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DECAY OF THE 50cr* COMPOUND NUCLEUS FORMED BY THE NUCLEAR REACTIONS 
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ABSTRACT 

Experimental excitation functions have been measured for nuclear 

t . 3H 47T. 46Ti 160 34S. 180 32S . .d 22N 288 .. reac 1ons e + 1, a+ , + , + , an e + 1. 

48 48 . 3 . 
The observed products are Cr and V, and for the He- and a-1nduc ed 

. 49 
reactions, the Cr production ·cross sections are also measured. The 

excitation function 46Ti(a,p)49v is also obtained. Simple theoretical 

calculation based on the compound-statistical mOdel is performed to 

calculate the excitation functions from 3He and a reactions and found 

to agree reasonably with experiment. 

The observed cross sections from the 18o- and 22Ne-induced reac-

tiona have . been strongly suppressed by the Coulomb barrier. The 

47Ti( 3He,n) 49cr excitation function is similarly found to be an order 

of magnitude smaller than that for th~ corresponding a-induced reaction. 

A displacement of the experimental excitation functions relative 

to one another along the excitation energy axis is observed and explained 

by the effect of angular momentum upon the de-excitation of the compound 

nucleus. The shapes and magnitudes of the ratios of the various experi-

mental excitation functions indicate the compound-nucleus nodel can be 

applied to these reactions. Bohr's independence postulate is valid, if 
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corrections are made far the difference in angular momentum of the dif-

ferent entrance channels. 

Recoil ranges for 49cr and 
48

cr from a + 46
Ti reaction are 

obtained by measuring the recoil distribution of these nuclei from a 

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

calculation based on the theory of Lindhard, Scharff, and Schi~tt for a 

caapound-nucleus reaction • 
. l 

I' • 
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I. INTRODUCTION 

The observation of narrow resonances from nuclear reactions with 
1 . . 

low energy neutrons led Bohr to introduce a compound nucleus mechanism 

tor nuclear reactions in 1936. The narrow widths of the neutron absorp-

tionim'plied, according to the uncertainty principle, a long-lived 

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

. I . . 
is extended to nuclear reactions involving other projectiles. In this 

model, the incident particle fuses with the target nucleus and the exci

tation energy is distributed quickly and randan.ly among all nucleons in 

the nucleus • terming a compound nucleus. The compound nucleus then 

de-excites slowly, in the nuclear time scale, by emitting particles and 

g&lllll& rays. Weissk.Opf
2 

shoved how to treat the decay of the compound 

nucleus in a statistical way. 
. 3 . . .. . . 
Ericson extended the model to ~nclude 

the conserv'ation of angular momentum and a fonualism for the study of 

level density. Since then the compound-stat istica.l mechanism has been 

widely applied to nuclear reactions of low and intermediate energies.
4 

The validity of the assumption that statistical eqUilibrium will 

be attained in the excited nucleus bas been iDVestigated by Harp ~ .!!:!.· 5 

The.y solved numerically a Botzmann-like master ~tion for a Fermi-gas 

By'Stem and concluded that with excitation energies even up to the 

vicinity of the total binding energy, the bulk ot the de-excitation of 

nuclei may be treated as Emissions from an e~ilibrium systEm. 

Experimental evidence for the concept of' compound nucleus reaction 

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

spectra, 
6

' 7 nuclear temperature, 
8 

fluctuations in excitation functions, 9 

complete fusion reaction cross sections,
10 

recoil range distributions,11 

isomeric yield ratios,
12 

and conventional excitation functions13 were 
)< 

J 



made. Only experiments for the direct measurEIIlent of the compound nucleus 

. .· . 14 . 
life time remain untried. 

On the theoretical front, calculation of excitation functions 

·. . .· 15 
based on the compound-statistical theory were made possible by high 

speed electronic comp1ters. Increasing attention has been paid to angu-

. 16 . ·11 
lar momentum effects, nuclear shell effects, and the effects of the 

cc:apetition between particle and gamma emission on the decay of the cam-

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

' . . 20 
nucleus model with the microscopic approach to nuclear reactions. 

One of the features of the compound nucleus reaction model is 

the independence postulate--the decay of the compound nucleus is inde-

. . 21 .· ·. 
pendent of its mode of. formation. Ghosbal devised a method of testing 

this postulate by forming a compound system from different entrance chan

* nels and then comparing the production of the same final radionuclide. 

. . 22-25 . . . ' 
Ma.n7 experiments followlng Ghoshal 's -work has been performed and 

the results agree qualitatively with the compound nucleus model. In 

forming the compound nucleus, however, there are many constants of 

motion, in addition to energy, that must be conserved: linear momentum, 

. . ~ 8 
an&ular momentum, parity, nucleon number, aDd possibly isotopic spin. 

In the classical test of the independence postulate, only energy, nucleon 

number and linear manentum conservation are considered. Therefore, 

•pparent violation of the independence postulate is expected for systems 

formed with significantly different angular momentum or isotopic spin. 

More recently, D'Auria et !l· 27 tested the independence postulate by 

i ' 
· See Appendix V. 

,, 
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taking into account both the excitation eneru aDd angular momentum. They 

verified the independence postulate tor the 75Br COIID.pound nucleus. 

50 • In this work, .the compound system Cr · is investigated. The 

reaction cross sections for pn and 2n evaporation are measured in the 

"!so-compound nuclear system" tradition. The effect of positive reaction 

Q values and the nuclear Coulanb barrier is noted. For the reactions 

involving 3He and 
4

He particles, the excitation tunetions are calcu-

lated based on the compound-statistical theory. The effect of high 

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

4 48 49 
For the He reactions, . Cr and . Cr recoil ranges are measured by a 

28 thick-target method. It is hoped to establish the validity of the 

canpound nucleus reaction mechanism to systems with masses near 50. · 

The following reactions were studied: 

and 

47Ti( 3He,2n) 48cr 

46
T i (a, 2n) 

48 
Cr 

348 (160 , 2n)48Cr 

32s(l80,2n)48Cr 

28Si(22Ne,2n)48Cr 

46T. ( )49c 1 a, n r 

46Ti(a, p)49v 

47Ti( 3He,pn) 48v 

46Ti(«,pn)48v 

348cl60 ,pn)48v 

326(180 ,pn)48v 

28si( 22Ne,2n) 48v 



-4-

II. EXPERIMENTAL PROCEDURES 

··Experimental determinations of the excitation functions for the 

nucl.ear reactions in this 'WOrk were performed using the stacked foil 

method. Aluminum foils were usually used as beam degrader and target 

support. The target support also served as recoil catcher. Normally t 

seVeral se~s of degrader-target-suppdrt were stacked in a target holder. 

