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ABSTRACT
We have'bombarded separated Sn and Te isotopes with hOAr projecfiles
in order to study the 1+OAr,xn reactions and evaluate them as a means to préduce ,
_exeited nuelel for spectroscople studies. Thié proves td be an excellent
meﬁhod for populating ground-band collective levels, as is well known to be -
the case with lighter projectlles, and such levels have been ldentified in thé '

~ 88-, 90-, and 92- neutron Er and Yb isotopes.
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'When.medium and heévy nuciei are bqﬁbarded with'heaVy ions.of mﬁderate
energy, the.dominantbreacfion has béen.found to be compleﬁerfusion followed by
~ the evaporation of neutrons (HI,xn), and a correct cholce of bombarding energy
can often lead to an almost unlgue prodﬁct. A ﬁumber of studiesl-l+ have
recently been made of the y-ray cascade which occurs as the last step in the
vde-excitatia1of a HI,xn reacfion product, and this technique promises to.become
van important one in nuclear spectroscopy. Thus far the "hea&y ion" used in
these stddies has ranged from protons to 19 « The purpose of this letter is
to reportvour results using hQAr as the projectlle in such studies.
| " The interest in heavier lons for these studies lies in: a) the con-
1siderabiy greater linear and angular momentum given to the compound system;
b) the accessibility fo regions of the periodlc table that cannot easily bev"v
" reached with lighter lons; and c) the production of very neutron-deficient |
~ compound Systems with lower excitation energy. The minimum excitatlion énergy
of a compound system increases with projectile mass upvto around 20 and then
decreases'slowly_because the larger negative @Q value for the reactiqn with,.
heavier projectiles more than offsets the increased bombarding energy necessary
to exceed the Coulomb barrier. This is of considerablevimportance for spec-
troscopic studies because a lower excitation eneréy, in general, permits the
 (HI,xn) product to be made more specifically, resulting in cleaner spectra.
Wevﬂave studled y-ray spectra from hoAr reaétions using a lithium-~
drifted germanium counter that measured 6 cm2 by 0.8 cm deep and operated at
2.0 keV resolution for y rays around 600 keV. In all cases this counter was
cat 90° to ﬁhe beam direction and about 2 em from the target; The targets |

"~ generally used, vwere prepared by evaporating about 700 ug cm_2 of separated
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1sotope'ontoga 0.005 cm thick lead backing. The purpose of thls backing was ‘
to stop the:recoiling'compound nuclei; otherwise the Doppler broadening was

observed to be serious.

In order to compare the hO.Ar reactlions with those using lighter pro-

170 130,

: . * Lo
Jectiles, we produced the compound nucleus Yb both from Ar + Te, and

from llB + 159Tb. Spectra taken close to the peaks of the Un and 6n reactions

- for theée systems are shown in Fig. 1. The excifation energies in 170Yb*
required to maximize the Yn ylelds ffom the two systems are equal within the
experimentel error of ~10 MeV. The promilnent <y rays correspond to the transi~
v'tions‘betweén'members of the ground-state rotational bands in 166Yb and l6hYb,
and the énergies are in close agreement with those given préviously.3 It is
clear that-the peak to background ratio is poorer by a factéf df 2 or 3 in the
hQAr reactions. The results also show that the increased angular momentum of
the uQAr éystem, over that of llB, does not result in the appearance of higher
members of the ground-state rotational bands. However, for the qur reactions
described here, the yields of the cascade transitions are approximately equal
’up to nearly the.last observed one; whereas,'for the llB;hn reaction, the yield‘
of successively higher cascades drops steadily by incremenfs of abéut 15% éf
vthe yield of the 2+ — O+ member.

Gemma-rey spectra’ from the reactions lQu’lge’lEOSn(hQAr,hn)

2 has previously studied'l6oEr. Energles for the |

160,158, 156&, .

are shown in Fig. 2. Morinaga»
ground-state band transitions in £he 88-, 90-, and 92-neutron erbium ahd ytter-
bium 1sdtbpes arevgiven in Table'I, and are expected to be accurate to 0.2%.

