


measured production cross-sections to: the element 110 nuclei gives .
for one of" the: most favourable reactions . z Pb(szNi 1n)- the ~value. -
close. " to” “the’ subpicobarn regionafﬁﬂg. Considerationsgt,v ‘based
on the conception ‘of - ‘the "extra-extra push. barrier” .also. leaved -
almost no room for. optimistic- evaluation of - prospects of - the newg”
) Aelement synthesis by the cold fusion reactions.’ :: i
" The.. chances of the so- calh%d ‘hot fusion: reactions are. estimated
to be’ even' . more: pessimlstic . “Unfortunately,” studies. of .. such '
reactions utilizing the target nuclel’ of actinide elements. and
bombarding ions of carbon ‘oxygen,” neon ‘etc.- have been . ceased since.: -
seventies (see ref ) The -‘lack. of ‘the “experimental’ results- aboutg

such’ asymmetric reactions "is* an’- obstacle -to -the..mcre. or -less, .

realistic evaluations. of the -cross 'sections . for ' reactions-.which
could be used for synthe51zing the new heavy nuclides including ithe v
nucle1 of new elements ,Both, fusion-cross-sectlons for asymmetric -
..reactions and the surv1va1 probabilltles of excited fissile compound
‘nuclei are of interest. Bearing. .this.in mind we initlated systematic
‘studies- of evaporation residues formation:in the region ‘of compound
nuclei with atomic numbers Z2=83, . He give in this paper some results
of this work N : ~ :

2. EXPERIMENTAL SET-UP

o "To “carry “out the" experiments ithe.'U~400 - cyclotron...of the
Laboratory of * :Nuclear™ /Reactlons, . JINR, -:: Dubna i was: ‘used.: The
- projectile ‘beams were as -follows: ~“Ne’ (120, . 140 apd.190 Mev.),2N
( 11% and ‘130 MeV ), 24 “Mg - (=141 ¢ %nd ‘172 - MeV), ze Mg( 136 and 164
MeV), OAr ( 217, 250 'and 293-MeV); Ca (" 215,:.228 and 270 MeV). The
beam’ intensities™ passing through targets (12mm 'in- diameter) were
(0.3-3. 0)-1025 ! at'an energy spread of (1-1.5)% . The beam energy
-was changed in- 3-6 MeV steps using Al and Ti- degraders. ‘The: energy
”of ‘the beam was controlled by measuring the energy of lons scattered
in a thin (200 pg/cm”) gold foil at 30°. r
“t To separate ‘the evaporation residues of heavy—ion fusion
‘reaction from the® proJectile beams and - .background : products the
‘kinematic’ separator VASSILISSA é ‘was used. A ‘schematic’ view ‘of
‘kthe separator is shown in fig.1. The evaporation .residues knocked
out from the target were separated by an achromatic system composed'
of . three; electric ‘dipoles. - Tvo triplet5= of ' electromagnetic
fquadrupole lenses " provided the focusing on-a detector system of
recoil nuclei emerging from the target at zero angle within a solid
fangle of 10 msr. The distance’ fromthe target:to the focal plane. was
about. 12 m. The "detector system’ consisted .of  two: time-of-flight
detectors and silicon detectors. Thin plastic: foils emitting




ksecondary electrons -and microchannel. plates for detectlng these,__j,",

electrons were ‘exploited in start.and stop . time- of-—fllght detectors.
The: typlcal time resolution about 2. ns - was obtalned for .slow  (full |
energy- 10-20-MeV) ‘recoil . nuclei- having. mass. numbers of about 200.°

- The value .99.95% was achieved for the.probability . of detection offw
“'such recoil nuclei - by a single tlmlng detector. After passmg the’

time-of- fllght system,  -recoil- nuclei. werealmplanted 1n slllcon
detectors: which we took ‘in- the  form of elther an array of seven -
separate ‘detectors - or. a single crystal . “divided 1nto; eightf'
independent -strips.. The measurement .of the time-of-flight and . the

. energy of recoil nuclei.provided their mass determination with an -

.“accuracy . of - about: 5%. 'I'he,whole system provided . the uniform’

. detectlon probabllity of . recoll nuclei ulthln an, clrcular area of

-.70 ‘mm in dlameter
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Fig 1-Schematic view of the experlmental set-up

