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ABSTRACT — With a He-jet transport system at UNISOR, the absolute 

cross section for the 12C induced reactions on °Zn and 58Ni targets from 

64 to 93 MeV were obtained from the yields for y-rays from the decays of 

the resulting radioactivities. 

Strong experimental cross sections are observed with the following 

outgoing particles: 2pn, a(2p2n), ap, 3pn, apn and a2pn for %4Zn and 2p, pn, 

3pn, ap, apn and a2pn for *8Ni, Experimental values are compared with 

theoretical calculations based on a statistical model. 

NUCLEAR REACTIONS 44Zn(12C, X) and ®*8Ni(12C, X), E,, = 640 to 

[ 93.3 MeV; measured E., he deduced g(E). Cc | 
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1 — INTRODUCTION 

There is presently considerable research activity centered in 

the mass region A = 60-80 by in-beam spectroscopy and reaction 

experiments. Evidence has been found for the coexistence of both 

spherical and deformed shapes in “Se and “Se, refs. [1], [2], and 

more recently in ™?*Kr where these nuclei exhibit very large 

ground state deformation with the 0; level in “Kr associated 
with near-spherical shape [3]. In °:Ge evidence [4], [5] for the 

importance of the g,,. orbital is reported at spins 8* and this 
structure seems to occur in ™74Se also. In odd-A nuclei in this 

region evidence for the role of the g,, orbital is also 
seen [6], [7], [8]. Rotational like bands built on this and other 

orbitals are seen [6]. In “Ga the data are best fitted by an 

asymmetric rotor model [6]. To further test this model in “Ga 

more data are needed on the AI = 1 transitions in the g,,, and f,), 

bands. The odd-odd nuclei in this region have been studied very 

little but a few high and low spin isomers are now known for 

example in “Br, refs. [9], [10]. For the first time levels built on 

the 4—- isomer in “Br have been identified and their structure 

is very rotational [11]. There should be similar isomers in the 

other odd-odd Br isotope and perhaps in the odd-odd As and Ga 

isotopes. Information about low spin states and high spin states 

from high spin isomers can provide valuable data to extend our 

understanding of the above nuclei. Experimental data on the 
radioactive decay of isotopes, particularly off the stability line, in 

this region with an on-line isotope separator would provide 

valuable and complementary information to these data, including 

the identification of new isomers. Levels built on such isomers 

may go unidentified as was first the case in our “Br work 

without knowledge of the radioactive decays. 

In order to explore the feasibility of the use of the Unisor 

facility to obtain neutron deficient isotopes in this mass region 

we investigated the absolute cross sections of the reactions 

induced by bombardment of “*Zn and **Ni targets with **C beams. 

The experimental results presented here show that neutron defi- 

cient isotopes can indeed be produced in sufficient quantity for 

good experiments with heavy ion beams with energies in the 

range studied. Strong experimental cross sections were observed 
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for the following outgoing particles: 2pn, a(2p2n), ap, 3pn, epn, 
and a2pn for “Zn and 2p, pn, 3pn, ap, apn, and o2pn for **Ni. 

There have been various theoretical calculations of the cross 
sections for heavy ion induced reactions [12]-[15]. There are of 
course various uncertainties in these calculations as discussed 
by Robinson et al. [16]. This group has already carried out some 
measurements of absolute cross sections to test these calculations 
in this nuclear region up to energies 51 MeV [16]-[18]. Our 
present results extend these measurements to test the calculations 

at higher energies. The experimental cross sections obtained in 

this work are compared with theoretical calculations obtained with 

the computer code ALICE developed by Blann and Plasil [15]. 

