~ ~f 225U a:~e found to be; respectively,84 ± 
5 % and 16 ± 5 %, which is in agreern'ent with the v'alues reported in Ref. · [18). 
The half-life of the 22?U isotope, which had been derived from the analysis of 35 
E R- CLmother - adaughter- a correlations, made 55± 10 p.~. This is about~ three times 

'4 ,., 

longer th,an the value of 223U given in Ref. [12]. ·.We believe that the n~w value for 
this half-life is more reliable as the body of data collected in. the pn!sent. work is 
considerably larger than that in Ref. [i2]. · . . . · .. · . . . . 

Jn ·our experiments the statistical errors of the measured yields of the reaction 
products made in ±{15 - 20)% and {5 - 10) %, respectively, for U-Pa and Th 
isotopes. In the case of Th isotopes these errors originated'mainly from the smooth 
background underlyingthe a peaks of.interest. Taking into consideration the other 
sources of errors; (the limited preCision of the recoil separation efficiency, the target 
thickness; and the beam intensity1 ) we estimated the totaCerrors of•. the obtained 
cross sections to be'±50 %.:The errors of the deduced relative values of cross sections 
are smaller by· a factor ~f 2-3.' ; ' . ; . 

' ' >!L'll -;; 

Table 1. Cross sections for the evaporation, products obtained iri the 22N e+208Pb 
; · '-. .1 ·:, · reaction:.·":. :·:,.. '" , ·, :• 

ELab E*, xn-channels, p.b npxn-channels, pb axn-channels, p.b . 
MeV MeV 4n 5n 6n 7n p5n p6n p7n.: a2n a 3n a·1n a5n a6n a7n 

101 31 0.7 'i 210 11~0, ' 
109 6:o 

• ·' ~ c 

38 . 310 330. ::·J I::• '. '<,,,', 

3~1 '' ' 
60 ,,:.)~ 112 ,41 0.5 . ., 380. -~:.' l ,.'.' 

'45 '.·'· ;··· 

46 116 0.8 1.9 .. .310 ,9.0, '!, 
'• ··. ,, 

122 50 0.2 1.8 0.3 20 120 230 50 
.130 57 0.9 0.9 1.4 0.1; . ' 30 250 250 20 ·.· \ 

137 64 0.4 0.2 0.1 3.7 0;3 10 60 310 50 
\:'142 ::68. o:1 0.3 1;1 1.9 :;0.4·. . ' ',40' 280 120 10 ' 

1, 148 ?74 ·, 1; 0.2 0.9 2.6 0.4 ·. .. _-,_,. ·20 120 200 30 
i153 1 78 I!' 0.1 '0.•7: 2.2 ,>o.8. •.; 'j 60 140 80 

·; The,cross.section values. of the xn, pxn and axn evaporation reactions obtained 
for· the compound nuclei of 230U in the excitation energy 'region,of 30-80 MeV are 
given in Table: 1. · The excitation energies. of. the compound nuclei w~re calculated 
using the e~perimental nuclea~ mass tables [19], · . 

', 

3, 1 :q~scu~sion of .the 'results 

To imaly~~ th~ ~xp~rimental data:·w~\is~d the HIVAP ccide [20], \\'hid~ provide~ th~ 
calculation of the production cross sectihhs of h~~vy~fon fusiori'e;;apci~~tion residues . 
using the framework of the statistical model of the compound nucleus de~excitation. 
The compound nucleus level,density was calculated using. the:well kr..o~n. Fermi
gas formula' (n'eglecting the effects of collective enhanc~nient).~ The.shell effeCts ·i~ 

' . ,· ; ' .,_ ' \ ,· ... •: ., ; ..... · .. , '. ' ___ , . 

1The intensity of the beam passing th~ough the t~rget was meai;ured with a Faraday•c.up (see 
details in Ref. [15]): ; ' ' .' · ·· · i · 

' _·) l:>" ·--- ) ' ;: ·, : ..• 
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the level density were treat~d with th~ 'u~~ of Ignatytik's prescription' [4] taking the 
nuclear level density parameter av in the form: . . . ' . . . . 