Ion beams from particle accelerators were allowed to impinge upon the 

target. 

After the bombardl:nent, each target-support unit was mounted on 

a 1./16-inch aluminum card and ·counted with a Ge(Li) y-ray detector or 

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

linear amplifiers, multichannel analyzers arid sometimes a magnetic tape 

recording device. 

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 single-component type, such that hand analysis was suf-

ficient. Sometimes the decay data were fitted by computer, in the 

least-square sense, to the radioactive decay equation. 

The result of the decay curve analysis is a set of counting 

rates at the end 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, D
0

• 

The reaction cross sections were then calculated by 

(1) 

'!"\: 
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2 where crE = cross section at a given energy E, in em , 

D0 =disintegration rate at the end of bombardment, in dis/sec, 

N =target thickness in'atams/om2 , 

·r =beam intensity in particles/sec,· 

. . ' -1 
A = decay constant of the radioisotope, in min , 

T = length of bombardment time, in minutes. 

Details of the experimental procedures are discussed in the fol

lowing sections. Duriilg the coilrse of this 'WOrk, nuclear forward-recoil 

experiments were also performed. These reeoil range measurements will 

be discussed in part V of this report. 

A. Target Preparation 

Most targets used in this Work were prepared by vacuum evapora~ 

tion. Normally, circular foils l-inch in diameter were punched out from 

a 0.25 mil ('V 1.8 mg/cm
2

) aluminum foil and used as target support. These 

aluminum foils were placed inside a vacuum evaporation apparatus. The 

target material was then evaporated in a tungsten crucible onto the 

aluminum foils to form a circular surface 3/4-inch in diameter. The 

thickness of the target was calculated from the weights of the aluminum 

foil before and after evaporation and the known area of the deposited 

material. The thickness of the target material was typically 500 ~g/cm2 . 

Up to six aluminum foils can be placed in the vacuum evaporation apparatus 

approximately the same distance from the crucible. The thicknesses.of 

the six targets obtained from one evaporation usually agree to within 

±3%. This is an indication of good target uniformity. Observed under 

a low-power microscope, the evaporated surface was normally very smooth. 
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After evaporation the foils were mciunted on 15~il stainless 

steel rings to prevent the evaporated material from touching other tar-

get foils or aluminum degrader foils when they were assembled into a 

Most of the titanium targets for 
46

Ti + 4
He and 47Ti + 3He 

reaction sutdies were prepared by vacuum evaporation using the enriched 

isotopes obtained from Oak Ridge National LabOratory. The isotopes are 

in the form of titanium dioxide. Because vacuum evaporation involved 

high temperature and may change the chemical composition of titanium 
\ 

dioxide, a few targets were analyzed calorimetrically for Ti content 

{see Appendix I). 

Same of the titanium targets were prepared by sedimentation 

method. This was done by settling a suspension of titanium dioxide 

powder in alcohol onto l~il aluminum foils by means of' a glass tubing, 

3/4-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 organic 

impurities. Ten~il copper rings were then mounted to protect the 

layer. The thickness of the settled layer was calculated from its 

weight and area defined by the settling glass tubing. Usually uniform 

target, 1 mg/cm2 thick, was obtained. 

. 18 32 
The sulfUr targets used in 0 + . S 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 J..!g/cm2 ) 

aluminum coating was evaporated onto the sulflJ,r,:Jlurface to serve as 

cover and heat conductor. The target then was mounted on a stainless 

steel. ring as before. 
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The evaporated sulfur layer was not uniform, it showed "mountains 

and valleys" under a microscope. However, the pattern of' these mountains 

and valleys of sulfur material was quite regular and vas evenly dis-

tributed throughout the evaporated surface. 
18 

During 0 bombardment, a 

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

form. 

32 33 34 Natural sulfur contains 8(95%), 8(0.8%), and s(4 .2%). 

. . . - . . 32 18 48 32 18 48 
Because the react~ons stud1ed were S( 0,2n) Cr and S( O,pn) V, 

he b nd. d d . . . ' . . . 33 d 34 t a u ance an expecte react~on cross sect~on for the 8 an 8 

isotop-es are too low to interfere under the experimental conditions. 

16 34 . . . 
For 0 + S reaction~ the sulfUr targets were prepared in the 

34 
same way as the natural sulfur targets, except S enriched sulfur vas 

used instead of natural sulfur. The enriched sulfur was also obtained 

from Oak Ridge National Laboratory. 

al i . t t 22N 288. Natur s l~con was used to prepare arge s for the e + ~ 

reaction study. The 8i targets were also prepared by the vacuum evapora-

t:i,on method. 

Table I summarizes the _mass analysis 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 is based on the 

knowledge of the energy-lo~s of charged particles passing through 

various target materials. Although experimental measurements of the 

energy loss by charged particles are scarce, there are several theoreti

cal calculations which agree with existing experimental data. 29,30,3l 
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Table I. Mass analysis and chemical composition of target material. 

Target Mass analysis Chemical impurities 
(maximum) 

mass number percent (percent) 
,~] 

Titanium-46 46 81.2 Ca < 0.01 

(Ti02 ) 47 2.1 Fe < 0.05 
~~ 

48 14.5 Si < 0.07 

49 1.1 w < 0.05 

' 50 1.1 others negligible 

Titanium-47 46 1.9 Fe < 0.02 

(T~02 ) 47 79.5 Si < 0.03 

48 16.5 others negligible 

49 1.1 

50 1.0 

Sulfur-34 32 65.9 Zn < 0.02 

33 0.57 Al,Cd,Cr,Cs,Ge,Ni, 

34 33.5 Pt,W, Zr each < 0.05 

36 < 0.05 

Sulfur 32 95.0 

(natural) 33 0.76 

34 4.22 negligible 

36 0.01~ 
V'\ 

; 

Silicon 28 92.2 ~· 
(natural) 29 4.7 negligible 

30 3.1 
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Stevard32 has recently developed a method for calculating ranges of any 

charged particles in non-gaseous media. 

For 3He and 4He react1ons, the tabulation of Williamson, et a1. 29 

was used. 
16 18 cc c 22 

For 0, 0, and Ne reactions, Steward's program was used. 