: The heavy-lon fusmn reaction products were  unambliguously .
‘identified by “the: measured’ values of. their  a-decay energy.and.the -

. llfe times. *In“many" cases the’identification was performed due: to
" observation of .the time ‘correlated a—decays ‘of ;nuclides .belonging to
“the known ‘a~decay chains. This ‘method was applied in. each case when
; the ldentlf.lcation of a previously ‘unknown ‘nuclide or. an a-decay

llne, was consldered
] ‘ In fig.2 ue show an
S i | . example , of ", ‘two =
d1mens10nal spectrum of
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values - of ..~ measured
transportation ‘effici-

3

- 24 :
: 0'9300 7500 x7 00 790 8100
Daughter}, KCV oor

Fig 2 An example of . a two-dimensional
‘a~a’ “correlation .’ plot.. obtained. for

“reaction”*Mg+*°®pb at - 'a beam energy . encies of  different
E( Mg)=135'Me2\; for ‘the time window “evaporation residues -
- of 100-400 ms“ ‘. ) from the target to
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'the detector system. We performed the measurements of such values.

taking targets of dlfferent thickness for' a: ‘set of: proJectlle-target
combinations ‘and’ for: evaporation residues produced-‘in n or pxn as '
well as in  axn . evaporatlon reactions. The .-  transportation
efflclencles of * the - evaporation - residues: for properly - choosen
control ‘reactions were rmeasured. ‘in- all “experiments. 'I'herefore., the "
relative accuracy.” of cross section ‘values -’ deduced :for/-a glven-
target—proJectlle comblnatlon was about: £25%. For. whole set: of ‘the
data presented *in’ this ~ work the:"-relative . errors: . in:: the
cross-sections ‘are’ evaluated: to 'be - about +50/. ‘The errors .due.to_:
uncertalnty and 1nhomogene1ty of’‘the* targets used in: experlments
constltuted the negllglble part of 'these” ‘errors: Only in few. cases
the “errors were larger ‘due to the poori'statistic.  *The absolute.
values of  the cross sections ' are probably accurate within: factor
of two due to errors 1n measurements of'ithe beam current -

Wk .7;

Table ‘I. Experlmental results for the separatlon efflciency

b
. : target thickness
e . ) '0.22 mg/cm? O;Sng/sz
7 au(*®0, 4-5n )2°° 2°9Fr a7 B B P
182, (22 a0 Sn)199m,199;.zoop A sa1
66Er( P, qn)wa R 4:!,2 o o
164 199,199,200, | ocyq iots

: Dy( Ar 4 5 ).
‘of the a-decay of
studled 1n thls /

. We 'supposed"' ,thatl:the detection ‘efficiency
implanted * nuclel"= “was 50/. - for all reactlons'
work. ...

One can evaluate the’ background condltlons of - the - experlments
taking’ the values of probablllties of .- passage through the . separator_‘

_to the" detector system measured , for proJectlle-llke products and

products of transfer eactlons These values are g1ven 1n Table II

Table II »Th > ‘suppressxon factors ‘for multl—nucleon
' transfer reactlon products and for ' the scattered 1ons
Reaction: Target Suppresslon factors‘
TR thlckness, Scattered i Transfer"f” 7
mg/cm‘zm 1ons¢ f‘reactlon products
"u +‘°Ar n0is. <] (2e10% ~_,2-1o (for 2::Cm)
SO a- .| '8w10* (for.227Th) |
' 2°8Pb r|" o6 2s10!7 " | 7e10° (for :;;
2'“’Cm+"ue 033 | 3010 |> 4610 (for”




3. SOME FEATURES OF. ASYMMETRIC FUSION ﬁéAcrroﬁs‘LEADfﬁcig"‘l

‘TO THE FORHATION OF FISSILE COMPOUND NUCLEI HITH Z=83.