·a;_..(E*) = av(l + (1'- exp( -;-E* / D))!:iWv(A, Z)/ E*)' ' '(1) 

where E*)s th~ compound nucleus. excitation' energy; av) the asymptotical value 
·of the level. density parameter that .the nucleus reaches at .high excitation, when· 
the shell effects ·vanish essentially to zero; D=l8.5,• MeV the shell effect damping 
constant; and !:iv(A, Z), the shell correction to the mass of the nucleus that is 
formed after the evaporation of .particle ·Z, (v stands for a neutron, proton, or a 
particle). For the fission channel of the compound nucleus we took the leveL density 
parameter a! to be equal to av and assumed it to be independent of theexcitation 
ener'gy (a1 = av for the whole range 'Of E*). In oth~r words, ·we chose the ·ratio 
ajfav = L The experimental arguments for this choice of a1/av had been discussed 
in details in our earlier paper (8]. In our calculations we also. assumed that the 
evaporation of on'e particle - a neutron, protbn or a particle :_ iesulth, on aver~ge, 
in.the.reductionin the' compound ~ucleus angular momentt.im by:'1n., 2~ anct31i., 
respectively. In the calc.ulatiott~, the experimental neutron, proton, 'and a-p'article 
binding energies were us~d taking into accbunt the corrections for thJ :pairing effect . 

. The total value of the fission barrier was calculated as the suni'ofthe liquid~drop 
and shell-effect coritponents: ' . '· 

. I B1(l) = CBJD(z)+. Br'11
• (2) 

The liquid-drop.barrier (BfD) was calcul~te(~s~~g'the CPS model [7]. The sh~ll 
effect component of the fission barrier ( Bfhd1) was ta~ent? be equal to the difference 
between. the liquid-drop [21] and the experimentali [19]' mass of the nucleus, u~. 
we took this barrier component equal to the.absolute value of the shell co~rection 
!:i Wv(A; Z) that stands in (1). Coefficient C in (2), ·i.e. the scaling parameter to 
the liquid~drop fission barrier, was the only parameter ti.~ed for fitting• the results of 
the HIVAP calculations to the experimental data for the cross section value~'at:the 
maxima of the excitation curves obtained for different reaction'chan~els.·; 

Though we analyzed every one of the three·types of the compound nucleus de
excitation chann~ls, the xn, pxn and axp., evapmati?n, ~ain att~ntion was. given to 
the neutron evaporation channels. The reasoii was that the largest· variations of the 
maximum· cross section values had. been obtained for. these reaction channels, and 
therefore the experimental errors in th~se ~ro~s· s~ctionsplayed the lea~t role in the 
data'analysis. · . . .· · ·· . ·. · · · .. . '. . . 
· Th.e solid squares iri Fig~ 1 show the experim~'ri.taldata that had h~~n· obt~ined 

for the maxi~lU~ production ~ross sections ~f different. uranium. isotbpes restiltin'g 
from the xn evaporation reactibns ofthe bombarding ion; of 22 jy e: and'2:AL The 
data for .the reactions 2? Ne +208 Pb and 27 Al +197• Au·obtained earlier in Refs. [11, 
12, 13, 14] are presented in Fig. 1 together with the experimental data of the present 
~ork (it can be seen that the experimental errors of the maximum prod~ctiori cross 

6 

sections obtained for 218U and 219U are slightly larger,. than it was specified above, 
and make (':_1;~) %): The differe~t lin~ iri Fig.' 1 show the HIVAP calCulations, 
which will be. discussed below. The liquid-drop and shell-effect components of the 
fission barriers that were used in these calculations are show_n in Figs. 2(a,b): · 

to-2 

.c. e 
.. b 

10-5 

to-6 

··· to-7 

'128. ·130 

N 

132 134 ' ,. 

Fig.1: · Exp~rimental and ~alcul~ted valueJ of the maximum production cross sections 
of :im-reactions. See text for details ... . . . 