Figure 1 represents a typical range-energy curve as calculated by 

Steward's program. 

Calculation of beam energy after the charged particles has passed 

through a certain thickness of degrader or target material can easily be 
r 

done by first finding the range of the initial beam, them subtracting 

the thickness of target or degrader to ·obtain the residual 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-energy curves, because only the differences in ranges and 

energies are used. 

The uncertainty in beam-energy determination is mainly due to 

the Uncertainty in the initial energy from the accelerator, beam~energy 

spread due to degradation through matter, and the variations 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 

The Berkeley 88-inch spiral ridge cyclotron33 was used for 3He 

4 and He bombardments. The initial beam energies were 30 and 47 MeV 

3 4 . 4% respectively for He and He with energy resolution of about 0.1 . 

The current used is about 1 'I.IA(3.14 x 1012 He++/sec). The bombardment 

ttme was from 10 minutes to one hour. 
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Fig. l.. Range energy curves for 
16o particles on natural copper {Cu) and 

eiuminum (Al). These curves are draW+! 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. 
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16 18 22 . . . . . . . . 
For 0, 0, and· Ne banbardments, the Berkeley Heavy Ion 

( )34 . . . 
Linear Accelerator · Hilac was used. The Hilac supplied a pulsed beam, 

2 msee per pulse and 15 pulses per second, of energy 10.4 ± 0.2 MeV 

per nucleon. The current used W.s about 150 nanoamperes. This low cur-

rent vas ne~essary to avoid burning the targets. The heavy ion beam 

was often wobbled to eliminate hot sp:>ts in the target. Bombardment 

ti.Dle vas typically 1 to l. 5 hours. 

The Hilac was 8.1 so used for 3He and 
4

ue bombardments. The energy 

·• 3 ·" 6 . 4 6 . for He is 31.2 ± 0. MeV and for He is 41. ± 0.8 MeV. Bombardment 

time Wa.s usua.lly 20 to 60 minutes. The excitation functions obtained 

from· the Hilac runs do not differ significantly from the 88...:inch cycle-

tron ru.ns. 

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

target holder, shown in Fig~ 2. This target bolder is a copper block 

with a water cooling system. The target foils with appropriate degrader 

foils and cover foils were screwed down with a 3/16-inch thick aluminum 

collimator. The target holder was then inserted at the end of the beam 

pipe and properly shielded by a magnetic field, so that the target holder 

can be used as a Faraday cup. The beam current can then be measured 

directly and continuously. The tota.l current was recorded with an 

integrating electrometer. 

D. Counting Procedures 

After irradiation, the target was dismantled, and the target 

foils were mounted on standard a.luminum counting cards, 3-l/2" x 

2-l/2" x l/16" in dimension, 'With a slight depression in the center. 

The mounted samples were counted with a lithium-drifted germanium 
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Side· View 
Cu -Targets 

"' 
Block 

~=:::JCold water 
~--

_B_e_a_m __ .· :> 
1---

Collimator D~d . - egra er 
Foils 

---·----- ~.ar--- Collimator · 
"'+-- Cu block 

Targets 
Screw 

Top View 
XBL 7010-68.51 

Fig. 2. Copper tag target assembly used for bcmbardments. The particle beam 
is usually collimB.ted to 3/8" before reaching the target assembly. The 
purpose of the Al collinator in the figure is mainly to secure the foils 
in the target. 

• 
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~-ray detector35 or a lithium·-drifted silicon x-ray detector. 36 The 

:fabrication and operation of these high resolution semiconductor devices 

bas been described. by Goulding. 37 The radioactivities detected in this 

work are summarized in Table II. 

Tllo Ge(Li} y-ray det'ector's. were employed in this work. These 

were planar detectors having active ~olumes 14 cm3 and 7 cm3 . The smal

ler detector 'was connected to a high count rate, htgh resolution ampli

fier system (see Fig. 3} designed 'by Goulding, Landis, and Peh1. 38 A 

linear ampli:fier-biaseci amplifier system39 was used with the 14 cm3 

Ge(Li) detector. The amplifier signa.ls were led to either a 400-channel 

Victoreen 
40 

or a 1024-cba.nnel Northern Scientific 
41 

pulse-height analyzer 

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

are about 2.5 keY and 1.4 keV (full width at half ma.Ximum) at the 122 keV 

57ca gamma-ray for the 14 and 7 cm3 detectors, respectively. 

The x-ray detector used was a lithium drifted silicon detector 

with a beryllium window. X-rays as low as 3.5 keV energy can be measured 

with a resolution of about 0.5 keV. A resolution of 0.1 keV could be 

obtained if a pulsed-light feedback preamplifier
42 

is used. 

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

paper strip or written on a magnetic tape. The magnetic tape:-pulse height 

analyzer interface unit (see Fig. 4} was designed and built by M. Lee
43 

in this laboratory. The tape recorder used is available commercially.
44 
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Table II. Radioisotopes measured in this work. 

Nuclide Half-life Decay mode Major radiations 
(keV) (yield/decay) .. 

49cr 41.9 min s+ 94% 63. (14%) 

IX: 6% 91. (28%) (r ,., 

153. (13%) 

511. (186%)a 

48Cr 23 hours EC 100% 116. (98%) 

310. (99%) 

49v 330 days EC 100% 4.5 Ti x-rayb 

48v 16.1 days s+ 61% 511. (120%)a 

EC 39J 983. (100%) 

1312 (97%) 

aThe 51~ keV radiation is from annihilation of positrons. 

bSee Appendix IV for the percentage of Ti x-rays per decay of 49v. 

t 
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Source 

Detector fa1Jt ... Pile-up Pulseheight .. Rejector Analyzer 

"I" 

if Gat .... 

Pre Linear slow Mixer Biased 
Amp Amp Dela7 Gate 

. 
Amp 

XBL 7010-6852 

Fig. 3. Block diagram for the high count rate, high resolution gamma-ray 
detect ion system. 
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Pulse height ..... Recorder- _!Ill. Alphanum<:lric 
Analyzer , Analyzer r Generator 

Int.!!,.f'a~A 

\ , ,, 
Tape 

Printer Recorder 

XBL 7012-7472 

Fig. 4. Magnetic tape recorder or printer readout system for spectra. 
· recording. 

