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) ABSTRACT
Experimental excitation functions'have been measured for nuclear

"o, o + 015, 200 + g, 80 4 3%, ana e + Bsy,

reactions 3He’+
: .- . L8 48 g 3 . ’
The:observed products are Cr and 'V, and for the "He- and a-induced
reactions, the 9Cr production cross sections are also meéasured. The
excitation function h6T (a ,p) % is also obtained. Simple theoretical
calcuiatlon based on the compound- statistlcal model is performed to
calculate the excitation functions from 3He'and a reactions and found

td sgree reasonably with experiment.

" The observed cross sections from the 180- and 22Ne-induced reac-

~tioms havé_been_st:ongly suppressed by the Coulomb barrier. The

b

Ti(3He,p)hQCr excitation’function is sﬁnilarl& found to be én order

of magnitude smaller'than that for the éorreépbgding a-induéed reaétiéh.
A diéplécéﬁent of thevexéerﬁmental eXcitatidn fﬁnctions relative

to_éne another'along fhe excitation energy axis islébserved aﬁd'explained

by the effect of angular momentuﬁ upon the dé—excitation of the ccmpound

nucleus.' The shapes ana magnitudes of the ratios of the Qarious expéfi-

mental excitation functions indicate the compound~nucleus nodel can be |

epplied to these reactlons. Bohr's 1ndependence postulate is valid, if
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corréctions'are ﬁade for the diffefeﬁce in anguiar moﬁentum of the 4if-

lféfent entrance éhﬁnnels. | |
. Récoil ranges‘fﬁr thr énd hecﬁ from a + hSTivreaction Are

' obtained by measuring the_fecoil distribution of'thgse nuclei from a

thick target. These recoil ranges are found to be consistent with the

calculation based onvthe theory of Lindhard, Scharff, and Schigtt for a

campound-micleus reaction.
. % .

@«



I INTRODUC'i‘ION
‘Tne’observation of nairo#.reSOnances from nuclear reactions with
low enorgy néutronsvled Bohrlvto introduce A conpound nucleus mechanism
for nuclear reactions in 1936. The narrow widths of the neutron absorp-
tign'implied; according to the uncertainty principle, a long-lived

excited state after the absorption of the neutron. This reaction model

- . . . . N
is extended to nuclear reactions involving other projectiles. In this

‘model, the incident particle fuses with_thé'target‘nuoleus and the exci-

tation energy is distributed quickly and randomly among all nucleons in
the mucleus, forming a compound nucleus. The compound nucleus then

de-excites slowly, in the nuclear thne'scalé, by”emitting particles and

' gamms rays. Wéiéskopfz'showed how to treat the decay of the compound

micleus in a statistical way. 'EricsonB extended the model to6 1nclude
the conservation of angular momentum and a formalism for the study of
level den31ty. Since then the compound-statlstical mechanism has been
videly applied to nnclear reactions of low and intermediate energies.

‘ The validity of the assumption that statistical equilibrium w1li
be.ottained‘in the excited nucleus has been investigated by Harp gE_gi.s

They solved numerically a Botzmann-like master equation for a Fermi-gas

'sYatem and concluded that with excitation energies even up to the
vicinity of the total binding energy, the bulk of the de-excitation of
.uuclei may be treated as emissions from an eqnllibrium system.

Experumental evidence for the concept of compound nucleus reaction‘

greatly increases in the 1960's. Messurements of particle evaporation.

6,7 9

spectra, nuclear temperature,8 fluctuationé in excitation functions,

complete fusion reaction cross sections,lo recoil range distributions,ll

~

isameric yield-ra.tios,l2 and conventional excitation functionsl3 were

e -



made; Only experiments for the direct measurenent of the compound nucleus
life time 1k remain untried. | |

On the theoretical front, calculetion of excitation functions
baaed on the compound—statistical theory 15 . were made possible by high
speed electronic‘computers._ Incfeasing attenticn'has been paid to angu-

17

ler momentum effects,16 nuclear shelI effects, and the effects of the

campetltion between part1cle and geamma emlssion on the decay of the com-

pound nucleus.18 19 Recently, attempt has been made to unify the compound

nucleus model with the microscopic approech to muclear reactions.go

- One- of the features of the compound nucleus reactlon model is
the independence postulate--the decay of the compound nucleus is inde-
_pendent of its mode of formation. Ghoshalal devised a method of testing
this.postulate by forming a compound system from different entrance chan-
: nela and then comparing the production of the same final radlonucllde.

Many experiment522 -25

followlng Ghoshal's work has been performed and

the results agree qpalitatively with the compound micleus model In

v forming the compound nucleus, however, there are many constants of
motion, in addition to energy, that must be conmserved: linear momentum,
anguiar moﬁentum,26 parity, nucleon.number, and possibly icotopic spin.8
In the clacsicel'test of the ihdependence postulate, oniy energy, nucleon
mumber and linear mamentum consefvaticn are conside:ed. Tﬁerefore,
apparent violation of the independence postulate is.expected for sysﬁens
bfcfmed with significantly different angular mamentum or:isotcpic spin.

27

More recently, D'Auria et al. tested the independence postulate by

i ‘ [ .
"See Appendix V.

4
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taking into account both the eicitation ehergy and aﬁgular mohentum.. They

verified the independence postulate for the Togy campound nucleus.

In this work, the compound system 5oCr'-is investigated. The

reaction cross sections for pn and 2n evaporation are measured in the
"{ so-compound nuclear system" tr;diiion. The effect of positive reaction

Q values and the muclear Coulomb barrier is noted. For the reactions

3

involving “He and hHe particles, the excitation functions are calcu-

lsted based on the campound-statistical theory. The effect of high

angular momentum brought in by heavy ion bombardments are also discussed.

Far.the hHe reactions;,RSCr and %9

28

Cr recoil ranges are measured by a
thick-target method.“~ It is hoped to establish the validity of the
compound nucleus reaction mechaniém to systems with masses near 50.°

The following reactions were studied:

h7T1(3He, )% %6pi(a, n)*%r
| and |
'»h7Ti(3He,2n)h80r hTTi(3He,pn)h8V
h6T_i(a,‘2n)h80r hSTi(a,pn)l‘Bv
Mg(200,20)8cr  34s5(260,pn) "0y
325280, 20)"8cx  325(38,pn) "y
2881(22Ne,2n)h80r B4 (22ye,2n) 8y



-Il; EXPERIMENTAL PROéEDﬁBES
?'Experimental determinations of therexcitation functions for the.

ﬁpcléar'reactloas’in this work were performed using the stacked foil
. metaod{ Aluminum foils were usually-usea as.beam degrader and target
support. The target support‘also served as recoil catcher. Normally
'several sets of degrader-target-support were stacked in a target holder.
Ion beams from partlcle accelerators were allowed to impinge upon the
b.target.
| After the bombardment, each target support unit was mounted on

a 1/16 in¢h alumlnum card and counted with a Ge(Ll) Y-ray detector or

a Si(Li) X-ray detector. These_Solid state detectors were equipped with

linéar amplifiers, multichannel'analyzers and sometimes a magnetic tape
recording’ dev‘iée. | |

Data from the multichannel analyzer were fed into the CDC 6600
'computer for photopeak analyses. Because the solid state detectors used
have very good resolution, the radioactive decay curves obtained were
often of the‘singleQCOmponent type, such that hand analysis was saf-v
ficient. Sometlmes the decay data were fitted by computer, in the
least-square_secse, to thekradioactive decai equation.

Tpe result of the decay carve'analySis:is a set of counting
rates at the ead of bombardment for the product nuclei. These counting
rates were corrected for detector.efficiency and decay branching ratios
to obtain the absolute disintegration rates at time zero, Dg-

The reaction cross sections were then calculated by
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where O_ = cross section at a given energy E, in cn2,

o
#

disintegration rate at the end of bambardment, in dis/sec,

‘target thickness inﬂatoﬂSZémz; .

I = beam intensity in particles/sec,

A

decéy‘cbnstant of the radioisotope;‘in min-l,
T ='1eﬁ§th of bombardment time, in ﬁinutes..
Details Sf the experimental procedureé are discussed in the fol-
lqﬁing sections. Durihg.the cdu;se of this‘work; nuclear forward-recoil
éxpérimenté vere also perforﬁedQY These rééoil:rénge measurements will

be discussed in-paft’V of this report.

A. Target Preparafion
Most targets used in this wqu wéfe preparéd by'vgguum evapora-
ticn;_'Normally, circular foils l-inch in diéméter were punched out from
a 0.25 mil (N 1.8'mg/cm2) aluminum foil‘and_uSed as target suppdft. These

aluminum foils were placed inside a vacuum evaporation apparatus. The

‘target material was theh evaporated in a tungsten crucible onto the

- alumimm foils to form a circular surface 3/b-inch in diameter. The

thickﬁess of the target was-calcuiated*from the weights of the aluminum

foil before én& after.evaporafioh and the known area of the deposited |

material.: The tﬁiéknéss of the target material waé’typicaily'soo pg/cmz.
Up to‘six aluﬁihum foils cah be“plééed in the vacuum’evaporatibn apparatus
approximately the same distance from the crucible.u The thicknesses.bf
the six targeté obfaiged from:one evaporation.usually agree to within
$#3%. This is an indication of good target unifprmity. Observed under

a low-power microscdpe, the evaporated surface was normally very smooth.
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 After evépbratién fhé foils were mounted on lS-mil stainless
stéél rings to prevenf thé-evaporatedvméterial from touching other far—
get foils or aluminum degrader foiis when they‘vare assehbled into a
stack. |

3

hTTi'+ He

Most Qf the titanium targets for y6Ti +>hHe and
feéétioﬁ sﬁtdies'wefe:prepared by vacuuﬁ eVaporation ﬁsing the enriched
isotpﬁes obtained from Oék'Ridge.Naﬁional LabOratory. The iéotopes are
in the form of titanium dioxide. Because vacuum evaporatién involved
high temperature and may change:the chemical'COmpositiOn.ofbtitanium
.dioxide, é few.térgets were analyzed colorimetrically for Ti content
(Seé:Appéndix I)..

Same of the titanium targets were prepared by sedimentatién
. method. This was done.by'séttling'a.suspehsiOn of titanium dioxide.

powder in alcohol onto 1-mil aluminum foils by means of a glass tubing,

3/b-inch in inside diameter. The settling time was about one day. Then

the settled oxide was baked at' 200°C for one hour.to remove orgenic
impurities. Ten-mil copper rings were then mounted to protect the
layer. The thickness of the settled layer was calculateéd from its
weight and area defined by the settling glass tubing. Usually uniform
-target, 1 mg/cm2 thick, was obtained.
v g s 1800320 |

The sulfur targets used in 0 + 7S reaction were prepared by

vacuum evaporation of natural sulfur on 1/4-mil aluminum backing foils.

‘Because sulfur has a low melting point:and is a poor conductor of heat,

further treatment of the evaporated target is necessary to prevent loss

of targer sulfur material during bombardment. A thin (about 100 ug/cme)

aluminum coating was evaporated onto the sulfur,

surface to serve as

cover and heat conductor. The target then was mdﬂhted on a stainless
A . D _

steel‘rihg as before.

A
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. the abundance and expected reaction cross section for the S and

from Oak Ridge Natlonal Laboratory.

The evaporated sulfur layer was not’uniform, it showed "mountains
and valleys"»under a-microacope. However, the pattern of these mountains
and velleys of sulfur material was qulte regular and was evenly dis-

tributed throughout the evaporated surface. During 180 bombardment, a

‘wobbled beam wae used so that the sulfur target can be regarded as uni-

forn. |
Natural sulfur contains 328(95%); 338(0,8%);'and 3hs(h.2%).

32, (18 32518, )48y,

3hs

Because the reactions'studied wvere 0 2n)h80r and

‘

33

isot0pes are too low to interfere under the experlmental conditioms.

For l60 t3hS reaction; the sulfur targets'were prepared in the

‘same way as the natural sulfur targets, except 3hs enriched sulfur was

used instead of natural sulfur. The- enrlched sulfur was also obtained
Natural silicon was used to prepare targets for the 22Ne + 2881
reaction study. The Si targets were also prepared by the vacuum evapora-
tion method. |
Table Ifsummarizes‘the‘massianalysis and chemical composition of
the materials used_to prepare the targets. The data of the mass analysis

of the enriched isotopes are obtained from Oak Ridge National Laboratory.

B. Range-Energy Relations

Determination of beam energy on each target ia based on the
knowledge of the energy—loss of charged partlcles passing through
various target materials. Although experimental measurements of the‘J
energy loss by charged_partlcles are scarce, there are several theoreti-

cal calculaetions which agree with existing experimental data.29’3o’31



‘Teble I. Mass anal

ysis and chemical composition of target material.