2— EXPERIMENTAL PROCEDURE AND RESULTS 

Enriched targets of “Zn of 4.3 mg/cm? (enrichment >99 %) 

and **Ni of 3.2 mg/cm? (enrichment >99 %) were bombarded by 

”C ions from the Oak Ridge Isochronous Cyclotron with beam 

energies from 64.0 to 93.3 MeV. The recoiling nuclei were trans- 

ported with a He-jet system [19] through a teflon tubing of about 

20 m length and deposited on a collection tape at UNISOR. After 

collecting for 144 seconds, the collected activities were moved 
to a counting chamber and y-rays were detected with a Ge(Li) 
detector. Singles y-ray measurements were performed in the 

multiscaling mode with 12 planes of each 12 s, in order to extract 
half-lives of the parent nuclei. The efficiency of the He-jet system 
was calibrated by a direct catch method, in which the recoil 
nuclei were collected for 10 min on Mylar film located 5 mm 
behind the target. After collection, the Mylar film was pulled out 
from the target chamber and the activities were counted at the 
same position as used with He-jet system from 6 min to 11 min 
after bombardment. This procedure was performed for the He-jet 
system, too. From the comparison of y-ray intensities, obtained 
with both methods, of the 594, 604, 743, 1112, 1707, 1780 and 
2018 keV transitions from “As (T, j2= 52.5 min), the efficiency was 
determined to be 22+ 3%. In this estimation it was assumed 
that the efficiency of the direct catch method was 100 %. The 
absolute efficiency of the Ge(Li) detector used was determined 
with an IAEA standard source. 
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Each singles y-ray spectrum taken in the multiscaling mode 

was analyzed, and y-rays were identified by the half-life of the 

known parent nuclei and relative intensities. Residual nuclei result- 

ing from emitting xn, pxn, 2pxn(ex’n), 3pxn(apx’n), 2exn and 

2apxn ‘were surveyed, where x or x’ = 0 to 3. 

Absolute cross sections were estimated with equation (A — 8), 

as shown in the Appendix, by taking into account f-decay feeding 

from parent nuclei, if necessary. In the estimation of absolute 

cross sections, we made the three following asumptions: 

1) The Faraday cup is 100 % efficient in catching the cyclo- 

tron beam. 

2) The charge state for ions captured in the Faraday cup 

is 6+. 

3) The efficiency of the He-jet system is independent of 

projectile energy and independent of Z. 

Although the charge state of the °C beam is originally 4*, passage 

of ions through the target and the helium atmosphere (pressure 

of 0.8 atm) ionize them further to a most probably 6* charge 

state. The uncertainty of the energy-dependence of the He-jet 

system was less than 20%, which was taken from ref. [20]. 

Uncertainties of 20 % were thus included in the errors of absolute 

cross sections. 

The experimental cross sections along with the y-ray energies 

and metimes used in the analysis are listed in Table I for *Zn. 

The beam energies are corrected for the energy losses in the 

target material. Unidentified y-rays are listed in Table I], corrected 

for beam intensities, efficiencies and times. 

The feeding corrections from f-decay were deduced to be 

less than 1% of the total cross sections for every case. The 

largest value of Fe that we expect is the case with very small 

T,,;2 (P), compared with T,), (d). Here F, is the feeding correction 

factor from £-decay and a function of only the lifetimes of the 

parent nucleus (T,,,(p)) and of the daughter nucleus (T,,, (d)) 

(details in the Appendix). 

In the present experiment the largest correction factor F, 

could be for “Zn(?C,p3n)"Br (T,).(p) = 78 s) and 7n(C, 

2p2n)"*Se (T,),(d) = 8.4 d). There F, is 0.59, but since, even at 
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90 MeV the absolute value o, = 0.26 + 0.06 is very small compared 
with o, = 36 + 8, therefore the £-feeding correction had a negli- 

gible influence on oy. 

3 — DISCUSSION 

The experimental absolute cross sections were compared 

with theoretical calculations obtained with the ALICE program 

developed by Blann and Plasil [15]. These comparisons are ilus- 

trated in Figs. 1-3 for °*Zn and Figs. 4-5 for **Ni. In the Figs. 1 and 3, 

excitation curves for the “Zn(?C, ap and/or 3p2n)"As and “Zn(?C, 

an and/or 2p3n)"'Se reactions show that the cross section for both 

reactions decreases initially with increasing projectile energy and 

increases again above an energy of ~ 80 MeV. The first decreasing 

part is interpreted as due to the an and ap component, and the 

increasing part due to the 2p3n and 3p2n reaction channels, res- 

pectively. This interpretation is seen to be reasonable by taking 
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Fig. 1 — Experimental and calculated cross sections for the ®Zn(12C, 3pxn or 

apxn)As reactions. The a indicates that the data for ap2n and ap3n channels 

are not corrected for absolute y-ray abundances (vy), since the ground state 

feeding is not known, 
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into account the Q values, Q(an) = — 9.9, Q(2p3n) = — 41.9, 