,.. 
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E. Data Analysis 

. Most of the spectra from the analyzer were written onto 7-inch 

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

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

a CDC 6600 computer for photopeak analysis. The gamma ray spectra 

ana.l.ysis program, SAMPO, was developed by Routti and Prussin 45 in this 

laboratory. Detailed applications of this computer code is given by 

. 46 4 
Bernthal and Routti. 7 The SAMPo program attempts to fit the gamma 

ray .photopeak by a: Gaussian function with an exponential tailing off on 

both the low- and high~ehergy sides. The code can also be used to 

resolve multiple peaks. 

A sample gamma ray spectrum is shown in Fig. 5. Computer 

analyzed singles and doublet photopeaks with the 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 a single radioisotope. Normally a graphical 

decay curve analysis was sufficiect to obtain the decay rates of the 

various radioactivities at the end of bombardaent. In some cases a 

least square code was used to resolve the decay components or to yield 

a better fit to the single component decay curve. T'WO programs have 

been used, RAD
48 

and CLSQ. 49 Both codes can treat decay curves of up 

to 10 components and yield solutions for half-lives, initial activities, 

and standard deviations in the fitted parameters. 
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XBL 7010-6854 

Fig. 5. A typical gamma-ray spectrum. This spectrum is from the activity of 
48v. The numbers near the peaks in the figure are the energies of the 

gamma-rays in keV. 
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;t . 

.. .. .. .. .. .... .. .. .. .. .. .. .. • .. .. .. .. .... .. .. .. .. .. .. .. .. 
Cbazmel Nwaber 862 

XBL 7010-6848 

Fig. 6. Computer ana.lyzed single peak. The solid lines are the fitted. 
peak and the background, the points with error bars are the experi
mental data. The residuals are expressed in standard deviations 
of the counts neasured. Small and randomly distributed residuals 
indicate a good fit. 
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from the decay of 
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III. EXPERIMENTAL RESULTS 

The reaction cross sections for the following nuclear reactions 

were measur.ed: 

3He + 47Ti 

4He + 46
Ti 

160 + 348 

180 + 328 

22Ne + 28Si 

48er + 2n 

48 
V + pn 

Production of 49er or 49v from 
4

He and· 3He reactions was als~ measured. 

The excitation functions are presented in Fi.g. 8 through Fig; 14. The 

following sections deal with the properties of the excitation functions. 

Nuclear reaction Q values and Coulomb barriers are summarized in Table 

III for easy reference. 

Experimental and theoretical considerations for recoil experiments 

of 49cr or 48cr from 3He and 4He reactions will be given in Chapter V •. 

A. Excitation Functions 

l. 4H 46T. e + l. 

The Q value for the nuclear reaction 
4
He + 46

Ti ~ 50cr* is 8.6 MeV, 

which is considerably lower than all other nuclear reaction pairs studied 

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

49 49 of. Cr and V are only slightly negative, thus the reaction threshold 

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

excitation functions. Figure 8 shows the excitation functions for 49er, 
49 48 d 48 d . 4 . 46 V, Cr, an V pro uct1on from He + Ti reactions. Indeed we see 

that the excitation functions (a,n) and (a,p) do go through a maximum. 



-22-

Table III. Coulomb barriers and Q values for reactions of interest. 

Reaction pair Product Coulomb barrier a 
Q values 

(MeV) (MeV) 

3He + 47Ti 50Cr 8.4 20.3 
49v 10.7 
49cr 7.4 
48Cr - 3.0 
48v - 0.8 

4He + 
46Ti 50Cr 8.2 8.6 

49v - 1.0 
49cr - 4.4 
48Cr ..;14.8 
48v -12.6 

160 + 348 . 50Cr 21.3 15.6 
48Cr -7-7 
48v - 5.6 

180 + 328 50Cr 21.2 23.5 
48Cr 0.2 
48v 2.3 

22Ne + 28Si 50Cr 23.0 20.8 
48Cr 2.5 
48v - 0.4 

aThe Coulomb barriers were calculated with a nuclear radius parameter 

r = 1.5 fm. 
0 

b 

b Q values were based on the masses given in Table of Isotopes (Ref. 70). ..,. 
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.. 

46 4 48 
Ti( He,2n) Cr 

energy (lab) (MeV) 
XBL 7012-7473 

Fig. 8. Experimental excitation functions for reactions from 4He + 46TL 
The solid lines are drawn to aid the eyes only. 



The widths of the 49cr and 49v excitation functions are consistent With 

that given by the evaporatiori theory (see Chapter IV). 

In spite of the expected suppression of proton evaporation by 

the Coulomb barrier, the (a;pn) excitation function is much greater than 

the (a,2n) excitation function. The greater probability for proton 

emission can be explained by the dif~erence in the level densities of 

the product nuclei. The {a ,pn) product is 48v(odd-odd) which has greater 

. . 48 
number of available levels than the (a,2n) product nucleus Cr(even-even). 

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

emission, and enhancement of {a,pn) reaction results. The same phenomenon 

bas been obseried, by MarkoWitz, Miller, and Friedlander 50 in 
4

He + 50cr 

t · nd by P il 51 · 4H 64z · d b · · th 52 reac ~ons, a or e 1n e + n, an y o ers. 

The cross section for (et,n) is greater than that for (et,p) 

reaction. As expected, proton emission is somewhat inhibited by the 

Coulomb barrier, when both the product nuclei are .odd-A. 

Both the excitation functions (et,n) and (a,2n) are directly 

observed and calculated from gamma ray 

the contribution of 
48

cr EC ~ 48v is 

spectra. ·For (a.,pn) reaction, 

. 48 
subtracted from the total V 

activity. This correction is small 
48 

(less than 10% of the total V 

activity), because ~he 48
cr production cross section is considerably 

11 th th 
46T·( )48v t· Th d t ·1 r wth sma er an e · · 1 et,pn cross sec 1on. e . e al. s o gro 

48 48 
and decay of V from the decay of Cr is given in Appendix II. 

The 
46

Ti{et,p) 49v is obtained by measuring the titanium x-rays 

49 from V electron capture decay. Details of the x-ray calibration is 

given in Appendix IV. In order to eliminate contribution of Ti x-ray 

48 
from V (16 day half-life) decay, the samples are counted about 3 months 

,o'' 
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att~ bombardment. ·The contribution of 
4

9v activity from 

49cr EC ;;:. 49v is subtracted from the total ~9v radioactivity. However, 

the contribJ.tion from 49er decay is very great, because the cross section 

of 46Ti(o.,n) 49cr is large. Therefore the uncer-tainty in the (o.,p) cross 

sections is large. 

