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The knowledge ofthe. ionic charge distributio~ (ICD)_ for heavy ion 
reaction products, especially for- the heavy evapo~ation residues (ER}, 
is irilportant. from -the-point of view of effective work· of the kinematic -· 
recoil separators, i.e., achievement of optimum transmission (for instance 
see the recent review [l}andrefs.th~rcin); The ICD of th~ ER formed ill 
nuclear re~tion and k:itocked out from a target is not ali eqt~ilil)ra:ted one. 
A po~ible tr~er of nuclear excitation to. the inner atomic shells· ~d · 
~ubsequent _deexcitation of moving ~t~ms via a cascade. of A.~ger electrons 
make ICD of ER unpredictable. A carbon foil placed at a position of . 

' ·-s~vera.I centimeters downstream from..a.targetrestores"the equilibriuln of. 
y: the I CD of ER [2). . ' . -- . ' -
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· · .Appli~ti~ ofthe empirical systematics ~or the ·equilibrated !CD [3; 4] 
· in:iQn-optic~l~~culations for the case of specifi_£ separation systems [5, 6] 
showed si~fica,nt deviations ()f. th~ ealculated ·transportation· efficienciet~ 
for the ER &~ the experiment81 ones [7.,-9]. Evidently, t~ is caused bY ,_ 
differencies of the adopt~ ICD from the, real ()nes. Indeed, the data on . 
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i. (· ,-.· . 
the ICDfor: the' heaVy ER ar~poor,[2]. Therefore the empirical systemat
ics of mean charges < q > and charge distribution width d [3, 4] ba;ed on· 
thedata obtained fo~lighter ( z :::; 36, mos~ly atE ~ 1 M~V I amu) heavy 

. ions p<tSsing through a carbon foil are. used for/ io~-optical calculations. 

( 

We bonsidered the avaiiable experimentaldata on.ICD f~i: Z ~-53heavy. 
ionbeams at non~relativi~tic eri~rgies {E :::; 10 M~V /amu) compiled in 
[10::_ 12],'(see also r~fs. thereiri) and th~•recently obtained data [13]' al~ng 

·with the data forER [2]. ':f.he comparison ofthese·datafo:2m-ean charges ~· 
with the prediCtions giv~n by the empixic~l formula of Shima etal. [4] is ~·-
shown in fig.l~ T~e mean charge is' expressed ~n this for~ula as , ·. ':. / 1

1

. _ 

< q >siM = .. Z[1_- exp{-;-1.2~X + 0,32X2
- 0.11X3

)],: _· _;/ - - 1 

x_ =:: 3:~6'0fzoA5, .\ .. . , . . .-(1) l· 
where Z is the ion_ £l,.t6~i~··nu~be<a.~d'E is·tlie i~ri ~~ergy in N!eV fai?u. - . , j, 
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Fig.2 . . Th~ same .ds i~ ftg.F except·the ei~crgy ~egion •(0.1·< ·:e ·.·~ 10 
Me V/amu): The results 'of leii~t-s'iruare fit are sho"wn: s.olid line·:_ eq\2}, 
dashed lirte ~;polyn-;;n~ii:il {fo~ comparisoi~J. "} ";' ·. > .. ·. ·f/,, 
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·.The~ st~ong. deviations of. the experimental data lrom ·the- predictions. 
. (up to 40%) and bad scaling with Zin the e'ne~gy range of our interests 
(0.01< E <Oj MeV /amil) are evident .from flg.l. This i~ observed for 
bot~ sy~tematics [3~ _4]. The similar discrepancies were obtainea with ~ 
others [14]. ~ 
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Fig.3.· The sa;,~ as in fig.l ei~ept the ~nergy :region (0 <.B < 0.2 
Me Vjamu) ~nd the. energy scale {linear). The results oFleast-squar~ fit· 

. using eq.(3} are.sliown with 'the dzfferent lines for, ions of the different z 
(symbolS are the sa_me a; in fig.l}.. . - · . ·· -~ · - · . 

The purpose ~f thi~ work is an hnprovenie~t: of the empirical system
., a tics of ICD (3, 4] in their application to the very heavy ions: To improve 

the< q >s1u-systematics we~onsidered the ratio R(Z,E)=<; q >exp 

} <q >siM· ForE ~0.1 M£Nfamu R(Z;B) ':::!.ft(E), whichwas approx-
. · imated by a <leformed resonant function: · 

.:fl(E)=Pl + {p2r/[(E- P3)2 + r2)}~ ·. r= p.;[l :.._ exp( -psE)], (2) 

as it is shownin flg.2. Th~ values of .the constants Pr~5 were ob
tained from l~ast-square fitting to the data at the.energies0.1::; ·E :::; 
10 MeVfamu (see table 1). · - c. 
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· Table.LFittedconstants ~'fl. eqs.{2},{3)~(6}of the correction function..' 
ofeq. {7/to the mean charge ev~iuation given by Shima et al. {4} (eq. ( 1)) 