30 3.1

Target Mass analysis Chemical impuritieé.
(max imum )
‘mass number percemt " (percent)
Titanium-6 46 | 81.2 Ca -~ <o0.01
(110,) L7 | 2.1 Fe < 0.05 v
8 1k st < 0.07
kg - 1.1 W< 0.05
50 | l 1.1 vothers_negligible
_ Titenium-L7 L6 ' 1.9 Fe < 0.02
('Tioz). | w195 51 < 0.03
| - L8 . 16.5 | others neéligible
L9 - . 1.i
50 ' 1.0
Sulfur-3b 2. . 65.9 Zn < 0.02
33 o 0.57 Al,C4,Cr,Cs,Ge,Ni,
£) R 33.5° . Pt,W, Zr each < 0.05
36 < 0.05
Sulfﬁr | 32 - . 95.0
(natural) 33 | 0.76
KL S - L.22 negligible
36 ~ 0.01k »
Silicon 28 . 92.2 ?
- (natural) 29 kLT negliéible
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Steward’s program.

32 has recently developed a method for cglculating ranges of any

Steward
cheréedvparticles in non-gaseous media.

For JHe and 'He reactions, the tabulation of williamson, et a1.%”
was used. For 160,>180; end'22Ne reactioné, éteward's program was used.
Figﬁre 1 represeets_a fypieal range;eﬁergy curve ae'calculated:by

Calculation of beam energy after the charged partlcles has passed

-through a certain thickness of degra.der or target material can easuy be

done 'by flrst flndlng the range of the lnltlal beam, then subtractlng
the_thlckness of-target or degrader to ‘obtain the res1dual range, and
finally reading the residual energy from the range-energy curve. This

procedure minimizes the effect from the errors in absolute magnitude

~of the range;energyecurves, because only fhe differences in ranges and

‘energies are used.

The uncertainty in beam-energy determination is mainly due to
the uncertainty in the initial energy froﬁ the accelerator, beam-energy

spread due to degradation through matter, and the veriations in target

'~ and degrader thickness. For heavy-ion reactions the uncertainty can be

as large as 2 to 6 MeV at the low energy portion of the beam.

C. Bombardments _
33

The Berkeley 88-inch spiral ridge cyclotron~~ was used for 3He-

and hHe bombardments. The initial beam energies were 30 and hT-MeV'

4
respectlvely for 3He and He with energy resolutlon of about O lh%

Tpe.current used is about 1 uA(3.lh.X 10 He /sec). The bombardment

 time was from 10 minutes to ‘one hour;_-
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IAl“ln‘_,llllLALJ“J,lALlllllllljlllljlll]ll‘llll‘llllJllllllle‘lAlJLl

_Cu"

i0
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XBL 701’0-6850_

Fig. 1. Range energy curves for 16'O particles on natural copper (Cu) and
aluminum (Al). These curves are drawn from the calculation by ‘
Steward (Ref. 32). Curves similar to these for other ion-target pairs
are used to determine the bombardment energy for each target in the
stack. ,



v.Fdr 160, 180, and.?eNe bombardﬁen£s,.fﬁe Berkeley Heavy Ion

Linear Accelerator (Hilac)3hvuﬁs used. The Hilac supplied a pulsed beaﬁ,
2 mséé éer pulse and 15.pulses per sécond,'of'e;ergy ;O;h + 0.2 Mev
per mucleon. The current ﬁsedjwés about lSOInanbamperes. This low cur-
rent was neéessgry'to:avoid burning.the targets;  The heavy ion beam
was 6fteﬁ wébbléd to énminate hot spots' in the target. vBomba.rdmen't
time wvas typically I to 1.5 hours. |

, The Hilac.vhs alSo-uSed for 3Hé and l‘He bombardments. The-energy
3

for “He is 31.2 *+ 0.6 MeV and for hHe’is 4b1.6 * 0.8 MeV. Bombardment

time was usually 20 to 60 minutes. The excitation functions obtained

frdﬁ'the Hilac runs do not differ significantly from the 88-inch cyclo-
tron runs. '

The target holder for most of the experiments vas the copper tag

target holder, shown in Fig. 2. vThié'target holder is a copper block

ﬁith:a water cooling syétem. The téfget fbil§ with appropriate degrader
foils and cover foils were screwed down Qith-a 3/16-inch thick‘aluminum
collimgtor.' The.target_holder vas.then.insertéd'at the gnd of the beam
pipe and properly shielded by a magnetic.field, sovtﬁat the target holde;
can be used as a Faraday cup. ‘The beam current can then be meﬁsured»

directly and continuously. The total current was recorded with an

‘integrating electrometer.

D. Counting - Procedures

After ifradiation, the target ﬁas'diSmantled, and the target

foils were mounted on standard alumimm counting cards, 3-1/2" x

2-1/2" x 1/16" in dimension, with a slight depression in the center.

The mounted samples vere counted with a lithium-drifted germanium
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Side View
- . Cu.
- Targets Block

Cold water
' -1 Tmm ‘:—'JC«"__‘I_G er
Beam _ > - |
. -—j Jildd :J_______)
Colllmater Degrader

Foils

— Collimator
—Cu block

XBL 7010-6851

Fig. 2. Copper tag target assembly used for bombardments. The particle beanm
is usually collimated to 3/8" before reaching the target assembly. The
purpose of the Al collimator in the ugure is mainly to secure the roils
-in the target. : .
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' were.plahaf.detectdrs'having active volumes 1l em

 fier system (see Fig. 3) designed by Goulding, Landis, and Pehl.

=13~

n 35 36

gamma-ray detector>’ or a lithium-drifted silicon x-ray detector.’  The

fabrication and operatioh of'theée'high resolution semiconductor devices

has been deséfibed'by Gouldihg;37' The radioactivities detected in this

work are summarized in Table II.
‘Two Ge(Li) Y4ray'détecto£s.vere_empldyed in this work. These

3 and T cm3. The smal-
ler detector was conmected to a high count rate, high resolution ampli-

38A

39 3

linear amplifier-biased amplifier system was used with the 14 cm
Ge(Li) detector. The amplifier signals were led to either a LOO—channel

. i o ' o :
Victoreen 0 or a 102k-channel Northern Scientifichl pulse-height analyzer

_ for ‘singles spectra. The resolution of the gamma-ray detector systems

are about 2.5 keV and 1.4 keV (full width at half maximum) at the 122 keV

o1 3 detectors, fespectively.

Cé'gamma—ray for the 14 and 7 em

The x-fay-detector used ﬁas.a lithium drifted:silicon detectof
with a beryllium window. X-rays as low as 3.5 keVbeﬁérgy can be measured
with a resolution of ‘about 0.5 keV.. A resolution of O;l keV could be
oSta.’_i_ned if a puised-iight feedback preamplifiefha is used.

The data accumuleted in the analyzer can be printed out onto a

paper strip or writtén on a magnetic tape. ' The magnetic_tapefpulse'height
43

analyzer interface unit (see Fig. L) was designed and built by M. Lee
' | | b

in this laboratory. The tape’recordér used is available commercially.
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Table II. Radioisotopes measured in this work.

Half-life

" Major radiations .

‘Nuclide Decay mode
B (keV) (yield/decay)

Yer " 41.9 min 8*  ous 63.  (14%)
' ~BC 6% 91. (28%)
- 153. (13%)
511, (186%)®
o 23 hours EC 1008 116. (98%)
310. (99%)
‘h9v 330 days EC . 100% k;S Ti x-rayb
48y | 16.1 days B A ST si1. (120%)*
| EC 39% 963. (100%)
S1312 (97%)

e‘Thev511. keV radiation is from Anhihilation of poSitrons.

bSee Appendix IV for the percentage of Ti x-rays per decay of

th.
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Source -
Detector fast _ Pile-up Pulseheight
- Re jector Apalyzer
| N Gata
Pre Linear ~ |slow Mixer | Biased
Amp Amp Delay Gate - Amp

Fig. 3. Block diagram for the'highvcount raﬁe,.high:résolution gamma-ray

detection system.

XBL 7010-6852
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Phlseheight
~ Analyzer

Reéorder-

~ Analyzer

"

| Printer

‘Alphanuneric
Generator

)

Tape
Recorder

XBL 7012-7472

Fig. 4. Magnetic tepe recorder or prihter readout system for spéctra

“recording.
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' E. Data Analysis

'

- Most of the spectra from the analyzer vere vritten onto T—inchi

 reel magnetic tapes. Other spectra vere printed on paper strips and the

 date were later punched on IBM cards. The spectra were then fed into

a CDC 6600 computer for‘phétopeak analysis. The gamma ray spectra
analysis ﬁrégfam, SAMPd, waé aeveiopéd by Roﬁtti and Prussinhs in this
laboratory. Detailed épplications of this camputer code is given by
Bernthalh6 and Rciutti.u7 'The SAMPO program attempts to fit the gamma
r&prhotopeak by & Gaussian function with an exponential tailing off on
both:the low- and high4ehergy'sides.’ The éodé'Can also be used to
resolve multiple peaks. - | |

A sample gamma ray spéctfum‘isVshovn in.Fig. 5. Cdmputer
anhlyzed sihglesband dbubleﬁ pﬁotopeaks‘with thé residuals are shown in
Fig. 6 and Fig. 7. . |

The result from the gamma ray photopeak analysis is a set of

photopeak intensities at various energies. 'In this work, almost all

-the photopeaks are from & single radioisotope. Normally a graphical

decay curve analysis was sﬁffiéieht to obtain the decay rates of the
fﬁrious radicactivities at the end of bcmbardﬁenf. Ih some cases a
ledstvsquare code was ﬁsed to resolve.the decay components or to yield
avbetter fit to the single component.decay'curve. Two programs havé

been used, RADh8 and‘CLSQ.h9

Both codes can treat decay curves of up
to 10 components and yield solutions for helf-lives, initial activities,

and standard deviations in the fitted parameters.
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III. EXPERIMENTAL RESULTS
The reaction cross sections-fbr thé'following nuclear réactions

were measured:

hHes* hsTi o ._.j geCr,f 2n
Boag Mt
18, , 32 .’_'. - B ' -uBV + pn
2QI‘Ie + 2881‘ - ” |
Prbdﬁction of'hgcr or h9v from‘hHe andiBHe reactions waszalsb méasuredf

The excitation functions ére‘presented:in:Figw.S ﬁhréﬁgh Fig; 1k, ?he
following seéﬁians deal with the propertieéjof thé e¥citatioh'functions.
Nucléar reactioh Q velues and Coulomb bﬁffiefs éré summarized in Table
III for egsf-feferénee#

Experimental and theoretical considerations for recoil ekperiments

of thr or-hSCr ffom 3He and hHe reactions will be given in Chapter V.:

_ ~A. Excitation Functions
1. “He + M6ny | |

The Q valuevfor the nuclear reaction hHe +»h6Ti - 50C.r*vis 8.6 MéV,.
ﬁhiéh is considerably lower thah.ail'oﬁher nuclear reactioﬁ pairs studied Ny

in this work (see Table III). The reaction Q values for the production

L9

of . “Cr and 9V are only slightly negative, thus the reaction threshold

is the Coulomb barrier and we should expect to see the‘peak of thése

k9

excitation functions. Figure 8 shows the excitation functions for “Cr,

L : ‘ L _ _
h9v’ 8Cr, and h8V production from.hHe + 6Ti reactions. Indeed we see

that the excitation functions (ayn) and (a,p) do go through a meximum.
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Table III. Coulomb barriers and Q values for reactions of interest.

Reacfion pair Product N .Coulcmb barrier™ | Q va.luesb

' (MeV) (MeV)
3ge + “Tng *Ocr 8.k 20.3
hoy | 10.7

thr 7.4 .

hBCr , - 3.0
l‘ay‘ - . _ - 0.8
Yge + Op; O 8.2 - 8.6
_h9v | | - 1.0

49 ) . | - b

88, o -14.8

18y o | | -12.6
165 434 20¢r 21.3 | 15.6
h8Cr _ ' - 7.7
8y | . -5.6
18y 4 3% 0y 212 235
Mo ‘ 0.2
48y » 2.3
2ye + Bgy - 50 - 23.0 | 20.8
»  h8Cr ‘ o ‘ - 2.5
By - 0.k

8The Coulomb barriers were calculated with a nuclear radius parameter

r, = 1.5 fm. |
bQ values were based on the masses given in Table of Isotopes (Ref. T0).

N
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The widths-of ﬁhe Cr aﬁd exeitafion functions are consistenf with
that glven by the evaporatlon theory (see Chapter IV).

In spite of the expected suppression of proton evaporatlon by
the Coulamb barrier, the (a,pn) excitation function is much greater than
‘the (a,2n) excitation functlon.A The greater probabillty for proton
emission can be explalned by the dlfference in the 1evel densities of

the product nuclel. The (o,pn) product is haV(odd-odd) which has greater

‘pumber of- available levels than the (a,2n) product nucleus hBCr(even—even).

Therefore, there are more open channels for proton emission than neutron

eﬁissien, and enhahcemept of (a,ph) reaction results. The same phenomenon

hae'been obsefved,‘by Mafkowitz,vMiller,'and Friedlanderso in lJ'He' + 5OCr

reacfione, and.by i’orileSl in hHe + 6th, and by bth_ers.52
The cross section for (a,n) is greater than that for (a,p)
. reactionf As exﬁected, pfotohveﬁissiOn is semewhet inhibited by the
Couloﬁb'barrier, when both the product nuclei'ere:Odd—A.