Contribution of radioactivity from other titanium isotopes in 

the target is small. The main impurity is 48ti(l4.5%). The excitation 

tunctions for 48Ti(o.,3n) 49cr, and 48Ti(o.,p2n)~9v at alpha-particle ener-

gies about 20 MeV are very small from reaction Q values considerations. 

The cross sections for (o.,4n) and (o.,p3n) should also be negligible at 

energies less than 50 MeV. 

The four excitation functions agree generally (within 20%) with 

those measured by Raleigh. 53 

2. 3He + 47Ti 

Figure 9 represents the excitation fi.mction:s for 47Ti( 3He,2n) 48cr 

and 47Ti( 3He,pn) 48v. Again the ( 3He~pn) cross section is considerably 

greater than the (3He,2n) as seen in the alpha + 46Ti system. The Q 

value for a single particle evaporation (p or n) is +10.7 MeV and 

+7 .4 MeV, respectively. Therefore, the reaction threshold for these 

reactions is the Coulomb barrier; and the excitation functions should have 

peaked and become small at the actual bombarding energies. Because the 

enriched 47Ti target contains significant amount of 48Ti(l6.5%) and the 

48Ti( 3He,2n) 49cr cross section is expected to be considerably greater 

than that for 47Ti( 3He,~) 49cr at 3He energies less than 20 MeV, the 

contribution of 49cr from 48Ti must be subtracted from·the enriched 47Ti 

exper ir:1ent s. 
49 ·. 

Figure 10 represents the production of · Cr from enriched 
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47Ti(3He,2n)48cr 

(MeV) 
XBL,/012-7468 

Fig. 9. Experimental excitation functions for the 2n and pn evaporation 

f 3H. 47T. +" rom e + 1 reac~1on. 

il 
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48 J . 49 
Ti( 118,211) Cr 

47u(3He,D)49cr 
aD4 

48tt(3He,2n)49cr 

energy (lab) {MeV) 
XBL 7010-6857 

Fig. 10. Excitation functions for 
48

Ti( 3He,2n)49cr and the sun production 

of 
49

cr from 
47

Ti and 
48

Ti with 3He using 47Ti-enriched targets. 
47Ti(79.5%) and 

48
Ti(l6.5%). 
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48Ti targets(99.l% 
48

Ti) and from the enriched 47Ti targets by 3He bom-

bardment. 
. 47 . 3 49 

The "true" Tl( He,n) Cr excitation function is then obtained 

by subtracting the 49cr activity from 
48

Ti reaction and is shown in 

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

· · 47T·( 3H )49c t" uld b ' N th 1 uncertaJ.nty l.n l. e,n r cross sec J.ons wo e .Large. ever e ess 
1

. 

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 

theory. 

The 47Ti( 3He,p) 49v excitation function is not measured .for the 

following reasons. First, the (3He,p) reaction cross section may be even 

smaller than the ( 3He,n) cross section, as indicated in the a + 
46

Ti 

dl . t "but. .f. 49c (3+ ,EC ' 49v "11 b t case. Secon y, con rl. J.on rom r ~ Wl. e very grea . 

Thirdly, the interference from 
48

Ti( 3He,pn) 49cr cross section will be 

very significant. Of course, the measurement of the 47Ti( 3He,p)
4

9v 

excitation function will be feasible if very high enrichment of 47Ti 

. 47 
isotope (say, 99+%) is used. Unfortunately isotope Ti of such enrich-

ment is not currently available. 

3. 

Heavy ion reaction provides a convenient way of forming excited 

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

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

54 55 hindered by the high angular momentum. ' Kowalski, J odogne, and 

Miller10 reported that the cross section for complete-fusion reaction 

actually decreased with increasing energy above 100 MeV for the 16o + 27 Al 

system. However, heavy ion reactions of lower incident energies 

(< 5 MeV/nucleon) do proceed predominantly via the compound nucleus 

"fl 
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(lab) (MeV) 
XBL 70i0-6858 

Fig. 11. Excitation function for 47Ti( 3He,n) 49er calculated fro8 the 

sum production cross sec.tion and the 
48

Ti( 3He,2n) 49cr cross section 

of Fig. 10. The uncertainties in this excitation function is expected 

~o be large. 
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mechanism. 56 The lower velocity .of the ions reduces the probability of 

knock-on reaction, and the angular momentum is less than the so-called 

critical angular momentum57 for compound nucleus formation. 

34 16 49 34 16 49 
The reactions S( O,n) Cr and S( O,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 

16o. 34 t-h · t' · · ·oo · 35M. v n· 't · · · + 8, e exc~ta ~on energy ~s a ut e • e-exc1 at~on of an 

excited nucleus of such high excitation energy by evaporation of only 

a single nucleon is very unlikely. 

- 34 16 ·. 48 
Figure 12 shows the excitation functions for S( 0,2n) Cr and 

348(16
o,pn)

48v. The reaction Q values are respectively -7.7 and -5.6 MeV, 

which are considerably less than the Coulomb barrier ( 21 MeV) for 

16o + 34
8 interaction. 

. -

The threshold for these reactions is the Coulomb 

barrier; the steep low-energy edge of the excitation function suggests 

that this is true. 

. 16 
Again the ( O,pn) cross section is much greater than the cor-

. 16 . 4 3 
responding ( 0,2n) cross section, as seen in the He and He reactions. 

The same phenomenon is also observed in the 
18o and 

22
Ne reaction syst.ems. 

The other isotope in the target, 328(66%), will not interfere with 

34 . 32 16 . 
the 8 reaction studied, bec~use 8 + 0 produces exc1ted nucleus 

48 . * . . . 48 48 . 
Cr , which can not decay to Cr and V by particle evaporation. The 

contents of sulfur isotopes 338 and 36s in the target are too low to 

varrant any further consideration. 