In other WOrks6 we will discuss these energy levels more;fully; however, it is

apparent that the 88-90 neutron discontinulty is smearing out with increasing

proton number.,
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The:peak.éfoss'sécﬁioné for uQAr,hn.feactions on the Te isétopes ﬁere _
méaéured béth'absolutely, and by comparison'on_the séme spectrum ﬁith the |
yleld Qf‘thé_Coulomb—excited 2+ - 0+ trénéition of the Te target.6 The égfee-
ment betweenAthe two methbds was good, Cross sections for the reactioné on the‘
vSn isotopes were measured only by the absolute method, as the Coulomb excite-
Vlvtion lines were serilously Doppler broadened. These results are summarizéd ;h.

" Table IT. Ve ﬁave assumed thatvthe yleld of the b+ —2+ or 2+ - 0+ transition
in the ground state rotational band represents the entire AQAr,hn cross section,

7

Our cross sectlons are around half of that found by Kumpf and Karnaukhav' from

lll.*Cd. These 4n cross sections

radiochemical studies of the hO.Ar,hn reaction on
on Sn and Te peak rather near theACoulomb barrier, ahd thls undoubtedly reduces
v them considerably,Apérticularly for the highest mass-number téréets which peak
‘at the lowest bombarding energy, The drop In hoAr,hn cross section for the
" lightest targets may‘arise from Ilncreasing neutron binding energy and decreas- ..
| ing alpha binding energy with decreasing mass number.

It is interesting to tr& to draw some conclusions about the evapora-
tion proéess from the cross sections. We will assume that the system may be
treated classically, an& that the HI,xn cross éection, Oy LEY be related to
~an "interaction radius" within which all collisions lead to neutron-evaporatién‘
reactions, and outside of which none do. From this interaction radius ﬁe can

then calculate the maximum angular momentum (zmax) contributing to the neutron-

evaporation reéctions to be.

max = T2 Y H Bem 0 4 ' g V (l)
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| vhere £ 1s in units of 'ﬁ,. o, 1s in barns, u 1s the reduced mass in mass .
units, and E,, is the center of mass energy in MeV. If we take an lLO.Ar,lm
Cross seétion of 200 mb, and add an empirlcal correction for 3n,.5n, and other
xn reactions we get a'neutron-evaporatién cross sectionlof around 400 mb at »
o ~160 MeV bombarding energy. We then find Zmax 1s about 50r. This interpreta-
_tion implies that in.these cases the compound'nuclei forﬁed with spin less than
- ~508 will décay‘by neutron evaporation, the remaining fraction (greater than
_ ~50h)_going into & emlssion and other processes. Realistically the aipha
competition must build up smoothly with increasing dngulér momentum, and the
- 501 calculated here represents only some'pbint where alpha emission (or other
process)ibecomes domlnant. Furthermore, it seems clear that this point varies
somewhat from nucleus tb nucleus, probably with the relatiﬁe_heﬁtron and alpha—b
particle binding energieé as mentioned above. The result of 50h appears %o be
'*'Ain disagreeﬁent with the caleculations of Jaga_r-e8 which suggest that @ emission -
| becomes important at spins of only 201 ih this region.

Since each evaporated neutrqp is unlikely to decrease the angular
momentum of the system by more than 2-3h, the products of the neﬁtron evapora-
_tions must have spins up to at least hOh. The fact that'stétes 6f spin gfeater
than 1l are not observed indicates thét the level scheme of the final nucleus
must play an important part in defermining the populations of the grouﬁd—state
rotatlional band members. We can try‘to go further and consider how the level
scheme could produce the observed rather sharp feeding of the band around a partic;
ular SPin-Yalue-x It appears to us that in each case the feeding occurs at an
excltation energy above which other states of a given spin might lie near or éven