· The dash-dotted line in Fig. 'l{cur~e 1) denote; the ~~suit; ~f the calc~l~tions 
inade with the use of the approach just outlined above. The.value of coefficient·C 
in (2) giving the best fit to the data prov~d to be C=0.65. The similar ,values of 
this scaling parameter C were mostly deduced as a result of fitting the production 
cross sections measured in the wide regi~n ~f neutr~n-deficient nuclei extending f~om 
lead to uraniumj8, 9]. However, as onecan see in Fig. 1, curve 1 .shows a proper 
agreement with the experi~ental cross sections only for the uranium isotopes with 
130 i:; N ~.134 .. :The. c~lw.latedcr~ssjection's for 218 •?19lf .. (N =:=126,1,27) are 10~20. 
times higher than the experimental ones. To reconcile the result.s of the calculations. 
~ith 'the ~xperiment~l cross sections on sha'~ld take the ;alu6 ~f p~rameter c.;0.45 .. 
Curve 3 in Fig. ·.1. shows .the.result~ ~f ~uch ~alculatio~s done with C=0.45, Ap
parently, with this value of parameter c one i~ unabl~ to reproduce the production 
cross sections of heavie~ U isotopes: 

7 
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We also ,tested the sensitivity of these calculations to the possible errors in the 
~alues ~fthe-~hell ef!e'ct corrections':to the,nuclear ground state masses. For this 
purpost;,, we i~~reased_. (de<:r:eased) the valp.es of~Wv(A, Z) in formulae (1) :and 
· (2) by ,30% simultaneously for al~ ,the nuclei involved. into the evaporation cascade. 
This variation corresponds to about ±0.8 MeV changes in the absolute values of 
the shell corrections to the ground state masses of the nuclei formed in the later 
stages of the evaporation casCades. Curve 2 in Fig. 1 shows the results of the 
calculations done with the values of ~Wv(A, Z) reduced hy' 30%. It is evident 
that even such a strong variation of the shell corrections results only in. relatively 
weak chau'ges in the calculated production cross sections (these changes made, at 
most, a factor of 2-3):. This means that the failure to explain the low cross sections 
obtained for 218•219U in this way cannot be due to lack of the knowledge of the shell 
corrections. This is n~t s~x-Prising beeause. these corrections simultaneously reduce 
both the particle evaporation width (due totheireffectin formula (1)} and the fission 
width (through the increase of the fission barrier). ,In other w~rds, th~ ;iinultaneous 
variation in the shell _corrections in the evaporation and fission channels results in a 
strong compensation ~ffect in the cross section calculations. 

... 
• ~ • • a) !: ju 

.,.. .... • • 
• b) • ~u 

~ 1.0 

.!r •-•I • • 
'--... -~.... • • </ 

0.5 " 

u• u• 111 uu u;z IJ.t 136 
N 

21•u r) 

.~.~ .• ~~1.~-~~---~~~~~~~~-,.,~ 
E",MeV 

Fig.2. (a) The values of the liquid-drop com
ponent o(t~t:-~~ioJ! pa:g.iers of uranium iso-

-topes. (b) The values of the shell-effect com
ponent of the same· isotopes. (c) The term 
U + [1- exp(~E·fD)J ~Wv(A,Z)JE•} of 
the right side of formula, ( 1) calculated for 
th~ee values ofpariuneter D'(D=is:s, 10:5 
and 6.0 MeV) in funhion of th~ excitation 
energy of 218U. 

~ ' \' ' 