Q(ep) = — 7.8 and Q(3p2n) = — 36.1 MeV. The theoretically 

calculated curves for “As and “Se of Figs. 1 and 3 also present 

similar rising for higher energies. However in the “Se case the 

experimental cross sections are one order of magnitude smaller 

than the calculated ones. 

The experimental and theoretical values are reasonably close 

within factors of three to ten for the **Zn(#C, a and/or 2p2n)"Se, 

and within factors of two to six for ‘%Zn(??C,3pn)"*As, 

“Zn(’C,ap)"As and %Zn(?C,apn)As reactions. For other 

reactions the general features, but not the absolute values, are 

reproduced by the theoretical calculations. The agreement for the 

“47Zn(’C, a2pn)*Ge, and **Zn(??C, 2an)*"Ge reactions is better than 

a factor of two but here the experimental data are not corrected 

for the absolute y-ray abundances since the ground state feedings 

are not known. The agreement as shown in Fig. 2 suggests that 

the ground state feeding is probably negligible. 
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Fig. 2— Experimental and calculated cross sections for the ®4Zn(12C, a2pxn or 

2axn)Ge reactions. The a indicates each of these cross sections are uncorrected 

for the absolute y-ray abundances (m), (see Discussion in the text). 
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For the **Ni(?C, X)Y reactions, the experimental values are: 

smaller than the calculated ones for “As by a factor of five to 

one hundred; for °*"Ge from agreement to a factor of 20 lower; 

in near agreement for °°Ga; a factor of five to ten smaller for 

%5,64Ga; near agreement for **Zn; lower by factors of two to ten 

for “Zn — as shown in Figs. 4-6. Even though the cross section 

for production of *Ge is large, we could not observe **Ge because 

of its pure B-decay to the ground state of "Ga. 
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Fig. 3 — Experimental and calculated cross sections for the ®!Zn(1°, 2pxn or 

axn)Se reactions. 

On the other hand, large discrepancies in the absolute values 

are found in the cases of **Zn(??C, pxn)Br reactions. The ratios 

of the theoretical to experimental cross sections at 90 MeV are 

2.4 X 10* and 4.5 xX 10? for pn and p2n reactions respectively. 

The data of Robinson et al. [16] for the same compound nucleus, 

°Ni + °O > Kr* + Br + pxn, yield an absolute pn cross section 
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of 95 mb at 46 MeV. The present value is 1.2 mb at 60.7 MeV. 

If outgoing particles p and n are emitted after formation of the 

compound nucleus, both reaction cross sections of *°Ni(*°O, pn)"Br 

and “Zn(?2C, pn)™Br should have nearly the same values, like 

the ap, 2pn and an cross sections as shown in Fig. 7. The large 

discrepancies between the experimental and the theoretical values 

and also with the “Ni(*O, pn) reaction are thus rather surprising. 

One source of the discrepancies might be some experimental 

problem which we failed to take into account. For example, the 

Br isotopes may have been selectively absorbed by some of the 

materials used in the experiment. Such absorption can be the 

primary cause of the discrepancy observed. 
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reactions, 

The strong reactions are “*Zn(?°C, 2pn)Se , 2p2n)"*Se , 3pn)As, 

ap)"*As, apn)’As, a2pn)*°Ge [with moderate cross sections for the 

production of “Se and “Ge] and **Ni(*C, 2p)**Ge, 3pn)°Ga, 

3p2n or ap)*°Ga, 3p3n or apn)*Ga and a2pn)*Zn [with moderate 

cross sections for the production of **As and ‘Zn and an indication 

that the cross section for the production of “Ga may be good at 

higher energies]. We conclude that neutron deficient isotopes in 
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this mass region can be produced in sufficient quantity for good 

experiments with heavy ion beams with energies in the range 
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APPENDIX 

In this appendix we derive the equations used for estimation 

of the absolute cross section. A derivation for the general case, 

as shown in Fig. 8, in which the isotope is produced both directly 

and through beta decay from a parent nucleus is presented below. 

oon 

Pere ere Op 

  

    

      
Fig. 8— General scheme for the derivation of absolute cross sections. 