Both the excitation functions (a,n) and (@,2n) are directly
6bserved and calcuiéted from gamma ray spectra. For (&,pn) reaction,

. the contribution of hsCr EC > h8v is subtracted from the total hBV
h8v

activity. This correction is small (less than 10% of the total.
L L | :
activity), because the 80r production cross section is considerably
S L6 v : : :
smaller than the - §Ti(a,pn)yav cross section. The details of growth

. L , : ‘ S
and decay of 8V from the decay of hQCr is given in Appendix II.

L6,

The Tl(a,p) V is obtained by measurlng the tltanlum X-rays
L9

from ~°V electron capture decay. Details of the x-ray_callbratlon is
given in Appendix IV. 1In order to eliminate contribution of Ti x-ray

L : ' '
from 8V (16 day half-life) decay, the samples are counted about 3 months
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..~ ' : i . h . ) .
after bombardment. The contribution of 9V activity from

h9er.EC' > %9y is subtracted from the total 49

L9

V radiocactivity. However,

the contribution from
46

of Ti(a,ﬁ)uQCr is large. Therefore the uncertainty in the (a,p) cross

Cr decay is very great, because the cross section

gections is largé.

Coﬁtribﬁtioﬁ of radioactivity from 6ther_titanium isotopes in
the’fqrget is émé;l. The main'impuritj is l‘8'1‘71(114.5%). The excitation
fﬁhctions.for haTi(a,3n)h9Qr, and haTi(a,pZn)hgv at'alpﬁa—parﬁicle ener-
'giesfébout 20 MéV are very small from reaction Q values considerations.
The cross sections for (a,4n) and (a,p3n) shdﬁld also be negligible at
energies less'thah 50 MevV. | |

- _' The four excitafion fﬁnctions agree generally (Qithin 20%) with

those measured by‘Raleigh.53

2. 3He + hTTi
3 - ko3 48
Figure 9 represents the excitation functions for - Ti(~He,2n) “Cr
7,3 48 RS TR, o
and 'Ti(“He,pn) V. Again the (“He,pn) cross section is considerably
greater than the (3He;2n) as seen in the alpha + hGTi system. The Q
value for a éingle.particle evaporation (p or n) is +10.7 MeV and
+T.4 Mev, réspectively. Therefore, the reaction threshold for these
reactions is fhe Coulomb barrier, and the excitation functions should have
peéked and become small at the actual bombarding energies. Because the

enriched b7

L8

Ti target conteins significant amount of h8Ti(l6.5%) and the
Ti(BHe,2n) 9Cr cross section is expected to be considerably greater

Ty L , -
than that for '7Ti(3He,n).9Cr at 3He energies less than 20 MeV, the

contribution of thr'from uaTivmust‘be subtracted from the enriched hTTi

experimenﬁs. Figuré 10 repfeéents the production of ngf from enriched
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hsTi targets(99.1% hBTi) and from the enriched h7Ti targets by 3ke bom -~

bardment. The "true" ol

k9

| | 148, -
by subtracting the “Cr activity from 8Ti reaction and is shown in

Lg . . .
Ti(3He,n) 9Cr excitation function is then obtained

Fig. 11. Here, the difference between two big numbers is used, and the

L9

in . »
uncertainty in 7Ti(BHe,n) Cr cross sections would be large. Nevertheless

.

this (3He,n) cross section is small, -as expected, and in Chapter IV, we
show that it agrees reasonably with the predictions of the evaporation
theary.

b7

The Ti(3He,p)h9

V excitation function is not measured for the
following reasons. First, the (3He,p) reaction cross section may be even

. o . L
smaller than the (3He,n) cross section, as indicated in the a + Ti

| - +
case. Secondly, contribution from ¥9Cr'—§—1§9— V will be very great.

Thirdly, the interference from haTi(BHe,pn)hgcr cross section will be
e ‘ : b7 .43 Lo, -
very significant. Of course, the measurement of the Ti( He,p) "V

Mo

excitation function will be feasible if very high enrichment of
isotope (say, 99+%) is used. Unfortunately isotope 7Ti of such enrich-

ment is not currently available.

Heavy ion reaction provides a ¢onyenient’way of . forming excited

nuclei at high exéitation energy and high angular momentum. At incidence

b

energies of about 10 MeV/nucleon, the formation of a compound nucleus is

54,55

hindered by the high angular momentum. Kowalski, Jodogne, and

Millerlo reported that the cross section for complete-fusion reaction
actually decreased with increasing_energy abové 100 MeV for the l60 + 27A_'L

system. However, heavy ion reactions of lower incident energies’

(< 5 MeV/nucleon) do proceed predbminantly via the compound nucleus
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mechanism.56_ The lower velocity of' the ions reduces the probability of

knockfon reaction; and the angular mbmentum is lesS‘thanrthe so-called

criticalvangular momentumST for compound nucleus formatlon.v

3L (16 n)hg 16 .49

The reactions Cr and S( 0,p) “V are not observed.

The cross section of these reactions are very low because of high Coulomb

’ barrier‘and‘positive reaction Q values. At reaction_threshold of
160 + 31‘S ﬂhe ekéitation-energy'is about 35 MeV. Dé—excitation of an
excited nucleus of such hlgh excitation energy by evaporatlon of only

a single nucleon is very unlikely

16

Figure 12 shows the excitation functlons for ( 0 2n) Cr and

34 (16 n)pav. The reaction Q values are respectlvely —7 7 and -5.6 MeV
which are considerably less than the Coulomb harrler (21 MeV) for
16 34

0+ ™'S 1nteract10n1 The threshold for these reactlons»lsﬁthg‘Coulomb
berrier; the steep low-energy edge of the excitation,function~suggests
that this is true.'

B Agaln the ( ,pn) cross section is much'greafer than'the cor- .
'_respondlng ( O 2n) cross sectlon, as seen in the l‘He and 3He reactions.
The same_phenomenon is also observed in the 8O‘and 22Ne reaction systems.

- : 32, N e
The other isotope in the target, ~ S(66%), will not interfere with

16

the 3hS reaction studied, because 328 + = 0 produces excited nucleus

haCr s whlch can not decay to h8Cr'and h8V by‘particle evaporation. The

33 36

“contents of sulfur isotopes S and S in the target are too low to .

warrant any further consideration.

. ' L 4 L
Observation of the suppression of 7T1(3He,n)_9Cr cross section

by high Coulomb barrier and.pOSitiVe'Q value leads one to expect the
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same suppression of the two-perticle evaporation exc1tat10n functlons at

18 32 (18 48

higher excitation-energies. The 3 , ( 0,2n ) Cr end O,pn) "V~

reacﬁion Q values are somewhat positive and the Coulomb befrier (21 MeV)
3k

is about equal to that of" the 160’+ S system. At the reaction threshold,

the exc1tatlon energy is ebout Lt Mev. :The tvo,par£icle excitation

functions are'expected to have peaked and became émall. This is indi—‘

oeted by-the”}elatively mich smaller crossbseefions>and less steepness -
_ et the low-energy edge uhen compared with the exc1tatlon functlons of -

the’l60_+ 31‘s system. Figure 13 shows the 8(18

O,pn ) 8 end
( O,gn)' Cr excitetion functions. The magnitude of tﬁese_eﬁcitetion
. functions is about a faCtor of b 1oeer fhah tﬁe corresponding 16O exci-
tetion'functions. Tﬁe beaks of the 18O reaotion croes sections should
not“be.oonsidered as "natﬁral"vones (' ﬂatural peak" is due to the .‘
competition.of different'defexcitetion channels). These peaks probably
show the effect of the decreasing probability of two particles evapora-
‘tion and the increa51ng penetratlon of the Coulomb barrler ‘as bombardment’
energy 1ncreases. These ;8 ' 328 two—partlcle evaporatlon cross sectlons
can be regarded as a measurement of the probablllty ?or the emission of
protons or neutrons with high k;netic energy. _
Natural eﬁlfur~is ueed as the tafget{ The 3hS isotobe should not

interfere with the 328 reactions et'the_excitation energies studied; the

isotope ratio of S°§ : 3_hS‘is 22.5 : 1, and the 34g is two mass numbers
‘away.
22 28

5. Ne + ~Si

The Q value of this reaction system is lower than the 180 + 328

system; however, the Coulomb barrier (23 MeV) is higher. Similar suppression
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effects should be observable for the 2gsi(ezne,pn)hav and the

2881( Ne 2n) Cr excltatlon»functions;. Indeed, Fig. 14 shows these

§ SO 8 . ‘
eross sections have the same magnitude as 'chxe1 0 reaction cross sections.

' The existence of the high energy "teil" in the excitation functions

deserves some comment. As pointed out earlier, interaction through a
.knOCR—oh type of mechanism is not probable, in view of the low incident

'partiéle velocity (ih this case, the velocity is eqdal_to that which a

9 cm/sec). The target

29 22Ne,p2n)hav

nucleon would have at'abdut 2 MeV, or at 2 x 10

‘_contains 29Si(h 7%). the'reactidﬁ»crosé'sectioné'fof si(

and 29 ( Ne 3n) Cr may be appreciable at such excitation energies.

‘Therefore, the hlgh energy "tall" of the exc1tatlon functlon is probably

due to the contrlbution from ?9

Si.
The ratlo of the cross sectlons ( ®Ne pn) to ( 2Ne 2n) is agein’

simllar to that of" all other reactlon palrs studled Ain thls work

B. ErrOr-Estiﬁates_

1. Effofs in Detenﬁinétion of.Beam-Enétgy"
| The 1n1t1al uncertainty for beam energy from the Hllac3h is

about +2% The.88-inch cyclotron33 beam 1s-essent1ally monoenergetié.:v‘
'(:O.lh%). Becéuse né’direct meésurément of the beam enérgy is madé,'an
éstiﬁatidn.of +2% is takenIaS'anuupper limit of,thevuncertainty in frué.k
ﬁéam energy.. | |

As the ioﬁlbemm paSSeé through the.degradef:and térget‘maferialé,
the.eneréy spread in:thé beam will.increése. Mcintyre'gi_glﬁss show-that:
the'énérgyAstraggling due to-degradainn increasesAas the sfépping power

59 1k

increases. . Becker et al show that the error spread for th—MeV N |




: -35;

10 P 1'""‘—"r—""V'VT'T_""'V'fv"fff""r"vv"‘"'v"’r'4
< 9
- L
g 1
4 4
3
. 28 22 48 1
3 "si( Ne,pn) V
4 ; ’ L
,’__\ - <
NE
- v - ‘
Syo't ]
o <
T~ g d
¥} -
e [ 1
H d L
| S
p <
S | .
* pun
e
& .
QW e
b 1
172 r 4
172 T 1
g | ~<
[ &) 1 )
} 3 <
3 ]
10 JLLL‘lllll‘AlL‘AALL‘A‘LILLALLALLLLIIILLL[LLLLL’LL&A

20 30 40 : S0

Negg, energy (lab) (MeV)

XBL 7010-6849

Fig. k. Experimental excitation functions for the pn and 2n Cross .
28

sectlons from 22 Ne + Si reaction.



-36-

béam after degradafioc to 36 MeV“is_h.S;MeV-(full»ﬁidth at half maximuﬁ,
AvoHM),'with‘thé'initial 1.5-Mev_beém-spfeaa, acdhebouf 2 MeV spread due
'to_ncn;uniformity in the degreding e}umihum>foiis used. This is con-
sistent'ﬁiﬁh our estimate thaf for the lcwer;enetgj poftioneof the heavy
“jon 5eam,'the uncertaint§ inlbeam energy could-be as large as SIMeV.

The error 1ntroduced by the uncertalnty of the range-energy
curves is expected to be small because only the dlfferences in the ranges
are used. In summary, the beam energy detenminatlon for 3He and 1&He

: particles should be accurate to w1th1n 3%; for heavy 1ons, the uncertaln-'

ties are from 3% to 15% for high and low-energy portlons of the bombard-

ment, respectlvely.

2. Errors in‘befermihafien:of.Absolute Cross'Sections_

AThere afe mecy_sources of errcrnthaf'cac.intrcduce'uncertainty
ihtc‘the determinationvcf absolute reaction_crces sections. The particle
intensity was measured eeing a conventional Faraday Cupéeiectroﬁeﬁer -
method. The integrafiné electrometer cculd be read to within 1% er
bétfe;, and an.occesional calibratien’of‘the electrqmeter with a 1.0186 Vv
' Weaten stahdard_cell-ehowed thet'the charge collection efficiency of the
'Feraday cup.ie within 1% of the expeeted'yalue, The charge-to-mass ratio
_of fhe heavy ion is given by the stfength of the rf field gradient in
the poststripper.Bh. Therefore, the‘number‘of particles éessing throﬁgh
the farget ehculd,be”kﬁown_to £1%. The percent:efrore are_etahdardﬂ
: dev1at10ns." N H
As mentioned before the uncertalnty in the evaporated target is

better than i3%. For the sulfur targets, examlnatlon under microscope

show.some unevenness, however the unevenness is regularly distributed
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'throughontlthe-wholeedeposit,'and sometimes a wobbled ion beam is used
foIfnrther.ninimize the.non-uniformity'in the target. Tt is felt, theref

fare, fhat the'"nniformity" of the'sﬁlfur targets is also about #3%.