S

. The list of heavy—lon fu51on reactlons studied 1n this work 1s

given in~ Table I1I...For .all of. these. reactions the . xn. evaporation

channel;: was: investigated in :the’.range - of - bombarding energies
extending. from: subbarrier. values to the: reglon corresponding to
- excitation: energy of compound nuclei close to:s 100 .MeV, for the
- lighter (2291) . compound nuclei’.and: about . 50 60. MeV for heavier
»compound- nuclei. : Several,; new" nuclides SOr new a—lines) were obtained

in.--the -course.: of = these experlments (see Table "IV). In addition

to: the xn: ‘evaporation -channel, some data were obtained ,also for
f,cross—sections of pxn:and axn reaction channels (see Table III) The
" row data were:' obtained. In the . form. .of .excitation curves “of

fusion-evaporation reaction channels. Same examples of excitation
~curves: are.-given in figures 3 and 4.
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Fig.4. Excitation functions '
.. of the Xn, pxn, and axn
reaction channels in
reaction e Mg+1 Au.

Fig.3. Excitation functions of
s ‘ the xn and pxn reaction
ggannels in reaction .
Ar+ Ho
In fig.5 the . systematics is given for the maximum values of
.-xn-reaction cross sections obtalned in this work Similar. results
- for compound nuclei of Ac and Th publlshed by other authorssno
obtained with- 48Ca ‘and 4°Ar bombarding 1ons are added. to the data
given in this figure. For comparlson, we present in this figure .the
data for compound nuclel in the ‘range of atomic : numbers  98-104
measured’ by ‘different authors’ who worked with bombarding ions of
: Carbog nitrogen, ‘oxygen and: neon. (see references in the review
paper-’. . The points in fig.5 represent the " row experimental results
.»for maximum values of measured cross—sections we :“only’ excluded

- results are ‘ presented by closed

“the - data’  for:. thosé " reactions ‘for- uhich ‘the maximum ‘values
of the~ cross-sections . are;

‘ strongly f affected ' by, ~the’

Table III The list of heavy—ions fusion reactions
! : Y studied in:this work

: T .| me | xn=channel pxn—channel axn—channel
.|Reaction 2CN ACN —

, o N *nin If;ax Xnin *max | *min *max
coAr+l2’mo| 83| 199 4 - 10 | '
4°Ca+151Eu 83| 193} 3 6| 3 5.

oCa+!® Eu| 83| 191} 3 4] 2 4.
4OMg ::; al. 85| 207} 4 7
JeAr+ °7Hol 85| 205) 4 . 9| 4 9

2Mg+ T Tal 85| 205|. .4 9| 4. 9. .
22c +.T0| 85{ 199 .3 1.2 5 | 2 4
2iNe °’Auf 89 219 3 7| 3 7
soNe+ ® Aul 891 217| 4 g8l &4 9 | 4 9
26Ne+|97r1 91| 227| '3 6| 3 5 2 4
SaMg+ °lAul 91| 223 5 61 5 6 | 3 6
oMg+ o Aul 91| 221 3 61 3 7|1 4 5

Ne+22%pb| 92§ 230|. 4 5 o2 a
2%4e+2%8ppl 92| 228 4 s | 4 5 2 a
22Ne+2%%B1| 93| 231 4 5 2. 4
2°Mg+Zo%Pb| 94| 238) 4 2 3
22Ne+> 20U |102) 258| 4 6

Mg+23%Th|102} 258] 4 6

. ) « . Coulomb barrier.’ We note: that .
108 - d " for 2= 91 the points are shown
) in this figure which represent,
for given evaporation residues,
the “ maximum ‘cross- -sections
obtained = with projectiles
having rather different ‘mass'
numbers (°°’ Ne,4 Mg 48on
- . the one side and Ar, Ca
/. ‘on the ‘other). These point are
drawn in figure without
correction taking into account
the nA factor. Some of
evaporation'i reslduesf “‘were.
. prodlxced by diggerent
- . o?mbardin% 1ons (1;e.%Ne ‘and
Fig.5 Systematics of the maximum . Ne ..or “"Mg an nd* “Mg) as a
values of ‘the -xn-reaction cross- result of ; evaporation © of
sections. The circles and triangles different numbers - of neutrons.

vIOO H‘O 120 130 1140 \50 160
" “'"Neutron Number

alternate in’ order to facilitate The: ‘points’  for' all : such

the recognition of data“obtained
for evaporation residues having
different ' atomic ' numbers. Our

reactions are presented . in
fig.S without any corrections
Irrespectxve - of s these
reservatlon, the  points '’ in
fig.5 are grouped around the
straight. lines corresponding

symbols.