Bombardment 

The decay rates of parent and daughter nuclei, P(t) and D(t), 

at time t are given by 

d P(t) 

dt 
  = — A,P(t) + o,Nn, (A-1) 

—— = — dADit) + ogNn, + A,P(t) (A-2) 

where, A, are the decay constants and o the absolute cross 
sections in which we are interested; n, is the beam intensity 

(atom/sec) which is related to the current integrator reading and 

charge state of the beam; and N is the number of atoms in the 
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target (atom/cm’). The solutions of the coupled differential equa- 

tions are 

oN ny 

  

Pt). =’ ——- . (er) (A-3) 
Xp 

(o + o)Nn = tt oN n - —rt 

t= ee eee el oe 
da i 

Measurement 

A source is collected on the tape for T,, seconds, so the source 

initially has P(T,) “P” nuclei and D(T,) “D” nuclei. The number 
of nuclei “D” is given by 

dD’(t) 

dt 
  = — AD/(t) + r,P’(t) (A-5) 

where 

P’(t) = P(T,) e *P 

By using the initial condition at t=0, D’(0) = D(T,), we find 

-_ 5 i out 

Di =Nn,} | —? — d -e Wy) |e Xp 
Aa Ap 

- | a —e *'b) ( eh eine ) Jem (A-6) 
Xa Aaa — Ap) 

Therefore, the counting rate R of a detector is 

  

R(t) = neodg D’(t) (A-7) 

where «w is the total efficiency of the system, and 7 is the 

y-ray abundance. 

Knowing the number of counts (n) detected in the counting 

time T., we can calculate the cross section, 

n er 
  

xT —F ae, 
= + (A-8) 

Geer 292) Sex 2'¢) 

6g= 

New N n, 
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where, the £-feeding correction factor F, is 

~~. F +x T 

a Se Oe Oe ST as 
Bo day | Ap a — e *a'by (fe ee) da 

  
  

Experimental o, values are obtained from the same equation (A-3) 
by putting F ie 0 and substituting o, and A, for o, and A. Now 

we can estimate the optimum counting or collection time at 

UNISOR. 
For simplicity; let o, =0; T,=T,=t and the total time 

of an experiment T, then the total counts are given by 

Ante 
l—e @ 

n(t)=n. Mi te eas 

Fig. 9 shows the relation of n’ vs t/T,,,. The maximum counts are 

obtained at t= 1.8 T,).. 

0.5- 
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Fig. 9 — The relation of counting time vs. total counts in the isotope separator 

experiment, The maximum counts are obtained at t = 1.8 T,,. 
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TABLE II — Unidentified y-rays observed in the ®Zn(12C, X)Y reactions. Raw 

total counts are divided by efficiencies (¢ and jw), beam intensitities (n,); 

and times (T,, and rT). 

  

  

I 
By 60.7 69.3 4 TS 90.0 

74.7 43 35 26 30 

121.9 10 7A 2.4 

143.2 155 43 29 68 

180.9 67 64 21 22 
358.8 101 98 37 
514.7 368 473 

626.6 Tl 

637.8 24 66 

657.9 409 193 95 245 

659.1 419 99 209 

812.3 66 81 

828.1 45 115 81 56 

843.4 65 29 

925.1 75 18 

44 11 16 

26 44 

16 35: 

173 70 30 

78 

30 27 

17 22 

17 19 

10 

27 

13 

52 17 

23 

45 

273 157 117 

321 160 

33 ll 

165 65 

37 37 

27 44 

PAT 40 53 

82 43 

59 31 

; 19 

48 _ 36 

8.2 34 48 

16 23 

36 14   
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