' Statlstical errors 1ntroduced by the analy51s of gamma ray spectra

'varied with the photopeak to background ratio. When the_peak to back-
ground ratlo'exceeds 1.4, the errorkT is less than tl%? however when the-
peak to background ratio is only 1.1k, the error is *T%. ‘Forly-ray ener;
gies greater than 0. 511 MeV (the 8 annlhllatlon radlatlon) ‘the back-
ground is generally low, and the error in the.photopeak analysis‘should

L)

‘be lees thﬁn'12%. For meaSurements of the '“Cr and‘hBCr radicactivities,

the'energiee of the phoﬁopeaks ere frdm>0.06_to 0;32 MeV.: Because of
the 8" annihilation radietion from many reacfion products (contribution

" also came from the aluminum backing)-'the photopeak to background ratio

of Y—rays in this energy reglon is of the order of 1.2, analysis error

of about +7% ig expected For x-ray spectra analys1s, the background is .

generally low and an error of less than 5% is expected

The Y-ray efflciency callbratlon from the l% Y-ray standards
'(see Appendlx III) ‘should be good to within 2 to 2.5%. The error from
.decay curve analys;s should be less than 2%, because the:y—rays are of
the single component type.

There are statlstlcal errors in the counting of rad10act1v1ty.

o

lamb" haS~estimated the photopeak and decay curve analysis errors to be _

-,within 10%. -Errors in weighing;'time meaSurements, end decayvscheme

‘corrections are expected to be very small.

¢ In view of the above discussicn, the errors in most of the exci-

tation functions measured should be less than 15%.
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" Two éxcitation_fﬁnctions are expeétéd,t6 héve ;arger errors
(.becduse'the differenéés'of.two largé uﬁmbefs are used. These are
hTTi(?Hé,n)'thr and hTTi(3He,p)-h9V. ‘It is felt, however, the relative
crbés sectioﬁs at different.energies'fbr.these two excifation functions
'shéﬁld be.aécurate‘to within 15%. ”

The reproducibility of the excitation fhnctions is generally
géqd. ‘The determinations ofICross:séctions frq@ different runs agreed
wifh one anotﬁer within the errdr iimits. In tﬁe case of hHe bombardments,.
-thévdetermihations using differght accelerators ﬁere'also within the

error limits.
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| . IV. THEORETICAL cousmmuloias |

'The’sighifiéance'of the éicitation funcfidﬁs measuréd‘in this
ﬁurk_rests upon thefintérpretétion of these cross sections using some
convenient model. In this“¢ha§tér,vprediciions of the compound-nucleus
and evaporatiqn thgbry are comfaréd with';xPefiment. Effects of reaction‘
Q‘vglues and the Cduldmb varrier upon hﬁclegr %éactions are noted. Com-
pafisdn of‘excitéiiénufunctions in light of the independenée postulate
is also made. ‘Effects‘of angular ﬁomentum on'thevdécay'df the compound
nﬁcleus'are discussed. It is hoped that from tﬁesa conSiderafions, e |
géiﬁ same insightbinfo nuclear-reaétions in ihis region of mass and

exéitation energy.

A. Calculation of Excitation Functions

Nuclear resctions for;ﬁedinm-ﬁeighﬁ nuclei (L5 < A < lOd) at
-eﬁergies ﬁp to 10 ﬁeV pér»inéident nﬁcléon have-been_Succéssfully described
_by’the stafistiéal théor&:h The maiﬁ feature of this theory is that a

. campoﬁnd nﬁéleus is'formed dﬁring a nuclear reﬁctidn'and the subsequenﬁ
deéa& of tﬁis compound‘nucieus‘cﬁn be treéted statisficaily. Schematically
the;rgaction of the incident particie':a viﬁh thé(targetvnucleus‘ A tov
yield'the product nucleus B .and the-outgoing'partiéle_ b .can'be

: repreégntéd as
v'. . ) o ’
.,a‘+A'..>-C -)b.',B . ,. - R »_ (2)

vhere C" is the compound nucleus. Independence postulatel allows the
cross section for such a reaction to be written as

RCORENCRRENCITD I AT N )
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-ﬁhefe'scc(eé) is the cross sectioh for the formation of ‘the compound
. nucleﬁs with €, os the kinetic energy of ‘the incident partlcle 8,
’ Wb(U) is the probablllty per unit time that only b is emltted from the
ccmpound nucleus with exc1tat10n energy U and the summation over j
'includes all particles that can be evaporated _

A Welsskopf has shown that the probablllty per unit time for

evaporatlng a partlcle j with klnetlc energy between_ € and € + g€

46
L g pf : , ‘ ' .
Py(€) de = —1—13 o(€) -——e e, : _ (%)
h .
where gj is the statistlcal weight: of: partzcle j, m j is the reduced -

mass of the system, G(G) is the inverse cross section for the evaporation
process, and p . pf are the level densities of the 1n1t1al and flnal
nuclel.

‘The statistical weight of particle j is calculated by
gy=2s+1 ., (5)

vhere s is the'intrinsic.séin efiperticle j'

| There are many approx1mate methods for evaluatlng the level
density. The Ferm1 gas model is usually emp@oyed.’ The Ferm1 gas model '
'whieh:assumes_the'ene—Fefmion le&el'to be equally spaced6lugives a level
dehsify:" | | |

1 "1/2 =1/b

L (U +¢)” = exp<a/aT) . (6)

p(Uy) =
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where U is the excitation emergy, t 1s the thermodynamic temperature,
and a is the level density'pa.rameter. The thermodynamic temperature

'is related to the excitation energy as:
 U=a 2 -t . : o o (1)
From a consideration of the'Férmi gas model, the level density parameter
e can be calculated by
a=g" (g, + gp) s o | . (8)

vhere g, &nd gp’ .are the single n.eutrdn and proton level d'en-sit_ies at
the Fermi energy respectively. More explicitly the parameter a is

given byls

2/3.,1/3 , (1/3y L - o
= ro_A - ‘229.2+ r _)-(MeV)'l‘ . B (9)

3 cm, Z and

where r, is the muclear radius parameter i'nv units of 107t
N are the proton and neufron mmbers respecf_ively, and A =72 + N. If

we take an approximation that Zl/3 = Nl/3, the parasmeter a 1is then

a ='2Q . er. I‘o - 1.2 fm . . | o : (loa)
AOr

a= T er r = 1.5 fm . - (10b)

- 13 v o o o

For convénience, the level density equatvion (Eq. (6)) is. further

a.pp:_roximated; The slow dependence of the level density upon the excitation




energy in the”pre-eiponentiél term is taken to be constant for high
‘excitation energy end over a small mass region. The level density at

excitation enérgy U 1is then given by
p(U) = C exp(2/al) , . S - (11)

vheré C is a cénstanf. )
‘ " The effec£ bf nﬁciear pairiﬁg.on the level density must be téken
into aqéﬁunt.A_Hurwitz ana_Bethesg pointed out the'effect of odd-even
.nuéiei upon_the level dénsity should be tgkeﬁ as a displacement ofvthg :
groﬁﬁd—state energyvcﬁused by fhe pairing of thg nucleons."Eficson
Bhoﬁed the.correctnesé~of this‘treatment by the level countiﬁg experiment.
‘An_enérgy, 8, muét be subtréctéd from fheAéxciﬁation energ&{ For>odd—odd‘
nﬁciei,lé__is takenvtO'be';ero, and.for'al; other types, § > 0. The

level density is then | |
Moo e

p(U) = C exp {(4alU - §]

.-Thefécnsideiation of effect of the g;osed‘shell}ch level density is
ighofed-becaﬁse the nuclei used in thié work do nof,féllAinto a closed

' shell. fhe é %alués_are taken directly from C@meroh.6h In evén-even
:nﬁclei,'the § values were cdﬁsideréd to be.additive. For the hBCr
nﬁcleus,(z = Ni, an'additional 3 MeV is added to »6. This follows from
. the argument of_defShélit as given by Dostfovsky 23“21,65. The transition

probability of the excited nucleus to the pure isotbpic spin (T = 0) state

in-hSCr is very small éhd thus evaporation of neutrdns:can'only lead to, -

in first approximation, the states in 8Cr with T # 0. The first of

'such T # 0 states is estimated to be about 3 MeV above the‘gfound-state.
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The probablllty per unit time for evaporating a particle j with
'kinetic energy between € and E + d€ can be written more exp11c1tly

o

172 E'Jde D (1'3)

PJ(E) d'e o(e) c exp. {2[a(U - sJ -8, ~€,)] j

n2h3 375

'w#ere {SJ is.thé éepﬁratioq eﬁerg§ Qf.the J pgrtiéle from the éémpound
irucleus, a.nd the 'oth_er' s‘.y.mbol_si are the same és in t.1>1e previous equations.
| -The inverse créés section is usually“t#ken_asvthe capturé cross
sectidh for the product nﬁcleué. _Dudey gg;glf66'showed that the inverse

cross'seqfiqns do not differ significantly frdm the reactions with the

59Co produ¢tion:fromv'a or. p reactions with Fe or

groﬁnd state for
Ni; The empirical equations from Dostrovsky gﬁfgi.ss were used for the

reaction cross sections. For neutrons, the capture cross section (dc) is

S _ 8, o | ' | :
oc. " % ol + G)A .9 . ' o - (l_h)
: where cg = nRg is the geometric cross section, a = 0.76 + 2.2 A—l/3 and’
B = (2.12 A—2/3 - 0.05)/(0.76 +.2.2'A-l/3), A is the mass number, and
1/3 | |

R=1.5 A fm'is the nuclear radius. For charged particles, the

: capturé'créss section ié
,.—.v ‘ _ - Y . ‘_.’. . . ) o |
0, = 0g(l + Cp) (L -kvy/e) L - )

The symbois CJ: and kj are constants for the charged particle j..

The parameters C, eand k, are interpolated from the values given by

g 25

Dostrbvsky EE.E£;65 and are shown in Table IV# The symbol V. in Eq.

J
(15) is the classical Coulomb barrier and can be calculated with the

| formula



. Table IV. Parameters used for inverse or total reaction

érOSs section caICUlationsa

p/ kp e k,  ca kd. 4 | ..k3He °3.
23 0.6L  0.25 - 0.86 0.10 0.6 0.12 0.80  0.13
22 0.60  0.26 0.85 0.0 - 0.66 0.3  0.79  0.13
21 0.59 0.21 0.84 010  0.65 0.4 078 013
20  0.56 0.8 0.82  0.10 0.64 . 0.14  0.76  0.13

- BThe values of the parémetérs are derived from Dostrovsky et al. (Ref.

- 65).

T N
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_ "le 22_32 - , R - ‘ |
ey — . e
. rOA +.rJ _ _ _
where Z and Z2 are the atomlc charges of the outgoing and the residual
nucleus, e is the electron charge; and r ='1. S fm.' The value of rJ

was taken to be 1.2 fm for deuterons and 3He and a . particles, and zero

'for-protons.
For charged particles emltted w1th k1netic energy less than 1. 8
, times the Coulomd barrier the cross section was calculated by an inter-
polation of Shapiro’s tablevof reaction cross sections,67 using
r =1. 5 x 10 13 em.
[e] R
The total probablllty of evaporatlng a single particle b can

be written as an_integration of Eq. (4) over all the p0351ble emission

_energies,
| ™ ﬁ-s -5. ' '
L b - | |
W, (U) = 1}2""2’; ¢ o(€) exp (2[a(U-5,-8,5,)] 12y ebdeb (a7)

P1 o

The 1ntegral in th1s equatlon takes into account all partlcles
b emltted leav1ng the re51dual nucleus in exclted levels down to the
"displaced level". The decay of the compound nucleus to levels below

‘the "dlsplaced'level" is ignored. This is a ‘reasonable approximation,

because the level density Qf?the'residual nucleus with excitation energy

AleSS.than § . is expected to be small. Furthermoré, in calculating the
spécific excitation functions, only the ratios éf-the evaporation proba-
bilitles are used and thus the ‘errors introduced in this approx1mat10n

tend to cancel each other.v
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Equation (17) gives the tota.l probability for the evaporatlon :

- of particle b from the compound nucleus with excitatlon energy U. In
»order to calculate the reaction cross sectlon for single partlcle evapore~
tion, the equation must be modlfled 80 that after one partlcle evapora-~
vtion, no other particle could be emitted (except of course, photons)
This requlres that after one-partlcle emis51on, the re51dual nucleus
f,mnst have exc1tat10n energy 1nsuff1c1ent for the evaporatlon/of another
'vvpartlcle Therefore the evaporatlon of partlcle b with klnetlc energy
loﬁen than U--Sb 52 should not be 1ncluded in the calculation of the single
particle emission cross sectlon 82 is the evapo:at;on energy (deflned

below)_of the-most.loosely bond particle after the'eVaporetion'of‘ b.