“to atomic numbers ‘of ‘evaporation residues. -The:slopes of. these lines
show  the exponentiali‘decrease: of xn:reactlon. cross—sectlions- with
increasing deficit of neutrons in evaporation residues. Thls
deficit aggravates the:competition:from ‘the side .of fission.in the
course of deexcltatlion of compound nuclei. .Agalinst the background of
this steep exponential decrease ‘the - above-mentioned differences
between some experimental points look to-be of minor importance

: “ The - analysls- of = experimental - data . on. Xn, -pXn . and - axn
. evaporation

nuclei from Bi to U were carried out using a.modifled ver51on of the

code ALICE. To describe the nuclear level 'density we: used: the
relations of the Fermi gas model with the phenomenologlcal

consideration of shell effects in'the level density parameter Ve
assumed for the flssion barrier the form :
B (1)= c-B°"(1)+AB @A), o “'(1)3A

where B “PE(1) . is the fiss1on barrier in the model of the rotatlng

charged liquid droplet C is ‘the free: parameterp AB (Z A) is

Table IV. The alpha decay characteristics of some, nuclei
investigated in our experiments '~ .

VASSILISSA " other works
Ea(keV)v‘Ia T,/ (ms) E, (keV) I, T, ,pms)
223 +0.01
22%y 8780240 100 0.0187y" o
224 g470+15 100 0.7°0° R
, : 202 L
|22s, : S 4200 ' - +40-

U 787020 100 30

25 |7ssot20 90 80 (a1l

7830420 . - 10 20

U 7570+20.85+¢5 200%50 ~|7430%20 100 5004200 [43]
7420420 15%5 . : SRR o
Np 8630120 1po" ixe R RRERCY
“CNp 8000£20 50%15
i 806020 5015

Np 7680%20 100

8044420 100 " '31%8 [42]

221 (EC<25%) |7650:20. . . 510%60 [42]],
L - .| 7677£20 ey :
1230

“Pu 7050%20 100 ik et

s ‘ S
o _preliminary .data

channels  was based: on the -statistical model 'of the
deexcitation process:of compound nuclei. Calculations for compound

)
T

_parameter C ( see, equation (1))

;evaporation reaction cross-
‘varying only ' one parameter

103 108

Kb 104 L i Kb 104 ;
EE - I R
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Fig 6 Comparison of the experlmental maximum values of the {f‘,h
.. evaporation reaction Cross- sections w1th calculations e

/u(solid line): for Z=85 compound nuclei S

cal)y b)ﬂ- xn-channels, c). - pxn- channels

‘]

ithe shell correctlon “for the ‘fission barrier ofit the compound'

nucleus. The nuclear potential ‘and ‘the  choice’'of “the critical:value
of ‘the angular momentum (1er) for the compound nucleus* formation«

were considered ear11er33 ‘ o
The .aim. of our. calculations was the optimum description of the
maximum -values .of : cross-sections well. above the Coulomb - barrier.

~Therefore, there was-no.-need for additional variation of prev1ouslyij

‘fitted.~: . parameters.:. of nuclear potential :More than *90% - of °
ucross—sectlon values in their maxima are achieved at 1«ler. For this °
B SRS - ; G .. reason, : .the . results ‘of
o a5 AR SRS TN O jf . \»‘calculations were not much‘f
ook ©d ° °7:85 - sensitive to ‘the value of“j
L e ' 1. We found ) that_i
‘0.8t - 7=84 » ‘ cr - N : [
: L calculations—" could “notia
. 1=83 : 3
0.7t R reproduce ST experimental :
v ) ot results adequately only by °
o6 o :ﬁﬁ: ;:::jj varidtions “¢ o shell:*
N I ' :, o 5mph_ﬂn“ : corrections i to~«» nuclear.:
o.5F v A, encton” ] “masses”and fission barriers,
o ‘o *cedVru dn-sn | 0 gg well ‘as”’the’ excitation:
T o5 0" T 120 energy dependence of ‘these
) Neu’rron Number . values. At this stage .
e Crwe "neglected:ﬁ the ‘-shell
Fig.7. Systematics of the values of ' ‘effects in'our;calculations.