below the ground-band states of that spin.  Such states would compete for population,
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end thus make 1t ifficult to detect the'higher ground-bend trensitions. The
point at which this kind of competition cuts off fhe ground-band éopulation'
would be sensitive to the ground-band energy spac;ngs,and could plausibly vafy
1like the observed cut-off points—from a high of at least 18 or 20 for some
good rotational nuclei to a low of 6 for many vibrational nuclei. Such & scheﬁe
would have some interesting consequences, but is rather speculative at the
present time. ‘
Using a pérticle ldentifler system9 vwe have also meésured the evaporated
(01 paiticles from targets of lahSn and 150Te, bombarded with hO.Ar projectiles.6
These cross séctions are around 100 mb at 160 MeV bombarding energy.  Thus at
this bombarding energy we‘obtain about 0.5 b for the compound nucleus cross-
section, assuming it to be tﬁe sum of the xn and Qxn cross sections.. The
calculated total reaction cross section 1s very sensitive to the radius param-

“eter used in these cases; however, values around 0.6 b seem most reasonable.lo

The situatlion then appeérs to be that most of the hOAr total reactlon cross

section goes into compound nucleus formetion as is found with lightef projec~ i

tiles. PFurthermore, for the heavier targets, neutron evaporation is still much
the most prominent mode of decay of the compound nuclei, although aipha’emis—

sion is becoming significant. The poorer peek to background ratios observed

" in the gamma-ray spectra from the hoAr + 0p¢ system (compared with Mg . 15.9Tb)

arise»partiy (perhaps largely) from the fect that the excitation functions of
the indlvidual 'xn-reactions are broader, resulting in a smaller fraction of the
total HI,xn reaction golng into & particular value of x at the optimum energy.

The high angular momentum is expected to produce this effect.lo

e e —————
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These experiments éhow that it 1s.cleérly feasiﬁie to maké spectfo-v-
scopic studies on the de-excitation cascade of the products of hQAr;xn reaétions,
Extrapolating to heavier projectlles, we see two gompeting trends: (1) higher
angular momentum, leading to a smaller fraction of the total cross secfion
: gding into a particular HI,xn reaction, and (2) lower compound-nucleus excita-
tion energy (compared.to hO.Ar), which should héve jusﬁ the opposite effect.

’ The former trend may well.predominate, glving somewhat poorer spectra from

: BAKr,xn reactions, for example, than from hQAr,xn. However, 1t seems likely
that spectroscoﬁic studies of such systeﬁs will also be possible. One should
keep iq mind, however, that apart.from the projectile involved, tﬁe relative
| binding energies of neutrons and « particles in the compound sysfem affect
.the HI,xn yleld, and this consideration, rather than finding a target-

" projectile combination, may well set the 1imit on how far toward the neutron

_deficient side one can study by this method.
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.Table TI. Rotational fransitibn'energieé (xev).>
N=9% . N=9 N = 88
160Er‘ | 162, 158, 160, .156m~ 128y,
250 126.2 166.5 192.7 243.,0 34l L 357.9.
b »2 264 .3 320,2 335.7 . 395.3 L52.9 476.0
6 -k 376.3 436.2 4h3 .8 508.8 543%.2 548.3
8 56 464 6 521.2 523 .8 588, 7 618.2 |
10 -8 - 532,1 569.4 5797 ~636 ~675
12 510 5794 608.7 |

4

{

®The accuracy of these transitions is =0.2%.
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Table II. hO.Ar',‘lm peak cross sections»(mb)’.»
Target Target mass number
120 122 12k 126 128 130
- Te 85 150 210 200 190
Sn 135 200 150

. .
These cross sections are based on the yield of the ground-state rotational
band of the product nuclei. The accuracy is expected to be tzo%. The reac-

tions peak at energies between 150 and 170 MeV.

D
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| FIGURE CAPTTONS | |

Fig. 1. Comparison speétra of 166Yb_and l6qu préduced byvllB,xn‘énd hQAr,xn
feaétions. The Ge(Li) detector was 6 em® X 0.8.cm'déep.

Fig. 2. Gamma-ray spectra following lj'O.Ar,ll-n reactions on separated Sn targets.

The Er isotopes produced are those having 88, 90, and 92 neutrons.

NN e o e A e S A Ay s e e
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