The evaporation'enefgy s, is given by

=B, + 6, +K

'_ where B lls the bindlng energy of particle 2 in the residual nucleus,_
. and 62 is the 6 value after particle 2 is also evaporated and K2

1_ the effective Coulomb barrier of particle 2. -K2‘='0 for neutrons and -
':Kéb= 1.5 MeV for protons Because of fhe repid deCrease of'the exci-x
,. tatiOn energy after the flrst evaporatlon, only protons or neutrons are
' _consxdered_for the second emission.

The cross‘eection of the reaetion giuen by qul(é):can then‘oe

expressed explicitly as

-S -6

c(a b) = o,(€ )gb»bf | (eb') exp {2[a(u-s -sb-eb l/2} ebdeb

A
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U-S —GJ

i ) ' | 1/2 oy
z;gbmb T ole)) e {2(a(u-s3—6j-e )1+/2) €qc, , (19)
o -

e
lation_the sunmation is taken»over'neutrons; protons and a-particles

65 and are neglected

'. where A U - Ss-- 5, (if.U‘-'Sb -5, < 0, A= 0). For a simple calci-
~only. The evaporations of 3He,.d, aed 3H are very rare
4n this calculation. | |
' The'seﬁeratioﬁ energies are takenrdirectly from'a calculation‘by
'Seeéeréa and are summerieed in'Teble V.
| For the evaporatlon of . two partlcles, ‘the residual nucleus after
-one-partlcle evaporatlon is taken as the starting p01nt The following

'eqpatlons apply

U-S -S : U-S

: J o ‘
= 0,(€,) f p (eb)w (eb)dﬁb Zf Byleydas; (20a)_
. T %0 |

o(a;bc)

(205)’

RACY

i
[}

!
w0

vhere 3 = 8, - S"‘,ei - (if U - 5y s -€ - 53 <0,B= o).

S is the~separat10n energy of the second partlcle, c, S, is the evapora-

3
tion energy of the most loosely bond partlcle after the an13510n of b

J
given by Eq. (13)

_ apdv c. P (E )dE is the. probablllty for evaporation of partlcle Js

Equations (19) and (20) vere programmed for computation on the
CcpC 6600 computer. Thls program for the decay of compound nucleus

‘completely ignored the effects of angular momentum.
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Tﬁble.V,I_Separation ehergies and values of § for the

caleulation of excitation functions.

Excited Enitted i sba' '6bb 8,(or sj)
nucleus particle i
‘ _ S (MeV) (MeV) (Mev)
O%r 12.83 1.4k 10.0
P 9.26 '1.29 11.7 :
a  8.28 3.k 12.9
Mer n 10.38 - 5.85 10.7
| P 8.52 0. 11.0
a 8.2k 1.73 --°
b9y 12.10 0.0 11.0
o P 7.20 3.02 13.06
o 9.03 1 -
| ?30r'_-’ 15.77 1.4k —
7.0 76 L lohl -——
: “sv' ".9.61 101 -
6.43 1.73 -
'y 12.78 1.73 -
1 10.0 1.41 -

%The separation energies are based on Seeger (Ref. 68).

bs values are from Cameron (Ref. 64). For N = Z, 3 MeV has been added. :"

,'cWhen no value is given, that quantity is not needed in

thé calculafién.
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As suggested by Grover,;9_69 the neglect of angular momentum and

the competition of Y-ray emission with particle eﬁissidn causes the low

velue of the level density parameter; a. Fcllowing_Chen and Miller,2h

ihis paremeter is taken to be §§ =2 Mevl,
_ 3 W7 4o 46 , :
For the reactions He + Ti and He + 'Ti, the angular momentum

“of the reacting gystems is not very high (see Sec.'D), and thus explicit

conaideratlon of. the" angular manentmm effect can be 1gnored “The results.

rof the calculated excitation functions for h6Tl(a, ) Cr,‘h Ti(a;p)pgv

L6 Ti(a 2n) Cr, Lé Ti(a,pn) 'V ol T1( He, 2n) u Ti( He,bn)hav, and

hTTi( He,n) 9Cr are compared with experlment in Figs. 15 to 17.
. ‘Because of the low bindlng energy of the 3He particles, 2.57 MeV
per nucleon, direct interaction mechanism might be 1mportant at the

experimental energies, The possible reactions are

(1) 3ge + hTTi — hBCr +d
or He > "p" +d, Q= -5.49 MeV;
- (2) 3e 4 Mgy h9Cr +n
6;"3He ’, > "2p" + n, Q = -7 72 MeV;
- (3) 3He 4-57Ti»——54> l-‘9V +p :
or SHe —> "a" + p, Q = -5.49 MeV;
() e+ MTos —— Yorg 4 Mg
or JHe + "n" ——> “He, Q = +18.6 MeV.

Reactions (1) through (3) are stripping reactions, and reaction (4) is
& pick up reaction. The reactions (3) and (4) are not observed in this

work.
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As seen from the 3He reaction cnoss sections the contributlon ‘
bfran the strlpping reactions is small In canparison, Chen and Millerzu
obaerved signlficant contrlbutlons of strlpping reactlons to the reaction
4 —> "p" + "n" has a Q value of only -2 23 MeV. The decrease of Q
‘vaiues for the breaking'up,of 3He tends to reduce the contfibunion'of
stripplng reactions at the energy reglon of this work. .

The blnding energy of hHe particles is T. 1 MeV/nucleon There-
fore,efor the hHe + h6Ti reactions, the contrlbution of stripping reactions
is’exnected to be mucn'smallef'tnan‘tEAt.for the 3He reactions.

. The enperimental.excitation functions generally agree well witn
‘the theoretlcal calculatlons ‘For the hTTi(3Heén)h9Cr reaction, the
..ayeenent is not very good. Hone'ver, as mentioned- before, tne deter-
minatlon of this exc1tation function involves the difference of two
large numners and the uncertainty'is,thnsiquite’large. Furthernore,

thescalculation of this excitation function is very senSitive to the

value 82, the energy at which the evaporatlon of a second particle begins.

Nevertheless, the calculated and experlmental excitation function does
have the same_shape and the same magnitude; and the fit is_considered'
reasonable. |

Admlttedly, the calculatlon performed is only very approx1mate.
vThere are many shortcomlngs in it. Flrst of all the inverse and the
total cross. sections are either calculated from a seml—emplrlcal formnla
on from an 1nterpolat10n of Shaplrobs table .Thls,w;ll 1ntroduce uncer-=
ta;nty ;n‘the magnltude‘of the calculated cross secfion. Secondly, there
is no considerationvof angular momentnm effects on the decayvof the com-
pound nncleus. vThe.small value of the level density narametef, a, may

partly compensate for the'neglect'of this effect. Thirdly; the separation
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energies and - 8 values used may contain some uncertainties. The use

of the approximate level density formuls, Eq. (12), may not be justified

‘at the excitation energies considered.  Tﬁe'consideration'that only p,v'
n, and d can be‘enitted in tﬁe_first stage of the evaporation process,
~ and only: p and n can beJémittéd’in the ﬁecoﬁd'stage will also intro-
duce‘édme error in the calculatioﬂ. .The decay of the compound nucleus
toneQéls'below thé."displaéed" leVelsméy‘not be completely igndred;

,Ne&ertheless;'thé'reasonable agreement between experimental and

calculated excitation functions signifies the applicability of the com- -

pouhd—statisticai theory, even with the approximation mentioned, to

3

these "He and'hHe induced reactions.

B. Comparison of ExcitatioﬁvFunctions

According to the»independence_postulaté,l‘the decay of the com-

‘pound nucleus is ingependent of its mode of formation. Consider the
nucledr reactiohs a+ A~ C‘ + b + Band a' { A'l*'C* - b + B,‘where a,
A, and a’, A'_are.projeqtile—térget pairsICapéble pf_forming'the same
comﬁdund hucleus C.,-and yielding the same product nucleus B and out-
. going particle ©b. The reaction cross sections for these reactions are

o(a,b) = g (a) P(C,b) -, - (21a) .
and’v

ofa'b) = o (a') P'(C) , (1)

vhere _oc(a) and 7°C(af)v are-the cross section for the formation of-

' the compound nucleus C*_from.the entrance channei'involving' a and a'




respectively; P(C,b) and P'(C,b). are the probability that the compound
mcleus decays through fhe'exit channel b + B from the entrance channels
a+A and af +'A'. The independence postulate requires

R P(o,b).= P'(‘C',;o) ST : o (22)

prov1ded that the compound nuclei from both entrance channels have the

same excitation energy More generally, the follov1ng would be true

o(a,X) _afa',X) _o(a",X)

R R o3 it o) R (23)

- where o(a,X)'is'the-croes section for the nuclear reaction'eith entrance
chanhel a + A.aﬁd exit channel X (eniSsioo of particle and the correepondiog
'reéidual nucleus); similarly for the other entrance channels a' and a"
through the same exi£ ohannel X, all involving the seme compound nucleus
Equation (23) constltutes the basis for the classzcal test of the

iniependence-postulate. rGhoshalz first applled thlS test to the 6h

system. Ignoring angular mOmentﬁm effects, the abscissa for the test is the:

| 'excitat1on energy of the compound nucleus. The excitation'energy'is
the sum of the available klnetlc energy from the in01dent partlcle and

Cits blndipg energy to the compound nucleus; and ‘is given expl1c1tly by
» o ' t o ' .

- + — :
E =E - E tE=7E _+E ., _ (24)

where E¥ is the exc1tation energy in the compound nucleus,
T Epr is the klnetlc energy of the projectile in the laboratory

system,
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pr
;target respect1vely,

m s mc,‘m _aré the masses'of projectile, compound nucleus and

TEb is the blndlng energy of the projectile to the compound
.nucleus.
Figure 18 shows the relatlonshlp betveen the exc1tat10n energy of the .
ccmpound nucleus and the lab kinetic- energy of the inc1dent partlcle.

The binding energies are calculated from the data given in the Table of

Iéotogos .70

‘The Coulamb barriers are shown 1n Fig. 18 as black dots. It must
be empha51zed that these Coulomb barrlers are only approximations. Nucloar
reggtlon below this barrler does occur, although with smaller cross sec- .
| tiou; It.is interésting to'uote that the'feéctionlwith 3He.pfovides a
‘way to high oxcitation energiés in.thg compound‘nucleusvat low bombard-
ment onergios. -At tue Coulomb‘burrier, thg :eaction'involving 3‘He has
' alreééyipOSSessed'enouéﬁ éxCiiation éuergy to evuporate two or more
| pafﬁicles._ This aocouuts forxthe low cross section forvthe-(3He,u)'
reuCtiou. For 22Ne and.laolinduced reactious, the excitationienergies
ut{thé Coulomb barriervare so.high.that.efon'thé two-nucleon evaporation
.cross sections are severly reduced in favor of thfoo‘or more particle
em1581ons. | | |

The clas31cal test of the 1ndependence postulate must’ be based
-~ on thé_,natural" reactlon cross sections--that is, no Coulomb suppression
of the eﬁcitatioﬁ‘funcﬁion should be allowed. Figure 19 shows the pn

'andl2u éﬁiséion'excitation functions for 3He + l‘T'.l‘i and hHe + u6Tia’ The
.8imilar shape and ﬁeak positionbof these excitation functions indicate

that the independencé postulate is essentially correct for this system.
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to guide the eyes only.
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Ti and He + "~ Ti reactions. The so0lid lines are drawn-




3

The “He cross. sections are lower than the corresponding hHe cross ‘sec-
tions by v 20%. ‘This dlfference is caused by the difference in the total
reaction cross section for the formation of the compound nucleus at the
same excitation energy with 3He and hHe particles. _

| As mentloned in Chapter III the’ ( ,pn) snd (160,2n) excitatlon
functlons showed the natural' peak.. It is interesting to compare these
.excitation'functions with those 1nvolvlng light psrticle (3He or'hHe)
: _bombardments.' Figure:20 presents the 2n.and pn excitation functions for
| 3He, a and 160 induced reactions. - | |

In the classical test of the 1ndependence postulate ‘the com-

panison of varlouS'excitetlon functions canvbe made only after the reaction
cnoss.sections have been divided by the‘total cross section for the for-
mstion of thevcompound nucleus. However; the cross sections for the

16, . 34

0 + 'S reaction is near the Coulomb barrier, and the calculation of

the compound nuCleus'forustion'total cross section by the optical modelTl
--is very sensitive to the parametersvused Furthermore, the parameters
for the optlcal potentlal for thls react1on system are not known experi-
~mentally Therefore, the follow1ng procedure is taken to fac111tate

the comparison - The magnitude of the cross sections for the ( He,pn) and
(‘16

to the (a, pn) excitatlon function at the- E p051tlon The ( He,2n) and

0,pn) reactions are arbltratily increased so that they are about equal

.( 0 »2n) cross sections are also increased the same percentage as the
respective pn excitation functions. ‘The'result is shown in Fig. 21. A

' connlete coincidence-of'the'respective Pn and*?n excitation-functith'will
be a verification of the independencevnostulate in the classical sense.