We note that there was’no

deduced for  the neutron deficient’ " need 'in using the’’ value
isotopes of Bi, Po and At ’ : ‘ 1: of “level density parameter
_ . T T o ‘(a )’ for f1551on ‘ channel

'different to _thati for particle evaporation channels (a )

_Thus, ‘we ‘came. to ‘the’ conclusion that the ~maximum: values 'of
‘sections could be f1tted rather well by'
) the,}model i e the factor C in




equation  (1). "In other’words, these values are’ rather sensitive to
the heights of 'the. fission barriers. By - fitting the calculated
maximum cross-sections -to the experimental results .one; could
eventually determine the fission barriers of the neutron deficient
nuclides which participated in * the evaporation chains of. the

compound  nuclei ' studied in this work. Some examples of such'a  fit '

are given in fig.6. In fig.7 we show the systematics;ofrthe values
of the factor- C deduced for 2=83 - 85 nuclei. It follows from.this
figure ' that the theory overpredicts the fission barrier heights
for, the neutron deficient isotopes of bxsmuth polonium and astatin
with neutron . numbers Ns112. :

Inspection ‘of the data given in fig 5 reveals relatively weak
dependence of ‘the’ maximum cross-sectxon values for compound nuclei
lying in-<two" intervals, +2=83 -90 and Z=92 "~ 102 "whereas ~ the
steep decrease’ is observed in transition ‘from’ thoriumrto‘uranium.
This feature of the cross-sections is seen clearly in fig:8 in which
the.data are shown for,‘the reactions giving evaporation, residues equ-
ally displaced from-the B—stability 1ine. Similar behaviour uas ob~-
1b v T y an v tained also; for pxn = and
' 3 oxn reactlons However, the
Sn Ne Mg_ steep decrease  obtained
“#“for ““axn’ reactions 1is.

:'shifted in: fig.8 to  the
“’transition from uranium to
plutonium. This 1leads,' in
o % particular, ‘to the: fact
- -~-that .xn’ and axn reaction
- channels are similar in
o ’ \the values - of their
e 8 9 3 "‘cross-sections ' for
ctnbh iaaad-%  compound nuclei of Ac.'and
82 86 90 ' 94 S8 102 106 : Th on one hand and for Pu
b Alomic Numbar of Compound Nucleus on the other. .In contrast,
fFig 8. Maximum cross—section values.- ...in . the cgge' 235 “the
for xn and oaxn channels of fusion‘" react%%ns Ne+ Pb and
reactions, giving evaporation residues Ne+ Pb leading to ' the
equally..displaced from the valley of . ~compound ruclel of uranium
tB—stability ) : : - the cross-sections .. were
: ) ’ : detected in the microbarn
region for 4n and S5n. reaction channels whereas for a2n,'a3n and adn
reactions: channels the obta1ned cross-section values were close to
25,28 -
.millibarns .

.. It is difficult for us to outline any ldea which could’ explain
‘such cross—section behaviour as due to any limitation on the
formation of uranium or plutonium compound nuclei. At the same ‘time,
the explanation of the obtained steep decrease of the evaporation
reaction cross-sections on account: of the high fissility of :Z2>90
nuclides appears to be quite natural. In fact, we could fit in our
calculations all set of the results for Ac. Th, Pa “and’ U nuclei
‘presented in fig.5. as well as the data for pxn’ ‘and oxn reactions by
taking the ‘following values for factor C in equation (1) ': C=1 for

~Ac and Th; C=0.7 for Pa and C=0.65 for U nuclel.
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4. HOT FUSION REACTIONS ZNe+P0y AND Cpg+?? Th#
LEADING TO THE conpounn NUCLEUS 258102., '

"The aim. of - the’ experiments was to obtain the new data about the
formation of evaporation residues: of - the compound %ugleﬂg %102. "

12 246
Ear%igr, 5three : reactions, . ice. G+ Cm, N+ Am and -

0+ ""Pu have  ‘been studied ~ Addition of two. other reactions
would complete this sequence of asymmetric .hot - fusion reactions
leading to the same compound’ nucleus - ®102: .The variations ‘of - the

. mean arithmetical fissilxty parameter ! along this sequence ’'(see

table 5) originates entirely. from the - difference in entrance channel
configurations Therefore, - studies of ‘these two reactions:could shed
some 1light on the problem of extra-extra push barrier for 'hot fusion
reactions, which are of interest . from point of view of. possible
synthesis of nuclides-in the region of the neutron number 162. In
fact, i1t is not excluded that bombarding .ions of.’ Ne and 25Hg could
be used successfully: in combinations. with - target nuclei of 248Cm,
Bk and .Cf _for . synthesizing- nuclides ‘which: belong to "the
predicted stability island. centered around this.neutron number.

