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ABSTRACT
40

Heavy ion beams of Ar (288 MeV) and 84Kr'(;600 Mev) from Hilac

14 20

N (100, 160, 250, MeV) and “°Ne (250 MeV) from the 88"

cyclotron have been used to bombard natural silver ta:gets.' Formation

cross sections, angular distributions and kinétic:energy_distributions

for reaction products in the range Z = 6 - 20 have been measured_using

gas AE - E telescopes. Kinetic‘energy distributibhs]éeherally agree well

with coulomb repulsion eflergies for binary division.'vAngular distribu-
tions are discussed in terms of relaxation time for the mass asymmetry

mode comparéd'to rotational periods.
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1. . Intfoduction

puringﬁrecent years there has been increased interest inlfé;
action studies with héévy.ioﬁs. On one hand SPéctroscopic“stﬁdies have
been perférmed’for reactions in which few nuéleqné_are tfansfefred.'
On the pther handbcompound nucleus reactions hayé*geen studied in which

large amounts cf excitation energy and angular momentum are introduced

by the heavy ions. In performing these studies some reactions have

been unveiled thaﬁ have characteristics bet&éen'thé two»éxfremes. Thesé
reactions are similar to compound nucleUs reactidns in that a high
degree of ihélasticity is associated with them bugkihey are also
$imi;ar to direct reactions in that there ;ppearé tQ be some éoupling

between entrance and exit channels. It is this latter class of reactions

_that will be emphasized in ‘the present discussion of some of the

experimentallwork'done by our groﬁp at Berkeley. In order to have a
guideline for the presentation of our work certain remarks should be

made concerning the expected properties of the intermediate systems.

. As shown by Nix [1] collective degrees of freedom are likely to control
- the fusion of the two nuclei. Furthermore, calcuiétions show that the

decay times, for example for neutron emission and for other modes are

of the same order of magnitude as the periods of rotation and vibra-

tion of the nucleus itself. Thus a compound nucleﬁs‘with the traditional

characteristics may not be formed. Indeed one may expect partial relax-

ation of some modes but perhaps not of‘others. ,with-thééé facts in'-mind

. we plan to present the data according to the following scheme:

I} The dissipation of the translational kinetic energy into
internal energy'will be determined by studying thé.kinetic enérgies of

some of the products formed.



2),3with regard to the relaxation.of'the-més§ asymm¢£ry>mode, it
is of in#erest to examiﬁe the'cros§ sections as ‘a function of atomic
number Z..
| 3)  One.may attemptvto study the decay time.Qf the'iﬁtermediate"
vsystem rélative to rotational periods-by~obser§ihg.ﬁhe ahgular distribu-
tions. | | .
2. .Eipérimental

vIn'our experiments we use AE-E coun;er telésc§pes to.identify
ﬁhe atomic numbers and kinetic’energies of the pérticles. Gasrproportional‘
counters Ié] wére used in the eérly_work but improvéments have resﬁlted
recehtly ffom<£he u#e of ionization AE coﬁntersvﬁﬁiéh ﬁave given atomic
numbef separafions ub to Z = 30. The countef téié§éopé$ can be moved
to different.angles to obtain angula; diétributithxand iﬂ.certain cases
one teleséépe-has'béen uséd in'coincidenceawith'aq E?détectbr,-

Wé have bombarded natural:silver targets_;ifh_lgN'af severél
| 20 B
10

compare these data with those obtained at the Hilac, where natural silver

enérgies and with Ne (250 MeV) at the 88" cyciétrdg.‘ It is useful to

was bombarded with full energy igAr (288 MeV) [3];.AA small amount of data
. were obtained by bombarding silver with full energy géxr (~600'Mev).

3. Results . ' ‘ ‘
| 40

3.1 - Kinetic Energy Distributions for Ag + - Ar. (288 MeV)

A map of total energy vs. AE at angle 30°fié‘shown in fig. 1.
One should note the large diversity of products fdfmed With-atomic-numbers
from z = 6 to Z = 20. Lower 2 prodﬁcts aﬁe obserVed*but they are not

plotﬁed hefef‘lof course, we also have the large quasi-elasfic aréon peak.

(%4




For products;néar the projectile, e.g. 2 = 16, 17:Qe‘have fwo components
in the kinétic energy distributions. The highéf eﬁergy peak we call

the guééi-élastic peak. It has an.éneiéY'CIosevtézthat of the elastic
scattered.particles. .The'lower energy;peak we éall tﬁe relaxed peak.