., ' 

ft(E) · h(E, Z) 
. PI 0.95001 a1 1.088 

P2 _-0.01488 a2 5.990x1010 

P3 ,0.35744 b1 5.158x10~2 

P3 0.30325 b2- 3.254x1010 

· P3 2.78276 a. 16.993 

'0.24' . ~- .. ~ ... 
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Fig.4. · Changes of the parameters a(Z) ~ (a)· and:b(Z) ~· (b), vs. _Z; .~ 
Filled circles· are the az and b~ values obtained frorr~ fit :frsing eq]3 }, solid . 

' lines are th~. results-of a spline interpol~~ion (see table:2},. dashed 'lines 
. are the results ofleasf-::~quare fit us,ing· eqs:(4):-(6)with constants listed, in. 
· ta·ble i. Polynomial fit is· als~ s-hown for comparison· (dash-dotted /ine.S} 
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, . F~r.l{~0.1 MeV/amu we chosdor R(Zt E)·= J2(Z,E)the form: 

.h(Z,E) = a(Z)Eb(Z)_ (3)· 

To find the paranieters a(Z) and b(Z) .·we, derive~L th~ .values ~z and bz 
by fitting the energy dependence (3) t~ the <)-Vailable data 'at low energies 
for differer~~~._The results are _shown in fig.3. The obtained az: bz values 

·.have been fitted- to. the Junction ~f the, form: 

· a(Z) ·= a1 +a2f(z),. · -
.-· . ;~ .. 
b(Z) = h+b-d(z), 

J(i) = z'.'cxp(-;3z)~ - z ~ (Z~ 53)/53~ 
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Fig.5. The same as in Fig.1 ex~ept the application of the C01Tceti~r'i fnnc7 
tion of eq;.(2}-(7}. _Low ene1yy eo;reetions are_ given with- the paimne
te;s a(~) and b(z)of eq.(3} obtaine;l fmm: a) -c-- least-square -fit using 
eqs.(4}'-{6} with eonstants--i?t table 1, and b) ....:. spli~ie-irde7Jiolat~on with 
parameters in table 2 · 

-

5 



. Results of the ieast~square fit are shown.iu fig A Tlw deterrnined 
from the·fit constants a 11 a2, b11· b2, a and f3 annisted in table L. To 
consider the. det'ailed behaviour of a( Z) ancl b( Z) a spline interpolation. 
combined with a linear. e:Xtrapolationfor Z > 92 was made. The obtained . 
coefficients .a(Z) and b(Z) arelisted in tabl~-2. The fit ofthe paramete~s~. -· 
of the function (3) was satisfying the condition. of mat~hing with the 

· ·.function (2) atE== .0;21 MeV famu,whe~e approximate equality JI(E) ~ 
·h(E,Z):~ i wasfulfilled(see figs.2,3 also).,_. · 

Combining. ( 2) and ( 3) the c~rrection function to the forinula of Shima 
- ' ' ,., ~ ' • < • • ' 

et aL [4] could be expressed as . . · .. /. ·. . . : .. · · 

.· R( E ,Z) =; k !I( E) +(1'- k) j,( E, Z)> wh~'e k '" { ~: ~ ~ ~:;: (7j 
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Fig.6 . . Sy;tematics of the :charg~. distributi~n width (symbols a.re the same· 
as infig.l). Th~ solid line£s the result of least-square fit using eq.(8)with 
constants in the text · . ·. .. 
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. , . Table 2.Spline interpolated p~araineters a(Z) and b(Z) in. eq~ {3) . 
' Linear extrapolation. is used jot Z :>.92. 

,· 
,. 

Z a(Z) · b(Z) 
53 1.0000 . 0.0000 
54 1.0156 9.640x1o-3 

55 1.0308 1.909x1o-2 

Z a(Z) 
82 1.2847 
,83 1:2889 
84 1.2899 

l?(Z) . 

56 1.o455 2.814x·w.:.2 s5. 1.2ss1 
57 1.0592 3.661xl0-2 · 86. 1.2839 

0.1605 
0.1625 
0.1629 
0.1619 
0.1598 .. 