A glance at Flg 21 shows that the 3He and hHe excltatlon functlons agree

6
quite well, and the ; 0 exc1tat10n functions are deflnltely shifted toward
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Vhigher_excitation energy. This violﬁtion of the independence postuléte
ﬁillvbe discussed later in Sec;'D.

| The ex¢i£ation functions 325(180,2n)h80r, 323(180;pn)hsv;
2831(22

Ne,2n) 8Cr,- and 288i(22Ne,pn) 8V can not be compared with the
excitation functions shown in Fig. 21. The high Coulamb barrier and

reaction Q values strongly suppress the reaction cross sections. As

18

geen before, the ~ 0 and 22Ne excitation functions are much smaller |

than the corresponding cross sections for l60-induc_ed reactions. These

excitation functions probably arisé‘from the evaporation of high energy
18 "

protons and neutrons. In this context, the ~ O and 22Ne—induced reaction

excitation functions can be compared with each other. Figure 22 shows

such a comparison. The magnitudes and shapes of these excitation functions

: aré quite similar. However, the-lsovexcitation functions are shifted to
v é;higher'eXCitation energy from the 22Ne-inducea reactions. |

| o If thé;leo induced réaction eﬁéitation funétions are shifted'
afbitrarily 5.5 MeV toward lower excitation enefgies; there is a merger
of‘the 180 and 22Ne excitatiop functioné;v Figure 23 presents the-situa4v
fioﬁ éfﬁer the shift.. This enérgyvshiftiqanlbe attribﬁted to angular

‘momentum effects {see Sec. D).

"C.’ Effect of Nﬁcléar CoulombvBarrief'_

Nucléar reactions invélving 3He and a~particles on similar tarf.
gets might be expected to havé similar cross sections at theASame exci-
tation'energies, if thé bompound nucleus mechanism'is involved. However,
the low binding energy of the 3He ﬁucleus will bring inﬁo tﬁe compound
nucleus a large amount of excitation energj. In the classical comparison

‘of excitation functions, this increase in the excitation energy is taken
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info account.by_using_the cxcitation}cnefgy.as the basis for comparison.
.In tne'case of.singié nucleon évanonation, such'asv(3He,n) or (3He;p), |
the»excifation energy of the system is very hign even at the Coulomb
barrier‘such that these reactions are snppressed'in favof of other
reactions involv1ng multlple nucleon emission. In effect, these reaction
cross sectlons are "buried" under the Coulomb barrier

L
Flgure 2l shows the excitation functions for i Ti(3He n) 90r and .
46

Ti(a,n) 9Cr reactions. As seen in last section, the two-nucleon evapora—

3,

tion cross sections (2n or pn) for a and He reactions do. not differ by

more than 20%; vhereas Fig. 24 shows the ( He,n) cross section is an
order.of magnitude'less'than that for (a,n). This should not be con-
sidered as a violation of the cqmpound-nucléar picturei(particularly the

independencc postuléte). Thefe}is a significant difference in the cam-

pound nucleus formed by the 3He and & reactions—at the expected peak

~position for'thé.(x;n) reaction, the probabilitytfor forming the 500, #

campound nucleus from 3He + 47

T1 is extremely small due to the Coulomb
--barrier. Even though the decay of the compound nucleus is independent
ofiins mode-of formation, there are much fewer compound nuclci for the
".3He h'{Ti reaction‘ ‘and the cross secnion will be much smaller than the
corresponding hHe induced reaction. v : .
| Similar: situation ex1sts for: the l60.and 18Q induced reactions.
Because.these reactions involve hcavy.ioné, the Couiomb barriers are
..nuch higher than the ieactions involving a'and 3Ke. The binding energy
v‘of'the 18O nucleus is much lower than that for 160 and at the Coulonb
barrier, the cx01tation energy for»the'lso induced reactlon is hlgh

enough to suppress two-nucleon evaporations in favor of more nucleon

emissions.
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The T1( He n) 9Cr is strongly suppressed by the Coulomb barrier.
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| - Although at the Coulomb berrier, the excitation' energy for the |
16 A ' | .

.O-induced'reactiOn is high enough to evaporate thrée low-energy nucleens,

the two-nucleon evaporetion is still favored. Fignre'25 shows that the
3Ug 16 3bg (16, )48

0,2n ) C and ,pn) v exc1tat10n ‘functions are about 10
times that of the corresponding‘excitation functions for the 180 +

'8(
32_3:.

reaction system.
| In general when performlng a8 cla531cal test of the 1ndependence
~postnlate- care mnst be taken to insure that the excitation functions
used are natural" ones whlch have not ‘been suppressed by the Coulomb
barrier. The steep low-energy edge, such as in the ( 0 2n) and ( ,pn)
excitation functions (Figs. 12 and 25), caused by the Coulomb barrier |

should also be noticed.

b. Effects of Angular Momentum

Admlttedly, the study of the angular momentum effects hased on
-total exc1tat10n functlons is not ideal. " The details of the angular
. and energy distribution of the evaporated;pafticles‘are lost. The spin- .
72,73

dependent'lefel density will influence both the p and n evapora-

tion, 50 that no enomaly»is apparent. Grow'rerl'9

has p01nted out that the
'inclusion of the competitlon between gamma-ray and partlcle emission will
give a level denslty parameter "a" more consistent with that expected
from the Fermi-gas s&stemtsl Sperber18 showen that the ratio of gamna :
‘emission width to neutron width increases_witn increasing angnlar momenta
inﬂthevcompound.nueleus. ‘ |

One of the'ebviousveffects of high'angular.momentum is indicated
by,the energy shift of.the excitetipn functions;. Genefally; the evapofa-“

‘tion=of particles will release from the compound nucleus a large amount
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of excitation energy but small amount of angular momentum, because of
rthe large blndlng energy and small kinetic’ energy of the emitted particle.
:Hovever, for any given angular:momentum,,there is an energy lmitTh’75
beiOw thcﬁ:no level:couid'exiet.; If the decay of. the coﬁpound nucleus
with lerge initial ahgular'mqmeﬁtum bﬁiy by particle emiesion, the com-
pound nucleus will aeﬁieve a S;tuation where it.ﬁill have low excitation
energy and high angular momentum This compound nucleus then will possess
enough excitatlon energy to emlt another- particle, but there is no |
”avai;able“level with the necessarily high angular momentum in the
'-reeidual nucleus, end thus theteﬁiesion of thatiparticle is prohibited;
' _In'this ease, de;excitatiop must groceed via gamma-ray‘emission.: This
deéexeitatioﬁ by gamma raye essentially remevee semevofvthe,available
excitetion energy fqr necleen_emissioh an& therefore, the excitation
function muét-be shifted toward higher excitation eneréy.
| . An alternative view is developed by Ericson and Strut1nsk1 76
In this treatment the rotetional energy of the compound nucleus is

considered to be unavailable for de-excitation by particle emission,

and the true internal excitation energy, ET, is given by
" : S IR ,
E =E -E,  , , . . (25)

where E*'endiﬁr are the'e;citation energy and rqtatiohal energy respec-
tirely._j.

In this Section,:&ttempte will be made to estimete_the rotational -
.energy.qf the eompound hﬁeleus and e°mpare'it with the experimentally
ob‘s_erv.ed energy shift of the exc'ita.tion functi-ons .- Th‘e’ rotational energi

69

of the compound nucleus is
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n? | |
E, =53 (gg+1)) ,. . . (26)

: wﬁeie J is the moment of inertia.of.the compound nucleus
J is the'spiﬂ,of the compound nucleus
~h is Planck's constant/2m,

the moment ofiiﬁertia'of the compound nmucleus is usually approximdted _

iay its'high, excitation 1imit,76 :
¥~y R, - Cen

r

whefe- 2&: is the‘moment.Cf iﬁertia of a rigid spheré,

| m is the mass of the compound nucleus, |

"R is ﬁhe:radius; and is éivén by 1.2_A1/3 fm, vhere A is thé
 mass-ﬁumB¢} of the»compoﬁnd-nucleus. |

The quantity (J(F +1)) in Eq. (26) isfgiven‘by‘its_equivaLent .

(J(7 +1)) = (J_2-) T S ' ) (28)

Héré, (J) is the average angular momentum quantum number of the'compound

mucleus. In order to calculaté'ﬁhe averagé qpantities, the distribution
of angulaf momentum for the compound nucleus as a function of energy is

rquired.

1. Calculation of Average Angular Momentum

The cross section fbr-the_formation-of‘a compbund nucleus with

angular momentum gquantum Jc'aﬁ'bombardiﬁg energy E is777




=T~ ;

T+s c

, e 2. + 1 ” B
. 2 X .c v . : o .
U(J‘CI,E) = A Z Z (28 + l)(ZI g l)* TL(E) ’ . (29)
s=|1-8] 2=|7,-s] s |

vhere A is the dé‘nrogliejﬁavelgggth of'the-inéqning perticle,
. I is the spin jof"the t:lu;get' nucleus |
's is the spin of the projectile ' |
(E) is the transmission coeff1cient of the projectlle with
orbital angular momentum 1 a.nd energy E.
+Of course, there is a maximum angula.r momentm quantum number J (max) for

the compound nucleus at a given energy,
Jolmax) =g +s+I , (30)

vhere 2. is chosen'so that Tf; '6.
. max

Now the probabillty PJC for the t‘orme.tion of the compound nucleus with

spin Jc is simply :
) G(Jc!E) v* ] L .'” ] .
PJc e | - (32)
o :E: o(JC,E)
' JC=0 o

‘ By deflnltlon, the average angula.r momentum quantum nunber (J ) and

(J 2y can be calculated as

L o (z2a)
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- 2
IR
C
2, = %
(1,50 = - , (32v)
Py
7 C
c
vhere the sum is performed over the interval Iq (max) and J, (min) = |1-s].

Hafner 33_55,78

have wrltten a computer program, ' ISOMER, based on Egs.

'. (29) -:(32) to calculate the average'angularrmamentum quantum number of

the ecmpeﬁnd nucleus. ThebISGMER program fequires as its input the sbin
f.target aﬁd projectile,'the de Broélie wavelength of the incident

partlcle, and the transmlssion coeffic1ents for the projectlle of dif-

ferent L at E. The calculation of T, (E) will be dlscussed next .

2. -Calculation of Transmission Coefficients
The-transmission coefficients for any target-projectile systemv

can be calculated by the optical moae1;79

However, the optical para-
meters for the heavy ion reactions on light targets are not well known,
approximate methOGS'ﬁill_be used to calcﬁlate the transmission coef4‘

ficients. Following a method given by Thomas,80 the nuclear interaction

_betveen the target and progectlle can "be approximated by a dlffuse

potentlal
| Z 7, ¢ 42,  r-l. 17(A11/3 a,13)
V(r,L) = — + (2+l) - 67 exp [ - 1, (33)
where Z,, 2, = charges of the projectile and target respectively,
» A, = mass number of projectile and target,
TR reduced_mass of the system,
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r = distance between the interacting pair,
% = orbital angular momentum of thé’projgctile ,
e = electroﬁ charge. '

This potehtial is then further approximated by a parabola with

matching position, height, and curvature at its maximum. For the parsbola,

~ Hill and Wheeler81 showed that the transmission coefficient is given by

1

T TV eplanBE /Al - (34)

vhere B is the height of the barrier, E is the center of mass energy
of the ‘system, and w is the vilrational frequency of the harmonic oscil-

l&t6r haviné’a potential energy function givenm by the negative of the

barrier. The frequéncy' hw can be calculated b 82
| \2 adv, 12 | | | |
ey = (2 £ oo 3

; vhére”dzvzler is. the Secbnd derivative of the diffuse potential (Eq. (33))
| e@élﬁ;ted at r, whefe v (r,) isAa maximum. | |

: Firét and'second'derivatives4for'Eq. (33) are calculated and Eq.
(35)vis evaluated by the cénventional ﬁewton's ﬁgthod, Then the values
of hw and B _ substituted in Eq. (34) to obtain.ﬁhe'trgnsmission coef;
fiéients. | _
" The vglués_of the T/ (E) are "fedﬁvto thé ISOMER.program for com-
pound nucleué"sbin distribution cglculgtion; A fypical,spin.distribﬁtion;

50

"for the reaction 160 + 3as,forming the - cr* compound nucleus is shown
" in Fig. 26. The value of {J(J+1) ) is then calculated from Eq. (28) and

(32). The result of the calculation is summarized in Fig. 27.