One can achieve a rather good agreement between the ~perimeritci.l and c:aicu
lated cross' ~ections using the approach suggested. itdlefs. [1~ 2rwhich 'iiiiplies a 
reducedvalue of.the shell effect dampi~g·eonstant Din formula (1) (see alsathe 
discussion of this approach in Introduction), The results of such calcula.tions don~ 
with D=10.5 Mt'!V 1and C=0.65 are shown in Fig. 1.with the dashed'curVe. Appar-: 
ently, this choice of parameters D and C allows one to reproduce equally wei~. the 
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'·production cross sections obtained both .for the uranium isotopes having;consider
able shell effect contributions to their ground state masses 'and for those_\vhere the 
shell effects·are negligible. However: we-feel that a•com~ent should be mane ab'out 
the justification of this approach.' Fig: 2(c) exhibits how, 'accor-ding:t6 for~ula' (1), 
the level density parameter av varies ~ith the compo~nd nucleus excitation energy. 
The three curves in Fig. 2(c) show the case of 218U and correspond to the values . 
of parameter D=18.5, 10.5 and 6.0 MeV. Choosing a smaller value for param~ter D 
,one com~ ~o an additionafred~c~ion in the level density parameter a,(Eh; .~spe
cially at low excitation energies' that are close _to the ,neutron binding' energy, and 
this means an additional enhancement of the shell effects in 'th~ particle ev~poration 
channeL However, one keeps the fission barriers invariable in these calculations, and 
hence the level density in the fi~~ion channel rem~ins u~~h~nged. This ~esults in the 
increase of the nucleus partial fission width (and in the decrease of the evaporation 
residue production· cross -~ection) at the ~mallervalues of paramet.er D. At this point 
it is worth recalling that the value of D=18.5 MeV was deduced as a result of the 
analysis of a large body of experimental data on the nuclear level 'd.e'nsity obtained 
at the value of excitation energy close to that of the neutron binding energy [3]. 
The analysis involved also the nuclei from the region of the doubly magic shells. 
Therefore, the choice of a smaller value of parameter D is equivalent to the state
ment that, for the neutron-deficient uranium isotopes with N~I26; the shell effects 
in the level density are much more pronounced then for the doubly magic isotopes 
of Ph and Bi. Since this is unlikely, one should either· abando:J?- this, way or find 
another justification for it. Anyhow, it is evident from Fig. 2(c)'that the choice of 
the reduced value. for parameter D in ( 1) does not result in a steeper decrease in the 
shell effects in excited'compound nuclei a.S the.autl:lors dRefs. [1; 2] present this. 

• A reasonable explanation of the disagreement between curve 1 and the experi
mental points in Fig. 1 can be that given in Ref. [5], where the authors discussed the 
effect ofthe collective level density enhancement for the fission mode of N~126 nu
clei. Of course, HIV AP does not take into account this enhancement. An estimation 
made with the formulae of Ref. [5] showed that for these nuclei, the rotational level 
density ,in the saddle-point configuration increases by a factor of 40~50 as compared 
to. the near-to-spherica.I configuration. • Such an increase would suffice to explain the 
difference betwee~ curve 1 and the experimental' points shown in Fig. 'r'for 218U and 
219U. 'It is difficult to offer a more elabor.;,te! consideration·: based 6~ the' model of 
the collective level density enhancement: So far; this :model has not• incorporated 
the dependence of this enhanc~inent on 'the numbers of neutrons and. protons· in 
nuclei. This prevents one from calculating de-excitation cascades from begim{ing to 
end:·At the same time, there ar~ 'no doubts that such a·dependence should exist. 
Moreover,' the exp~rimental data of Fig. 1· show that the collective enhancement can 
be ooserv'ed only in the mi.rrow region of uranium isotopes'close to N~126, arid it 
already vci.nishes for nuclei withN thata:fe 2-3·units away from the magic number. 

· Finally, we would like to discuss another, possibly the most simple way to solve 
the problem of taking into Consideration the role of the shell effects in· the survival 
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probability of heavy fiss!le compound nuclei. The full line in Fig. 1 is the result of 
the calculations done with the use of the modified version of.formula {2), where the 
same scaling parameter C was applied to both components of the fission barrier, ,i.e 

,to the liquid-drop barrier and to the shell correction: 

BJ(l) = C [BJD(l) + iJrell]. {3) 

One can see that this curve d~scribes the experimental data welL Calculations 'done 
with the use of {3) reproduce better al~o thetrend exhibitedby the' experimental 
a:im cross sections presented in Fig. 3. · · 

23ou· 

.. "'u:_,_J-+~~J}. ..c 
8 
b 

w-3 L__,____.___,____JL__..__..J.__,___.___,__L__,____._....J 

124 126 128 130 132 134 ·" 136 

N 

Fig.3. Experimental and calculated values of the maximum production cross sections 
of axn-reactions. Se~ text for details. 