47 . 3 49 Observation of the suppression of T~( He,n) Cr cross section 

by high Coulomb barrier and positive Q value leads one to expect the 
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Fig. 12. Experimental cross section for pn and 2n evaporatio~ from 

. 16o + 34 S reaction. The solid lines are drawn to aid the eyes only. 
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same suppression of the two:...pe.rticle evax)oration excitation functions at 

higher excitation energies. The 32s(18
o,2n)

48
cr and 32s(18

o,pn)
48v 

rea.etion Q values are somewhat positive and the Coulomb barrier (21 MeV) 

is about equal to that of the 
16

o + 34 
S system. At the reaction threshold, 

the 'excitation energy is about 44 MeV~ The tvo particle excitation 

functions are expected to have peaked. and became small. This is indi-

cated by the relatively much SDi.aller cross sections and less steepness 

at the low-energy edge when compared with the excitation functions of 

the 16o + 34s system. Figure 13 shows the 
32s(18

o,pn)
48v and 

32s(18o,2n)
48

cr excitation function·s. The magnitude of these excitation 

functions is about a factor of 4 lower than the corresponding 
16o exci-

tation functiops. Th k f th 
18o . . . h uld e pea s o · e . react~on cross sect1.ons s o . 

not be considered as "natural" ones ("natural peak" is due to the 

competition of different de-excitation channels). These peaks probably 

show the effect of the decreasing probability of two particles evapora-

tion and the increasing penetration of the Coulomb barrier as bombardment 

energy increases. These 
18

o + 32s two-pa.rticle evaporation cross sections 

can 'be regarded as a measurement of the probability for the emission of 

protons or neutrons with high kinetic energy. 

Natural sulfur is used as the target. The 
34s isotope should not 

. 32 
interfere with the S reactions at the excitation energies studied; the 

isotope ratio of 
32s : 34s is 22.5 : l, and the 34s is two mass numbers 

away. 

5. 22N 288 . e + l. 

The Q value of this reaction system is lower than the 
18o + 32s 

• i. 

I 
I 

l:,it.l 

system; however, the Coulomb barrier (23 MeV) is higher. Similar suppression 
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energy (lab) (MeV) 
XBL 7010-6860 

Fig. 13. Experimental cross sections for pn and 2n emission from 
18 32 . 0 + S react~on. 
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etf'ects should be observabie for the 
28si(

22
k,pn)48v and the 

26si(22
Ne,2n)

48
cr excitation functions •. Indeed, Fig. 14 shows these 

cross sections have the same magnitude as the 
18o reaction cross sections. 

The existence of the high energy "tail" in the excitation functions 

deserves ·some comment. As pointed out earlier, interaction through a 

knock-on type of mechanism is not probable, in view of the low incident 
. . 

particle velocity (in this case, the velocity is equal to that which a 

nucleon ¥/Ould have at about 2 MeV~ or at 2 x 109 em/ sec). The target 

contains 29si(4.7%), the reaction cross sections for 29si(
22

Ne,p2n)
48v 

and 29si( 
22

Ne ,3n)
48

cr may be appreciable at such excitation energies. 

Therefore, the high energy "tail" of the excitation function is probably 

due to the contribution from 29si. 

22 . 22 . 
The ratio of. the cross sections ( Ne,pn} to ( Ne,2n) 1s again 

simil~ to that· of all other reaction pairs studied in this wrk. 

B. Error Estimates 

1. Errors in Determination of Bea.in Energy 

The initial uncertainty for beam energy from the Hilac
34 

is 

about ±2%. 
. 33 

The.88-inch cyclotron beam is essentially monoenergetic 

{±0.14%). Because no direct measurement of the beam energy is made, an 

e·s1:;imation of ±2% is taken as· a.n upper limit of the uncertainty in true. 

beam energy. 

As the ion. beam passes tbro1J8h the degrader and target materials, 

. .. . . -~ . 

the energy spread in the beam will i11crease. Mcintyre et al. show that 

the energy straggling due to degradation increases as the stopping power 

increases. Becker et al. 59 show tba t the error spread for 14 5-MeV 
14

N 

f.: 
I 
! 
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beam after degradation to 36 MeV is 4.5 .MeV (f'ul.l width at half maximum, 

FWHM), with the initial 1.5-MeV beam-spread, and aboUt 2 MeV spread due 

to non-uniformity in the degrading aluminum foils used. This is con-

sistent with our estimate that for the lover-energy portion of the heavy 

. ion beam, the uncertainty in beam energy could be as large as 5 MeV. 

The error introduced by the l,UlCertainty of the range-energy 

curves is expected to be small,· because only the differences in the ranges 

. . . 3 . 4 
are uaed. In summary, the beam energy detenu.inat~on for He and He 

particles should be accurate to within 3%; for heavy ions, the uncertain-· 

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

ment, respectively. 

2. Errors in Determination of Absolute Cross Sections 

There are many sources of error that can introduce uncertainty 

into the determination of absolute reaction cross sections. The particle 

intensity was measured using a conventional Faraday cup-electrometer 

method. The integr13-ting electrometer could be read to within ±1% or 

better, and an occasional calibration of the electrom~ter with a 1.0186 V 

Weston standard cell showed that the charge collection efficiency of the 

Faraday cup is within 1% of the expected value. The charge-to-mass ratio 

of the heavy ion is given by the strength of the rf field gradient in 

the poststripper. 34 Therefore, the number of particles passing through 

the target should be known to ±1%. The percent errors are standard 

deviations. 

As mentioned befbre, the uncertainty in the evaporated target is . . . 

better than ±3%. For the sulfur targets, examination under microscope 

show some unevenness, however the unevenness is regularly distributed 

., I 
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t!lroughout the whole deposit' and sometimes a wobbled ion beam is used 

to ·turther minimize the non-uniformity in the target. It is felt, there-

fore, that the "uniformity" of the sulfur targets is also about ±3%. 

Statistical errors introduced by the analysis of gamma ray spectra 

varied with the photopeak to background ratio. When the peak to back

ground ratio exceeds 1.4, the erro:r
4'1' is less tban ±1%; however when the 

peelt to background ratio is only 1.14,. the error is ±7%. For y-ray ener

sies greater than 0. 511 MeV (the l3+ annihilation radiation), the back

ground is generally low, and the error in the photopeak analysis should 

b. 1· t ..... ~ +2• F t f th 49c and 48c d · t · · t · e ·. ess ~.ll:i.n - /0• or measuremen s o e . r . · r ra 1oac ~v1 1es, 

the energies of the photopeaks are fram 0.06 to 0.32 MeV. Because of 

+ . 
the B annihilation radiation from many reaction products (contribution 

also came from the aluminum backing), the photopeak to background ratio 

of y-rays in this energy region is of the order of 1.2, analysis error 

of about ±7% is expected. For x-ray spectra analysis, the background is 

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

The y-ray efficiency calibration frcm the 1% y-ray standards 

(see Appendix III) should be good to within 2 to 2.5%• The error from 

decay curve analysis should be less than ±2%, because the y-rays are of 

the single component type. 