!
'
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3. Estimatlon of Rotational En rEy

From Flg. 27, it can be Seen that for 3He and hHe, 16O and 18O

cyéteﬁs at similar bombarding energies, the average angular.momentum are
qnite similar. It'is‘also'ncted £ha£ thé heav& ionAreactions‘generally
hring in more angular momentum to the compound nucleus.-

‘With Eq. (26) and Fig 27, the rotatlonal energ& of the compound
nﬁcleus can be calculated At the Eg___p031t10n of the (o, 2n) andv(a,pn)
excitatlon functions, the bombarding energy is about 31 MeV. The
(J(3+1) ) value is 130 and the rotatlonal energy is 6.4 MeV. For the
(160 2n) and ( ,pn) excitation functions, the rotatlonal energy at the
“peak is 7.4 MeV. The expected energy shift between the l60 and .«
induced réactibnc will therefore be 1 MeV. The observed shift is about
21 MeV. 'The difference may be caused by'the Coulomb barrier acting

on the low-energy edge of the l60 excitation functions.

‘For the;zzﬂe—lnduced reactions, the rotatlonal energy at the peak

cf bhe twp—nuCleon evaporation cxcitaticn functions is about 2.0 MeV,
and féfrthc 18Oe-induced reactions E£ is 5.9 MeV. The expected displace-
ﬁent between the1180.and 22Ne excitgtion'functions is about b MeV. The
"obseived shift is 5.5 + 1 MeV (see Fig. 20). |

Although the Calcpiated-energy.shifts do not agreé perfectly with
the obser#ed ones, these épprcxiﬁgbc calculatiocs do allow quélitative
understanding of the effect of angular'mOmcntum upcn the de-excitatioc
of the compound nucleus. Better agreement canvbe achieved if the moment
cf inertia of the rotatingtcompound‘nucleus is taken to be25 k.a; where
k is a pafameter; and 3; is given by Eq. (27)7 For more accurate and

realistic calculations, the treatment which ihvolves-the detailed calcu-

lation of the‘Y—ray de-excitation and spin disti'ibution83 of the decaying

compound nucleus may be necessary.




Y, FORWARD RECOIL EXPERIMEBTB
” The usefulness of recoil studies as. applied to the compound nucleus
reaction mechanlsm has been pointed out by several authors. 11,84 Foruard
recoil ranges in aluminum for the products frqmva + h6Ti.reaction were
measured to'supplement excitation fuﬁction'measu:ements. In the fol-
' 'loving sections,: c"thiék-tdrget"imethod for the recoil range measurement

is descrlbed. The implication of the’experﬁmental'result to the nuclear

'réaction mechanism is also discussed.

A. Thick—Target Method

In the recoil studles of nuclear reaction mechanism, two techniques
‘, are geherally employed——thin—target and thick-target methods. In the
'thick-target method, the target'thicknesé is'large.compared with the
renge'of the recoiling muclei, therefore only nmuclei sufficiently close»
to‘the.éurface-of the target can escape out of the targef; .It-can be
.shouuas ‘

thickness (W) and the projected range (Rp) as
=R /W. . I :
| p/W. , , .' - | (36)

Usuaily. F- is the only quantlty measured during a thlck—target rec01l
experlment and ‘the proJected range is calculated from Eq (36).

Ina thinmtarget (v 10 ug/cm ) experlment the distribution of -
-the recoil nucle1 in a stopplng medium is measured and the range is
obtained dlrectly from the distrlbutlon curve. Generally the thin-
target experlment yields more 1nformatlon of the nuclear reacteon in
‘ question. However, it is quite difficult to prepare very thin and uniform

targets, and sometimes the low product yellds render the subsequent

that the fraction of recoiling nuclei (F) is related to the target
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detectlon of radioact1v1ty imp0331ble It is therefore desirable to be
able to determlne the range distribution by using a thick target.
" The distribution of the range about the mean range R for a thin-

target exper iment is85

¥(R) = (zr)‘”g(pa )L exp [-(R, - RZ/20%R 2], (31)

with  p; the straggling parameter given by86
o2 =mm/ﬂm+m) . B o (38)

wheré‘Ml and M, are the masses éf fhe'reéoiling and stopping nuclei,
respéctiv’ely.' i | |
A computef progra.m‘ i;as‘ used to simulate the recoiling nuclei from

a'l--i.xg/_cm'2 target.into a few 16Q;ug/cm2 stopping foils. The fractions of
thé recoiling nuclei passing through each foil are caléulated for thé
distributidn éf Eq; (37); The result is shown in Pig. 28. The straight
11£e in this probability-plot is indicativé of a Geussian distribution;
.and the p01nt at 50% corresponds to the mean range R .
o A thick target can be thought of as a stack of thin targets, and
the distr1but1on of the recoil nuclel ‘can be taken as the sum of the
contrlbutlons from each of the thln targets in the stack. If we choose'
' _a stopping material hav1ng approx1mately the same stopplng power as the

| target maeterial, and use . the Gaussian distribution of Eq. (37) the recoil
béhaviér of any-tafget thickness cen be calculated. Figure 29 represents
‘such a calculation for a l--mg/cm2 and a ZdO—ug/cme in éluminum. From Fig.
29, we see that ﬁhe relative amount of activity in equal cg?cher foils

doeé not change whenever the target thickness is>large compared with Ro‘
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. nesses based on a stacking of thin_(l-ug/émz) targets. Targets and

the catcher foils are assumed to have equal stopping power for the

recoiling nuclei. The triangles in the figure indicate thé'interfaces

of the targets and catchers.
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- When thertarget.thiekness is lessvthan Ro;'the relative emOunt of.activity
in equal oatcher'foils not ohlyvdepends on the R , tut also depends on |
the target thlckness o |

Flgure 30 represents a calculatlon for a l—mg/cm target as the
Lsum”of—lOOO l—ug/cm 'targets. Since many of the-rec01l nucle1 have been |
_stopped in the target the 50% point no longer corresponds to R 0"

The thickness of the target used in the experlment is 1. mg/cm
'Tiqe. The target is prepared by sedlmentatlon of T102 powder in alcohol
onto S-mll Al f01l. The T10 used is enrlched in h6T1, with the average
: charge (Z), 12.7, and average mass per atom (), 26}2; The stopping
power of the target material is taken as eguel to that of aluminum
(A = 27, =13). A.steck of.six.aluminum foilé‘(lGO ug/cm2 eaoﬁ) is
_used as catchers. The targethis bombarded at the 88-inch cyclotron with

4o MeV a—particles at the rate of 1 YA. The actual a-particle energy is .

.estimated from the range-energy curve for Al calculated by the computer

'code RANGES. 31

|
_e | i
'After bomherdment,'the target and the catcher foils are counted - tz
witb-the 1h’c. e. Ge(Li) detector. Tﬁe activity of h8Cr is determined vi
‘from the 0.116 MeV(lOO%)‘Y-ray. The result is:represented by the dotted f
line.iﬁ Fig. 30. ’R is estimated to be 390 ug/cm? Al for the a-particle |
.hambardlng energy of 31. 6 MeV. | ‘ | |
Vacuum-evaporated targets are also used. vThese targete are mede ‘i
by vacuum evaporation of h6Tl-—enrlched T102 onto l—mil alumihum foils.
The thickness is typically 200 ug/cm vith good uniformity. Five to six
'alumlnum leaves (160 ug/cm ) are stacked to form the catcher assembly.
Theotargets are again bombarded wlth a—partlcles at the 88f1nch cyclotron.

Lo

- L g :
The activities of Cr and 8Cr are measured with a Ge(Li) detector. The
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catchers. The broken line contains expernmental values for the recoils

of the h6T1(0t 2n) Cr reaction. The R for the experimental data is

estimated to be 390 ug/cm2 M.
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results are presented in probability plots and shown in Figs. 31 and
- 32.
Experimental rec01l ranges can be estimated from the probability

plote. The results are summarlzed in Table VI.

| ‘B. Results .
"When a projectile perpicle'fusee viﬁh the target nucleus to forﬁ
8 compound nucleué, the mdmentum transfer from the incoming particle to
ihe oompound'nucieus is eampiete. ‘If the subsequent de-excitation of
thie compound_nueleus is assumed to be isotropic emission of particles,

the recoil energy of the residﬁal nucleus is given by87

A__A
o A . .
Er--f—g—.—"—? Er s - (39) -
(o +4)° P —
i)

where E and A are energy and mass numberﬁfespectively; ' The subscripts

T, pf; and t refer to recoil, projectile, and target nucleus. Theoretical

treatmeot of the ioo;mEtter_interactioh has been advanced by Lindhard;
Soharff and Schi¢tt.88 They obtained'the range-energy relations for
'1ous in a stopplng medlum A series of universal range—energy curves
for dlfferent values of the electronlc stopping parameter K is plotted in
the dlmen51onless range and energy space. Thelr plot can be converted
to the more conventional range-energy curves. A plot for haCr-recoiling
into aluminum is calculated and presentedbin Fig. 33.

Table Vi suﬁmarized the-resolps‘of experﬁmentalvand_pheoreticai p
rECoil raoges. Gaussian distribution of the fecoil can be inferred'from

the straight lines in Figs. 30, 31, and 32. The Gaussian distribution
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86~

‘Table VI. Results of forward recoil experiment for hHe +‘h6Ti.
Proguct Target Bdnbardmént ' Recoil®  Range’ Range®
‘ thickness energy energy (expt.) . (theo.)
mcleus 5. : - >
(ug/cm™) (MeV)  (MeV) (Mg/em® in A1)
L9 ' ' . -
’Cr 201 12.8 1.0 250 240
8p,. U3 7.8 24 380 390
48, 1000 | 31.6

2.k 390 400

8Recoil energy is calculated with Eq. (39).
bExperimental ranges are estimated fram the p-oba;bilii_:y plots of Figs. 30,
‘31, and 32.

“Theoretical ranges are based on Lindhard, et al. (Ref. 88).
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end the good agreement between the experimental and the éélculated average
‘recoil ranges strongly indicates that the l‘6Ti(a,2n),l‘Bci- and h6Ti(a,n)h9Cr
reactions proceed predaminantly via & compound nﬁcleus route, and the siub-
se@e’nt neutron decay is isotropic.89 .

| No attempt has been made to measure the rec01l ranges for the
reactions 1nvolving heavy ions by this method. The condltlon that the
target matgrlglvpossess approx;matelyvthe same stopplng power as the
cétéher maﬁerial is'nbt fulfilled. For the 3He geactions, the bombarding
énefgj at the peék of'the (3He,n).or (3He,2n) excitation function is so
' low that the recoil energy is calculatéd to-bé less than 1 MeV. This
vrlov recoll energy renders the measurement using 160 ug/cm2 Al catcher

foils very unreliable. Thinner catcher foils must be_employed to obtain

,reliable'results.
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VI. CONCLUSIONS
The experimehtal and theoretica1 resuits lead to severél conclu~
sions: o
1. Thé feactions of 3He, d; 160; 180, and 2?Né with appropriate
‘ targets capable'of fdrminébtﬁe 5OCr“‘nucleus'at excitation energies below
60 Mev proceed predomlnantly through a campound nncleus reaction mechanism.
| 2; A few reactions induced by 3He, 18O, and 22 Ne are strongly
suﬁpressed by the Coulomb barrier. When éompa?ing excitation functions
in 1ight of tﬁe independence ?ostulate, care must be taken to avoid com-
perison of the Couloﬁb-suppressed cross seétibns"ﬁith the "natural" ones.
3. The ratio of 6pn/o2n for all the five regctant'pairs are
effectively cohstant near the peaks of the respectiﬁé excitation functions.
The.shapeé,of the experimenfal exéitétion'functioné for a given produét'
are quite similar. Theréfore, the independence postulate‘is quite
reasohabie, and is supported by this{research, within experimental error.
| L, Angular momentuﬁ effeéts must be considered fo explain the
energy shifts of the exc1tat10n functlons for reactions involving different
reactant pairs. Simple estimation of the rotational energy of the compound
nucleus agrees reasonably with the observed energy shift.
5. Approximétevcalculation ignoring angulaf momentum is adeguate
to.deSéribe feaction systems involving'low'angular momenta. The level
_ déhsity péraméter for such a ca%cﬁlation_is sngller than that predicted
fbr 8 Fermi-gas system. |
6. A thick target can be used to yleld information of recoil
range distribution. From th¢ average recoil range and the distribution,

. . k6. . : '
the reaction mechanism for o + 6T1 is found to be consistent with the

campound-stdtistical theory.
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APPENDIX TI.

Targets

Spectrophotometric Analysis of Evaporated Ti0,

2
dioxide powder is evaporated in a tungsten crucible by electric heating.

In preparation_of vacuum evaporated Ti0, targets, the titahium.»

The high temperature involved.may well be able.tb decompose thevTiO2
cogpoupd.> It is therefore desifabie to detennine the>chemical content
of titanium ggﬁgs vacuum evaporation. The annlysis is performed by
m@asuring the color ofﬂfhe yellow complex formed by titanium and H20é:in
sulfuric acid solutioﬁ.90
Prbcédure:
1. Dissolve‘the.evapo?ated titénium dioxide (about 1 mg) and the
aluminum backing foil in 5ml of i:l'Hésoh. Heat to dissolve
- ir necessary.
2.F-Evapofate dry.
3. Dissolve'in 7 ml of 3N H,S0,. Cover and warm to achieve com-
| plete solution. Cool. - |
k. Transfer-to_a 25 ml volumetiic flask containing 1 ml of 3%

H2 2. . .
5. Dilutevto volume_with distilled water.