It has ah energy very close to the coulomb energy of two touching

- fragments in a binary division. Thus, it appears that one observes a

complete relaxation of the translationél kinetiébenérgyvinto the intrinsic
degrees of freedém. o ' ,

In fig. 2 we show the kinetic energy distfibutions_in thé center
of mass syStém-for atomic numberg close to thatlpf ﬁhe projéctile.. Thesé
data are shown for three different*angles;"The cfitical apgle is Zé°.

At angle 25° the quasi-elastic peak. dominates. (At'30°, a relaxed peak

appears, and at 40° the relaxed peak is dominant.

For atomic numbers further away from the projectile, e.qg. 2 = 12, 13, 14,

_the center of mass spectra measured at angles-ZS?fand 40° coincide very well

(fig. 3). The centroid energies, as before, correspond to the coulomb

energies of fragments in contact in a binary division.-

3.2 Kinetic Energy Distributions for Ag + 14N

These spectra obtained frém 88" cyclotroﬁ éXperiménts are shown
for purpdsgs of:comparison with thosevobtainedMaﬁitﬁé Hilac with aréon.
In this case;_l4N ions at three.different energies.were uséd; 100,l166,
and 250 M_eV.;' " | |

AS'before we observed a wide;diversity‘of products with separated

_elements up to Z = 20 and greater. In fig. 4, kihéfic energy spectra for

Z =9 and 2 = 14 are shown at various angles. One notes ‘a large difference

in energy for Z = 9 at lab angles 70° and 150° and fdr 7 = 14 at'angles



35°, 70° and 150°. However, in the center of mass,,all“the’spéctra over-
lap except'for Z = 9 at 35°. Thus a part of this iqtter spectrum does
not seem to be completely relaxed.

3.3 Summary of Kinetic Energy Distributions -

inlfig. 5, a summary is giQen of the mostfpfébable’kihetic'eﬂergies
for the ¥éiax¢d peak vs. Z in the lab éystem fof*thé'reactiqn Ag +.Ar'
(288 MeV)..:A large spread in energy at the variéds ang1es is observed.
Figure 6 sths'the result of'transferring these d§£a to‘the.c¢ptér:of
mass, where the results'fall in a;rather‘narrowjbéndffor all products
and angies,:.The uﬁper line is the coulomb repuigiggfehergy of two |
touching spﬁeres and the lowér 6ne~represents‘tﬁé”COglomb'enefgy_of two
touchingsphéroidsvwhich are éllowed.to achie§e ﬁheir equiiibrium déformation.

JIn fig. 7, we show the same dat§ for.Ag + N_(160'Mév).'"1h this-
cﬁse thé:éxPerimental points also agree wéll wifp the céulémb fépulsion
energy of:twé.touching spheres.

Th#sbthere seems to be a reasénably good understanding»of the

kinetic energy distributions which over a large’angﬁlar range are relaxed

and béhéve’as if the reactions»occurred'through é‘compound nucleus. In other

words, in most cases a complete thermalization offthe energy”has occurred.
The shapes of these distributions are roughly Gaussian and can

be reproduced quantitatively on the baéis of a purély statistical model [4].

3.4. CfoSS Sections
‘The cross sections as a function of Z can provide information on
the degreejof relaxation associated with the,mass7asymmetry degree of

freedom.

o



Evin fig. 8, we show plots of cfoSS secti¢ﬂ iﬁ mb/sr as a function
of 2 atlvarious angles for the reaction Ag +'Ar'(2§8 MeV).  One observes
an increase in créss sections as 2 incréases. ’Ah even-gdd-fluctuation
also can.be obscrved which seems to be commonplace:in‘reactiOns which have
undergone extensive relaxation. o

.‘figdre 9’5hdws similar data for the reaéﬁidh Ag + N (160 Mev).
These chéﬁ,sections show dramatic peaks in the fegion of 2 = 6, 7 and
8‘which‘is close to the'érojectile. These bea#s_deéreése in magnitude
at higﬁér angles and at higher_z va;ues where the ;rpss séction bécomes
roughly constant above Z = 12. - It éppear§ that the large peaks are
assoéiéted with coupling between the enﬁrance éﬁd ékit channels; A
further feature of the spectra is again the evén;ééd-fluctuation.