A possible justification of formula (3) may be the observation that ·it provides 
a· way: to • take .into. account the collective ·enhancement· of the level density in the 
fissfon mode occurring in the regions of magic nucleon numbers.· Indeed, for spherical 

·nuclei the level density enhancement reduces the stabilizing role.ofthe shell-effect 
component in. the fission barrier, and in doing so it acts as if it reduces the effective 
value of this· component. It appears to. be reasonable to assume that this reduction 

,correlates with the absolute value of the shell correction or,· more precisely, that it 
becomes larger with the increasing absolute value of the shell correction. Formula (3) 
suggests the most simple form for this correlation. Yet, somewhat surprising is the 
fact the s~aling parameters proved to be close in the .value for both the liquid;drop 
and the shell-effect components of the fission barriers. • 
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Fig.'-t T'he' optimum ~alhes; of pa~~ineter C derived f~~m the c~lculati~ris done for the 
production cross sections of the neutron deficient isotopes in the. regi'on ext~~di~g 
from Bi to' U. The val~es of C were ~btained as ~ •;~s~lt ~f fitting the calculated 
maxi~um. cross. sections to' 'the experimental cross. se~tio~s obt~ined i~. the 'f~s-io~-' 
evaporation reactions of heavy ions with A :::; 40. . . '' · ' . . . · 
(a) Optimum values of C obtained with the use of formulae (1) and (3). 
(b) Optimum values of C obtained with the use of formulae (1) and,(2)1· 

~o test the universalityof the new approach; which ~akes tise of formulae. ( 1) and 
(3), we calculated the cross sections for a number of fusion-evaporation reactions of 
heavy ions which we h~d studied earlier [9]. The set ~f experimental data hwolves 

11 



the production cross sections for about 50 nuclei that have been obtained as the 
evaporation residues of the compound nuclei formed in more than 15 projectile-target 
combinations. The values of parameter C that emerged from these calculations (with 
the additi~n of the data for uranium isotopes just discussed above) are presented 
in Fig. 4a.' These are the optimum values of parameter C allowing Ol}e to obtain 
the best fits to the experiment<~;! cross sections. Fig. 4(b) taken from Ref. [9] 
(with the addition of the points for Uranium isotopes) Sh()WS.the optimum values of 
parameter C derived as a result of the calculations making use of formulae ( 1) and 
(2). The comparison ~f these two figures shows that the new appr~ach describes the 
whole cluster of the analyzed data better. ·Indeed, as it is evident from Fig. 4(b) 
(and was indicated in Ref. [9]), a reasonable description of these cross sections 
within the approach making use of fo~mtilae ( 1) and (2) can be achiev~d only under 
the condition'that a noticeable variation in parameter C occurs for the region of 
N ~ 126. In contrary, \vith the new approach., _w,hich appJ!~s f<Jrnmlae (1) and (3), 
one comes to the result that an essentia.lly invariable value of parameter C provides 
the correct description of the production cross sections for all the nuclei ranging from 
Bi to U and also including the e~aporation residues with N ~ 126 (see Fig. 4(a)). 
An additional advantage of this new approach is that, aside from parameter C, there 
is no need for other variable parameters. : 

We do not consider the simplicity of the model, which proved :to be capable to 
describe th~ final result of.the process of the formatjonand decay of hot compound 

. nuclei, as evidence -for. the simplicity of this proces~. First of ~II,. the obtained 
results undedine the li~itationsthat ~ne will encounter in attempting to use these 
experimental data for revealing the different co-existing facets of the process and, 
more than t'hat, to try to derive numeri~al values characterizing the different sides 
of this complex event. At the same tin';.~, w-d :belie~~ thahhe facf:that this simple . . 

model describes the large body of data well should be a starting point for critical 
assessments of other, more sophisticated•models and• newly planned experiments. 
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