58 1.0718 ·4.430xH}-2• 

59 · L0829 5.101x10-:2 

· 60 1.0921 5.653x1o-2 

61 1:0939 6~052x10-:2 

62 1.1025 6.264x1o-2 

63 1.1o24 .6.253x1o-:2 

64 1.0979. 5.984x10-2 

65 ·1.0888 5.456x10-2 

.66 i.0776 4.803xl0-2
• 

6T
1 

1.0671 · 4.193x10:::.2 

/68 1.0603' 3.795xH):-2 

69 1.0599 · 3.777xio-2 

.70 1.0691 4~30.8x10:-2 
71 1'.0906 · 5.554x10-'-2 

12 .L12uo · v596xio-2 

·, 73 1.1716 0.1015-; 
74' 1.2223 0.1286 
75 L2729 0.1547 
76 1.3178. 0.1773 
77: 1.3518 
78,1:3695 
79 1.3656 
80 .1.3346 
81 1.2892. 

0.1940 
. 0.2025 . . ' 

. 0.2003 
0.1850. 
0.1628 

87 · L2775 ~ 0.1566 
88 1:2693 0.1525 
89 :1.2597 0.1477 
90 1.2491 . O.J4.24 
91' 1.2377 0.1368 
92 .1.2260 0.1310 
93 ·L2142 0.1251 
94 1.2025 0:1193 
95 1.1907 0.1134 
96 1.1789 0.1076·' 
97 1.1672 0.1017 
98 L15S4 9.591xu'l-2 

99 · 1.1436 · 9.006x1o-2 
' - . _, \ 

100 .1.1318 8.422x 10 ·.~ 

101 I.r2m- 7.838xio-2 . 

102 1.1083 7.254x10'""2 

103 1.0965 6.670x1o-2 

104-1.0848 6.085x10-2 

; 105 1.0730 5.501~ w-2 

106 1~0612 4.917x1o-~ 
· 101 ·Lo495 4.333xw-2 

108 ·1.0377 · 3.749x1Q-:2 

109 1.0259 3.165x10.::2 

110 1.0141 2.580x1o-2 

. · Fig.5 illustrates tlie data of fig.1 {application of formula (1)) corrected 
With the function (7)., A general agreei;Ilent is achieved for the- whole · 

· energy ring~~ This agreem~nt is within ± 6 % for the spline interpolated 
. . . . . \. . . .. •' . . - . . 

a(Z}and b(Z) (fig,5b) and slightly worse for these parameters 9etermined 
by the least-square approximation (fig.5a) at low energies . 

. - . . 
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We obtained also a' new.syster~atics of the chargedistrilmtimi. width. 
Fig.6 displays they= :d/Z0·

27 values [15,] plotted against x =< q >~xpfZ 
. for the available dafa fofZ ?5: 53 .. We fitted a function of the. form 

y _= Ax8 exp(.'-C;:) . (8) 

to the data,·by the iea;t~squcire riiethod. The best valu~s of the fitting 
. cmistants \Vere obtain'ed: · · · ·. . · · . · 

A==" 2.10176, B_= 0.510987, and 0= 1.68505. 

. i 
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Fig. 7. Some examples.of t"he iQni;; charge dist~ibuti~~~- Experimental 
data [2,' l6} are shown as-filled cirCles, our pn;dietionsusingeqs.(l}:-(8) 
are· shown with solid lines, calc~latioris by NikQlaev and Drriitriev [3J.are 
s~own with dottea lines and calculations by. Shima et al. [4, 15} are sliown 
with dashed lines . . . 
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The presented systematics of the mean chaige~ and the. charge distri
bu'tion widths were tlsed to_ predi~tiCD for some lie~vyions and ER 
The predicted distributions are. shown in Fig.7 along with similar ones 
obtained from the othe~predictious [3;4·, 15] and s~me experimental dis,. 
tributions for ER [2]and U-ions [16]·passiiig through a carbon foil: The 
corniction for <. q > SIM is small for the Pb ER. Because ~f this, the ICD · 
is nearly the san1e as the predict~d one giveri by the formula (1) [4ra~d 
width systematics [15]; Being necessary to obtain a good agreement ·with 
the experimental data [16], our correction is significant f~r heavier ions; ~. 
Wi'thoutthis ~orrection the predicted ICD [3, 4, 15Jdeviate considerably 
frop1 theexperimental ~nes [16]. · · .·. ' .- . · .. 

/Pre&eilt e:;timatim~s of the JCD are used for the computer simulation oL 
'the ER's trai1spo.rtation through-the ele'ctrostatic ~c~oil s~parator' VAS-
' SILISSA [6]: A good agr~ement was achieved between the cal<ouhtted 
mid ~xperin1ental tfari.sportation effici~ncics for the Po. - Ac ER in the 

'investigated energy regio~ of 10 - 40 MeV [17].' Carring oU:t the experi~ 
· ments on synthesis ~f 258105in'the reactimi 27 Al{236U,5n) [iS], th~ sl1mved 
ICQ fofthe 258105'(fig.7c)was used_for the optimizatim1of the separate~. 

parameters. · ·· · ·· · · · · · · 

Ac,k~owledgemerit . 
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