There are statistical errors in the counting of radioactivity. 

. 60 
Lamb has estimated the photopeak and decay curve analysis errors to be 

. within 10%. Errors in weighing, time measurements, and decay scheme 

corrections are expected to be very small. 

In view of the above discussion, the. errors in most of the exci-

tation functions measured should be less than 15%. 
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Two excitation functions are expeeted to have larger errors 

because the differences of t-wo large mDnbers are used. These are 

4
TTi( 3He,n) 49cr and 41Ti( 3He,p)49v. It is felt, however, the relative 

cross sections at different energies for these two excitation functions 

should be accurate to within 15%. 

The reproducibility of the (i!Xcitation fUnctions is generally 

good. The det.erminations of cross sections from different runs agreed 
4 . 

vith one another within the error limits. In the case of He bombardments, 

the determinations using different accelerators were also within the 

error limits. 
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· IV. THEORETICAL CONSIDERATIOliS 

The signifi.cance of the excitation :f\mctions measured in this 

work rests upon the interpretation of these cross sections using some 

convenient model. In this chapter, predictions of the compound-nucleus 

and evaporation theory are compared with eXperiment. Effects of reaction 

Q values and the Coulomb barrier upot;l nuclear reactions are noted. Com

parison of excitation functions in light of the independence postUlate 

is also made. Effects of angular momentum on the decay of the compound 

nucleus are discussed. It is hoped that from these considerations, we 

gain some insight into nuclear reactions in this region of mass and 

excitation energy. 

A. Calculation of Excitation Functions 

Nuclear reactions for· medium-weight nuclei (45 < A < 100) at 

energies up to 10 MeV per incident nucleon have been successf'u.lly described 
. . 4 

by the statistical theory. The main feature of this theory is that a 

compound nucleus is formed during a nuclear reaction and the subsequent 

decay of this compound nucleus can be treated statistically. Schematically 

the reaction of the incident particle a with the target nucleus A to 

yield the product nucleus B And the outgoing particle b can be 

represented as 

• a+A:+C :+b+B (2) 

* . 1 Where C is the compound nucleus. Independence postulate allows the 

cross section for such a reaction to be written as 

a(a,b) = ac(Ea) W~(U)/ [ wj{u) 

j 

{3) 
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wbere crc(Ea) is the cross section for the formation of the compound 

nucleus with E as the kinetic energy of the incident particle a, 
a 

W..:,<u) ·is the probability per unit time that Ollly b is emitted from the 

compound nucleus with excitation energy U, 8nd the summation over j 

includes all particles that can be evaporated.· 

Weisskopf
2 

has shown that the probal;)Uity per unit time for 

evaporating a particle j with kinetic energr between E and E + dE 

is 

gm . P 
Pj(E) dE=~ o(€) p: E .dE (4) 

where is the statistical weight. of partiCle. J, mj ·is the reduced 

mass of the system, o(E) is the inverse cross section for the evaporation 

process, and pi, pf are the level densities of the initial and final 

nuclei. 

The stati_stical weight of particle J is calculated by 

g = 2s + 1 
J 

(5) 

w1:14!re s is the intrinsic spin of particle J. 

There are many approximate methods for evaluating the level 

density. The Fermi gas model is usually employed. The Fermi gas model 

. . 61 
·which assumes the one-Ferniion level to be equally spaced gives a level 

density: 

(6) 

i 
- I 

i 
'- \ 

I 
I _, 

! 
• I 

I 
J 
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where U is the excitation energy, t is the thermodynamic temperature, 

and a. is the level density parameter. The thermodynamic temperature 

is related t.o the excitation energy as: 

2 
U = a t - .t (7) 

From a consideration of the Fermi gas model, the level density parameter 

a can be calculated by 

, (8) 

where gn and gp are thE! single neutron and proton level densities a.t 

the Fermi energy respectively. More explicitly the parameter a is 

given by15 

(9) 

where is the nuclear radius parameter in units of l0-13 em, Z and 

N are the proton and neutron numbers respectively, and A = Z + N. If 

we take an approximation that z113 = z(-13 , tbe parameter a is then 

A for 1 .• 2 fm a =- r = 20 0 
(lOa) 

or 

A for 1.5 fm a. =- r = 13 0 
(lOb) 

For convenience, the level density equation (Eq. (6)) is further 

approximated. The slow dependence of the level density upon the excitation 



eneliogy in the pre-exponential term is taken to be constant for high 

excitation energy and qver a small mass region. The level density at 

excitation energy U is then given by 

p(U} = C exp(2/aU) (11) 

where C is a constant • 

. . . The effect of nuclear pa~rl.ng on :the level density must be taken 

. 62 . . 
~nto account. Hurwitz and Bethe. pointed out the effect of odd-even 

nuclei upon the level density should be taken as a displacement of the 

ground-state energy caused by the pairing of the nucleons. Ericson63 

showed the correctness of this treatment by the level counting experiment. 

An energy, o, must be subtracted from the excitation energy. For odd-odd 

nuclei, c is taken to be zero, and for all other types, 6 > 0. .The 

level density is· thEm 

p(U) = C exp { (4a[U - c] }1 / 2} (12) 

. Tbe consideration of effect of the closed shell on level density is 

ignored because the nuclei used in this work do not fall into a. closed 

. 64 
. shell. The o values are taken directly frOJR Cameron. In even-even 

nuclei, the values were considered to be additive. 
48 

For the Cr 

nucleus (Z = N), an additional 3 NeV is added to o. This follows from 

. 65 
the argument of de-Sha.lit as given by Dostrovsky ~ al. The transition 

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

in ~8cr is very small and thus evaporation of neutrons cari only lead to, 

in first approximation, the states in 
48

cr with~ T ;: 0. The first of 

such T "1: 0 states is estima. ted to be about 3 MeV above the ground-state. 
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The probability per unit time for evaporating a particle j with 

kinetic energy between E and E + dE can be written more explicitly 

(13) 

where ·Sj is the separation energy of the j particle from the compound 

nucleus, and the other symbols are the same as in the previous equations. 