Similar effects are observed for.the case of Ag + N (250 MeV)
and for the éame reaction at 100 MeV.»'Howgyér,,in the-case of Z2's well
away from the projectile the cross sections for #he 250 MeV data are
“about 3 to 4 times.largef than for the 160 MeV caéé;and at iOO MeV they
'ére aboutfa factor_of ten lower than at 160 MeV. Thus, f0r high Z
products'thé cross sections are incréasing with éheréy in a way which
reminds usAbf the excitation functions aSsociated;with compéund nucleus
formation, '

3.5 . Angular Distribution

'Thg anéular‘distributions obtained fromibﬁf‘aata are espeéially
siénificant. .In fié; 10 botﬁ'the laborétory andéééﬁ%er'of’maéé angular
distributions for the reactioﬁ Ag + Ar (288 MeV)béfé shown. "All the
- angular aistributions associated with thé variouszafbmic humbers:are

strongly forward peaked. There is a suggestion Qf'é_Slight rise of the
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cross secﬁion in-the backward direction. It should be kept in mind that

the cross sections for reactions induced in this’way'axe modulated-by the

geometricel factor sii@ because of thevorientaﬁien'of the angﬁlar momenta
in a plane_perpehdicular to the beam direction,'_Thes, if a long-lived
compound necleus were formed, the angular distributiqns weuldbfollow a -
deééﬁdence. However, if the decay occursziﬁﬁaftime'coméafable te
the time of rotation the forward anglee will be éepuieted wi£h greater
pxobability'tﬁan the baékward angles. " |

In fig, 11 we show the anguler aistributions oﬁtained in the
reaction Ag % N (l60'MeV), ‘Here one obserQes a strpﬁg peaking in the
forward direction and distinct peaking is also seehein.the backWa:dv
directions. The forward peaking is extremely lafge;:perhaps‘of the Qrder
10-100 fo;'fragments close to the projecfile sUcA.ee_Z = S;VG, 7, 8, aﬁd )

9.  The angular distributions become increasingly flatter for heavier

fragmenté euch.as Z =10 to 14.and'ﬁere the deviatied.frem avsii@ distri-
bution is perhaps only“e_fac?o# of two in'thevforwérd‘directieh Whiie
the agreement eeems guite good_invthe'backwafd diéeeﬁien;

Oﬁe cbnciusion-that may be reachea.is-tﬁetvﬁﬁe forward backward
esymmetry suggest some general.ideas abou;‘the tiﬁelscale:fqr the processes
which 5ppeer to occur. The_time scale is cemparableTﬁieh thevperiod of
rofation ofvthevsystem. The time scele'fer the deeay of fragmepps close
to the projectiles is shorter than it is for the‘deeay of partieles
remevedrftem ehe projectile. This result may have_a‘simpie explanation.

If only a few nucleons afe trensferred therdecay fakés place.eerly.

Otherwise, more particles would be transferred. In this case the angular

g



distributions should be more pronounced inbthe'forward direction than
in the backward direction. If on the othe; hand many particles are

transferred,_the'décay time is long and the system will have more time

to rotate thus making the angular distribution more symmetric about 90°.

In conclusioh, there is some evidence that{these angular distri-

" butions méY-provide a possible means for studying;relaxation phenomena

which occur in a time scale shorter than previoﬁély investigated, perhaps

as shorﬁ.as 10-20 or 10"21 seconds. '
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Figure Captions

Fig. 1. Typical contour map A E-E obtained with éropottional counter.
Fig. 2. - Enérgy spectra for different eleﬁeﬁts &ééécfed in the |
' A4QAr (288nMeV)-induced reaction on natural Aé;: H
Fig. 3._Afsame as Fig. 2.

Fig. a. Energy spectra measured at different-angles;

Fig. 5. Most probable kinetic energies as .a function of atomic number

of the fragments at various. angles.

Fig. 6. Most prbbable kinetic energies as a fuhétiqn.of atomic number

of the fragment in the center of mass system.hJThe upper line corresponds

to the coulomb enérgies of two touching spheres. The lower line
corresponds ﬁo the coulomb energies of two touchidg spherdids ét
equiliﬁrium deformation. |

Fig. 7. Most probable_eneréies as a function of'atomic numbéf in-the.
center of.mass s?stém. .Thevline cprrespondsvtb ﬁhé.couiomb.eneréy
of two toﬁching spﬁeres. | |

Fig. 8. _Crosébsections for the formation of the identified elements at

‘various angles.

Fig. 9. Same as Fig.i8.

Fig.10. Angular distributions for the various_elemehts.

Fig.1l. Same as Fig. 10.
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