6. Measure the absorbance against a blank at 40O mu in'a 1 cm

cell. The blank is prepared by adding 7 ml of H,S0), and 1 ml

of 3% Héog, and enough H,0 to 25 ml.
A calibratibn curve is prepared by‘performing the above procedure
© with known amount of Ti0

2iand about 5 mg of Al foil. .The absorbance fol-

lows Beer's law. The calibration curve is presented in Fig. 3b.

The spectrophotometric determination shows that evaporation does

change the composition of the deposited material. The determination of
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six evaporated targets gives consistent values a.veraging 1.1'5. To obtain
target. t‘h‘ic‘kness in numbers of atoms of titanimn.per cm, the titanium
.con'ﬁent of the evaporated target must be taken as 1.15 times that in

T10,, that is

| #.Ti in target =T$8 '*11.15 ™ lOO‘.' .
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APPENDIX II

Growth ‘and Decay of 48 Prom *By

With a radiocactive decay seQuence a+>b +c, the behavior of the

nuclear species b can be described as

S a N | ' |

TT T ANy s | (40)
where Na’ Nb are the nmumber of atoms present‘at time t for spécies a
"and b, Aa’ Ab'are the decay constants of a .and b. The solution of

91

Eq. (40) can be obtained by standard techniques. If we consider that

species b is formed only from decay of a, we have

- )\a o . ekat -A.bt ) ‘ ) :
N = X;—:—X;ﬂNa (e -e ) . - v (L41)

where N0 is the value of N at t = O.

. . ) BN » - -, . ‘ .'\ hT ] 3 . ua
o In order to obtain the excitation functions for Ti( He,pn) v
L6 L |

and’ 'Ti(hHe;ph)hBV'reaétions, it is necessary to determine the contri-

 bution of haV activity from the decay of l‘8Cr.‘ The sequence of decay is

18, 23w M8, 163, W8,

"Natural" Ti foils (5.8 mg/cma) are hombérded at the 88-inch
cyélotron with 32 MeV a-particles for aAtotal current of 1 YA-hr. The
Ti foils are dissolved in a small amount_Ochoncentrated HF. After boiling

off the HF with conc. HNO,, the solution is cooled in an?igg'bath and a

3?

few drops of 30% H,0, is added. The chromium is extracted with ethyl

205
ether,”® and back-extracted with dilute KOH solution. Finally the

~chromium is mounted as BaCr0).

o



- 0.98-MeV y-ray (100%) of

_ ‘a95; '

The 0.116-MeV y-ray (lOOZ)‘of.h8Cr‘is»measured with a Ge(Li)

detector. The activity of h8V is determined at the same time from the
hev. The result is shown in Fig. 35.

The counting efficiencies of the 0.116- and 0.98-MeV y-rays are

‘determined using IAEA standards (see Appendix III). The growth and decay

of l‘8V is calculated based on Eq. (41) and the counting efficiencies.

From an extrapolation of the decay curve df'hSV, we can obtain the con-

L8

tribution of h8Cr + "V for this particular counting system: U405 counts

of 0.116-MeV y-ray obserfed will create 1 count of 0.98-MeV Y-ray.
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APPENDIX III

Determination of Gemma Ray Count ing Efficiencies

' The y-ray phoﬁopedk counting efficiencies* for the two Ge(Li)
detectors were calibrated using A sef of eightvabsolute Y—ray'stﬁndards
6btained fromfthe_iAEA Iaﬁoratorj;93 The absolute.disintegration.rate
of the IAFA sourcés:are knownvtb.vithin +1%. The strength of the sources
was about 10 uCi'eéch."The‘énergies'éf the y-rays span from about 66 keV‘
to0 1836 keV. The detectof efficiency for a standard y-ray is calculated
from the cqunt rate iﬁAthe detector and the absolute disintegration'rate_
with decay correction. -Thé'enérgy and decay scheme of the‘standards are
-obtained from the IAEA recommendations, which accompénied ﬁhe set. Table
ViI summarizes the decay scheme corrections used. |
The standards are céunted with the Ge(Li) @gtectors at a fixed

{

,gedmetry.' The Y-ray spectra are then analyzed using the computer code

SAMPO as described in Chapter_iI. Bécéusé of‘the purity and intensity .
of the standards, SAMPO Qas éble to define ﬁhé photopeak areas té within |
tl%.' The results of the calibratioq of the.YAray counting gfficiencies
are:presented in Fig. 36. These curves are determined with the source

1 em from the detector.

The counting efficiency is defined to be

Counts per minute in the photopéak/No. of y-photons emitted per minute.
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Table VII. Nuclear data for the y-ray standards.

L ' ’ | V-Photon enérgy _ % per
Radionucllde | 'Half-life  . (keV) ‘disintegration
™ 432.9 years  59.54 35.9
Co o 271.6 days 122.0 85.0
| | 136.3 11.k
.“293Hg . 46.8 days = 12.9° 9.7
. | L - 82.5 2.8
279.2 - 81.6
22N N 2.6 years _' 511. (from 8%) 181.1
‘ - 1274.6 100.
BTes 30.5 years - 661.6 85.1
Mn 312.6 days - 834.8 - - 100.
60, E o e
Yo 5.28 years 1173.2 100.
- ‘ 1332.5 100.
88, . |
TY _ 107.4 days . 898.0 91.4
| 1836.1 99.h

(3
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APPERDIX IV

Determination of Titanium K X-Ray Counti@g;ﬁfficieﬁéx

A Si(Li) detector is used to meésure the_Ti K x-ray from bgV decay.
Thé x-ray energy for Ky transitionTQ is 4.5 keV. In view-of the low |
eﬁérgy x-ray, many factors will affect tﬁe deteéfidn efficiency. Besides
such.féctoré as detector volume and counting geometry, soufce thickness,
:aif’absdrptioh; and fluorésqencé yiéldxall will éfféct'the detection
effidiency. of course;-it'will be éasy'té detérmine the éounting
' effiéiencyﬁif an"Qbsolute'étandard of'h9V'is cqmmercially'available;
Koﬁever"no such standard 1s currently avéiigble. '

Tﬁd methods have ﬁeen'employed.in this work to determine the Ti
'x-réy countiﬁg-efficiency. In this fifst meth@d, decay of ler is used.

" Radioactive “lCr isotope was purchased from New Eﬁgland Nuclear Companygh

3

1# the form of CrCl
solution on 0.5 mil gold foil. The absolute disintegration

the “lcrcl

in 0.5 N HC1l. The source is prepared by evaporating

3
rate is determined by counting the 0.32 MeV ‘y-ray (9%) with a calibrated

Ge(Li) detector. The source is then counted with the Si(Li) detector for

the 4.95 keV x-ray. The detector efficiency for the 4.95 keV x-ray is
then célculated using the fluorescence yield for the vanadium K x-ray,gS‘
0.242. The efficiency for the detection. of the 4.95 keV x~-ray at 0.6 cm

3

from the detector is 5.0 X 10 ~. Assuming the efficiency for the detection

of»h.S keV. x-ray does not differ significéntly from that for the 4.95 keV

x-ray, the overall detection coefficient (ODC) for the th'decay can be

95

obtained with the giveq_flﬁbrescente yield, 0.213. The result is,

oDC = 1.06 x 1073,
e v o us L _
In the second method, the decay of "V isotope is used. Natural

'titanium foil 0.5 mil thick is bombarded with 9 MeV protons. The reaction

bl

»

2]
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haTi(p;n)hsv predominstes at this energy.: The interferénce‘ffom
h9 i(p,n) % reaction is ﬁegligible; becaﬁéévgaTi,is'much mcre abundant

4901 in the‘target and "By has & much shdrtef half-life. he 8y

than
- is counted with a Ge(Ll) detector for the 0. 98 MeV (100%) y-ray. 'The
-absolute dlslntegratlon rate is determined vith the calibration curve

in Appendlx III. The decay of h8V is taken to be 39%vby electron capture.
"The'hsvlsample 1s then counted wifh the 5i(Li) detector. The ODC for the
detection of the h 5 keV Ti K x-ray can be calculated Because Ti x-ray
is used no fluorescence yield correctlon is necessary The.fesuit is,

-3 51

ODC = 1.01 X 107, within 5% of the determlnaplon by the ~~Cr method.

In addition to thé errors in analyzing_the Y—ray:ahd x—ray spectra,

ler détenninatibn--a) decay scheme,

- three‘uncértainties will affect the
" b) fluorescence yield, c¢) assumption that the detector efficiency for the
~ b.5 keV x-ray is the same as that for the 4.95 keV x-ray. Only decay cor-

rection is necessary for the method involving h8V. Therefore, the second

method is more reliable.
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APPENDIX V

Remarks on Ghoshal's *'zn® Compound System

" In his original report (1950), Ghosha.l21 pointed out that in
order to comparetthe excitatidn functions for the same radioactive product &
frd@ different reaction entrance cnannels, correetions must be made to
cOmﬁensatevthe reaction Q valuee-for different taréet-projectile pairs.

' In the absence of aocurate mass data, Ghoshal" arbitrarlly shifted the

excitation functions for the lH + 63

Cu reaotions T*1 MeV with respect
vto that for  the hHe + 60N1 system’so_that the maxima of the.excitation
fnnctions eoincide. Verification of the compound nucleus theory for
K tnis eysten.vaé then claimed when a naes—spectrographic méasurement.gave :
a.valne of 5.T4 + 0.5 MeV for the energy shift.

| Howeverg'recently more accnrate measurements of“the mass dif~

ference of 1H + 630u and hHe + 60N1 systems give a value99

of 3.7T5 MeV.
It would be 1nteresting to see the result of an energy Shlft of only
3 75 MeV, not 7 MeV. In Fig. 37 "Ghoshal's data are replotted, using an
energy shift of 3. 75 MeV for the lH + 63Cu system.» It is noted 1mmed1ately
that the compound nucleus assumptlon can not be used to adequately describe
this data.

More drastic deviations from.tne independence postulate can be
-illustrated by plottlng the cross section ratios (a n)/(p n) (a pn)/(p,pn)
and (a,2n)/(p,2n) If the 1ndependence postulate is upheld then ‘ -

. v .
o(am) _ olayem) _ ofazn) _ %l®)
a{p,n). ~ o(p,pn) ~ -o{p,2n) _f GP(EFT’, 2

(b2) T

" where Oa(E*) and 'op(E*). are the cross Eeotions for the formation of

the compound nucleus with excitation energy E* by & and .p -react{ons.
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Ep (Mev) |
625 1§25 = 26.25
— T T T T T ~T
Ghoshal's ®4zZn* decay
Energy shift= 375 MeV .
1000F 1ot 7 MeV : | 1
(a,pn)
- .
: B(DCJP ’ thn) ]
a
E i ] -
<
e
& 600¢r A -
o
@ ull
w o Q ~
-2 = |
© o)
‘;C)() f . ‘ 3 7]
N Q] (p.2n)
200f :

0 30 20
Energy of a (Iob) (MeV) ’

XBL714-3284

Fig. 37.. Exéitatidn functions for the Sth compound nucleus system Data

. are taken from Ghoshal (Ref. 21). The energy shift of the H + 630u

- pystem with respect to the hHe + 60N1 system is 3.75 MeV, not T MeV.

' The reactlons are 63Cu(p, )63Zn, Nl(a n)63Zn, 63Cu(p,pn)62

60 63 60 62 _
Ni(a,pn) Cu, Cu(p,2n) Zn, and = Ni (a ,2n) “Zn. Black symbols =

6.Ni target, open symbols = 630u target
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Figure 38 show# the ratiés of the cross sections. While the ratios

" obtained after T-MeV énérgy shift fail-consistently-near the value of
one, with the more feaéonaﬁle 3.75 MeV shift,‘the eéualities in Eq. (42)
are no.longef observed.

It must be pointed out, however, that the experimental cross

60

sections for'hHe + Ni reactions from'Gh05h51 differ significantly (about

4 MeV energy shift) with those obtained by Tana.ka,‘97 Smith,25 and McGowan

et 61.%

Detailed analysis of the Gth* compound nucleus system with

consideration of angular momentum éffects can be found in Ref. 25,

.}

<>
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Energy of protons (Iob) (MeV)
6.25 16.25 - 26.25

T T T 1
o {9—5‘-).Gh(7) |

i (p,n) )
a @R G (7) |
. 1 (pypn) o
4.0 (a,2n) -
o C) (-—EEFT) ’ (3'\ ( )

I ewma,Gh(3.75)

X 3.0+
a -
b
T~ _
x |
b
1.0}

Energy of a (lab)(MeV)

v XBLTI4- 3253

o Figs 3& Ratios of the cross sections for the lH + 63Cu and the hHe + 6ONi
reactions. The open symtols refer to the ratios calculated vith a

7 MeV proton energy shift. The solid symbols refer to that calculated
“with a proton energy shift of 3.75 MeV. The data used are taken from

' Ghoshal (same as those used in Flg 37).
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