The experimental conditions: were. essentially the same’‘as was
described ' above. = Three evaporation residues,, "i.e. isotopes of
element 102 having the mass numbers 254;. 253" and 252 were registered
in focal plane of the separator. These isotopes emerging from 4n,5n

.and. 6n; evaporation channels were identified’ through “their.
‘characterist%c a-decay 1ines. The ‘25% spontaneous fission é%gcay‘
brancn,of 102 as.. well ?s a—decays of daughter nuclei of 102‘
and 102, i.e. Fm and’ Fm were detected : '

The -measured excitation curves of 'the: studied reactions are
shown in’ fig 9.. We" calculated the 'xn reaction .cross- sections:using
the method described in Ref.’®  Dué to the fact that flssion
and neutron evaporation competxtion is treated’ in ‘this approach by
exploiting the empirical F /F systematics4vr one could simplify the‘

‘analysis . as ‘T /T values were essentially “the same for lall

reactions Therefore, -by comparing the kexperimental ‘data VVith
calculated cross- sections one could count’ “on extracting- - some
information about the fusion ' probability for different’ entrance‘
channel configurations Such. a comparison is: given in Table S We

'deduced the follouing conclusions from this tab1e

Table V. Maximum cross section values for neutgon evaporation
e channels of the compound nucleus --,102.

‘| "Reaction i- xarlth Ref. " !Cross sectlon (,nanobarn )

R it .- mean’. |~ """ - Experiment.. J.Calculation
ifi_ o ‘; ‘/T‘;' f4n;*’ “5n} 6n{“4n | '5n | 6n
| 1ice ::ng 0.680 | [34]-|1000:|300| | 227] 107| ‘22
SN+2%%an | 0.694 | [35) 80 16| 85| 20
°0+%*?Pu [ 0.698 | [36] 3a | .ss| | 11| 78| ‘15
22Ne+235u 0.721 | werk | .. 7| 25| 15| 74| ea| 9.2
ZMg+®?mn| 0.735 [ MR | 15| 9| 8| 42| 46 8.2

11



‘reactlonS, and.- we hardly can insist .that our accuracy in thejt'

Cross Section {nbi

“een

A

Fig 9. Excitation curves of neutron evagoration channels for 5
the compound nucleus 102,

The experimental maximum values of the cross—sections for” theh
4n and S5n evaporation channels. are reproduced by calculations quite; -
reasonably for the case of the three most asymmetric reactions.” Some

differences between experimental “and calculated values not exceeding

the factor of .4 are ‘within "the typical limits ‘of  the model™:"
The agreement is much worse in ‘the'” case “of the 4n

accuracy
channel obtained for heavier proJectiles ( Ne and '*especially,
6Mg) One could explain this as an indication of thernset of the

extra—extra—push barrier at the transition from O+2 zPu reaction '
" to more symmetric ones, 1l.e. to Ne+ U and Mg+ Indeed the
agreement could' be improved. considerably:by adding 5 ‘MeV :to . the

height of the Coulomb barrier for. Mg. However, we' refraln from

inferring any .conclusion about the extra-extra—push barrier as’ 4n‘f,

232
and: 5n channels. are strongly subbarrier for ““Ne+“" U and “ Mg+ "Th

calculation of the barrier, penetration is high enough

) At any rate, we regard the observation of an anomalously smalf
_ valué of 4n reaction cross-section in ‘the case of"
indication that this reaction:'channel® has ‘a little chance to be

(*"Ne) as an

< helpful  in the synthesis of new heavy nuclides. Contrary to this,
_the 6n reactlon cross-section does not tend to the drastlc decrease

for ‘the case of - heavy proJectlles Though ‘with some reservations,gy
this is'also true for 5n reaction. Therefore,. we suppose . that these -

two reactions will be practical, in the work on the synthesis of new

' ~heavy isotopes of elements 106-110 with the beams of Ne and z Mg
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