The inverse cross section is usually taken as the capture cross 

section for the product nucleus. Dudey et aL 
66 

showed that the inverse 

cross sections do not differ significantly fran the reactions with the 

ground state for 59co production from ex or p reactions with Fe or 

. 65 
Ni. The empirical equ~tions from Dostrovsky et ~· were used for the 

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

ac = a a(l + ~) 
g E ' (14) 

2 
where a = 1rR g 

is the geometric cross section, ex = 0.76 + 2.2 A-l/3 and 

a= {2.12 A~2/3 - 0.05)/(0.76 + 2.2 A-l/3 ), A is the mass number, and 

R = 1.5 A1/ 3 fm is the nuclear radius. For charged particles, the 

capture cross section is 

(15) 

The . symbols and are constants for the charged particle j •· 

The parameters Cj and kj are interpolated from the values given by 

Dostrovsky et a1. 65 and are shown in Table IV. The symbol Vj in Eq. 

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

formula 



-41&-

Table IV. Parameters used for inverse or total react ion 

section calcUlations a cross 

z k c ka ca kd cd k c3He p p 3He 
- I 

! 
I 

: 
23 0.61 0.25 0.86 0.10 0.67 0.12 0.80 0.13 

22 0.60 0.26- 0.85 0.1() 0.66 0.13 o. 79 0.13 

21 0.59 0.27 0.84 0.10 0.65 0.14 - 0.78 0.13 

20 0.58 -- _0~28 0.82 0.10 0.64 0.14 0~76 0.13 

a - . 
The values of' the p1rameters are derived from Dostrovsky et !:l· (Ref'. 

65). 

.. I 
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(16) 

where z1 a.nd z2 are the atomic charges of the outgoing and the residual 

nucleus, e is the electron charge; and r
0 

= 1.5 tm. The value of rj 

was taken to be 1.2 f'm for deuterons and 3He and a . particles, and zero 

for protons. 

For charged particles emitt~ With kinetic energy less than 1.8 

tinles the Coulomb barrier, the cross section was calculated by an inter-
. . 6 

polation of Shapiro's table of reaction cross sections, 7 using 

-13 r = 1.5 x 10 em. 
0 

The total probability of evaporating a dngle particle b can 

be written as an integration of Eq. (4) over all the possible emission 

energies, 

J
U-Sb-ob . . . 

c o(E) 

0 

The integral in this equation takes. into account all particles· 

b emitted leaving the residual nucleus in excited levels down to the 

"displaced level". The decay of the compound nucleus to levels below 

the "displaced level" is ignored. This is a reasonable approximation, 

(17) 

because the level density of. the residual nucleus with excitation energy 

. less than 6 is expected to be small. Furthermore, in calculating the 

specific excitation functions, only the ratiol> of the evaporation proba-

pilities are used and thus the errors introduced in this approximation 

ten4 to cancel each other. 
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· Equation (17) gives the total. probability for the evaporation 

ot particle b from the compound nucleus with excitation energy U. In 

order to calculate the reaction cross section for single particle evapora-

tion, the equation must be modified so that after one particle evapora.-

tion, no other particle could be emitted (except, of course, photons). 

This requires that after one-particle emission, the residual nucleus 

must have excitation energy insufficient for the evaporation of another 

particle. Therefore the evaporation of particle b with kinetic energy 

lower than U-Sb -s
2 

should not be included in the calculation of the single 

particle emission cross section. s 2 is the evaporation energy (defined 

below) of the most loosely bond particle after the evaporation of b. 

The evaporation energy s 2 is/ given by 

(18) 

where B
2 

is the binding energy of particle 2 in the residual nucleus, 

and o2 is the o value after particle 2 is also evaporated; and K2 is 

the effective Coulomb barrier of particle 2. ~ = 0 for neutrons and 

~ = 1. 5 MeV f-ar protons. Because of the rapid decrease of the exc i

tation energy after the ·first evaporation, only protons or neutrons are 

considered for the second emission. 

The cross section of the reaction given by Eq. (2) can then be 

expressed explicitly as 

.·· u-sb-<\ · 

o(a,b) == crc(Ea)gl?bJ · · a(~) exp {2[a(u-sb-ob~)] 1 /2 } ~~ 
A 
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(19) 

. wbere A = U - ~ - s2 (if U - Sb - s2 < 0, A = 0) • For a simple calcu

lation the swmmation is taken over.neutrons, protons and a-particles 

3 3 65 onl.;y. The evaporations of He, d, and H are very rare and are neglected 

in this calculation. 

The separation energies are taken directl;y from a calculation by 
. 68 

Seeger and are summarized iri Table V. 

For the evaporation of two particles, the residual nucleus after 

one-particle evaporation is taken as the st8.rtill8 point. The following 

equations apply 

(20a) 

(20b) 

where B = u - s - s - E. - s ( if u - s - s - . E.. - s < o , B = o) . . · b . c .o 3 . b c 0 3 

Sc !s the separation energy of the second particle, c; s
3 

is the evapora-

tion energy of the most loosely bond particle after the emission of b 

and c. P j (Ej )dEj is the probability for evaporation of particle j ·~ 

given by Eq. (13). 

Equations (19) and (20} were programmed for computation on the 

CDC 6600 computer • This program for the decay of compound nucleus 

completely ignored the effects of angular momentum. 
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Table V. Separation energies and values of o for the 
c&l.eulation of excitation f'wlctions. 

Emitted 
particle 

p 

a 

n 

p 

n 

p 

a 

n 

p 

n 

p 

n 

p 

s a 
b 

(MeV) 

12.83 

9.26 

8.28 

10.:38 

8.52 

8.24 

12.10 

7.20 

9.03 

15.77 

7.76 

9.61 

6.43 

12.78 

10.0 

~b 

{MeV) 

1.44 

1.29 

3.14 

o. 
1.73 

0.0 

3.02 

1.41 

1.44 
1.41 

1.41 

1.73 

1.73 
1.41 

10.0 

11.7 

12.9 

10.7 

11.0 
c 

11.0 

13.06 

&The separation energies are based on Seeger {Ref. 68). 

b o 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 the calculation. 

i 
I 

J 
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As suggested by Grover, ' the neglect ot angular manentum and 

the competition of y-ray emission with particle emission causes the low 

value of the level density parameter, a. 
24 Following Chen and Miller, 

. A ~ 
this parameter is taken to be 

25 
E! 2 MeV 

. .. i . 3 47 4 46 
For the react ons He + Ti and He + · Ti, the angular momentum 

·ot the reacting systems is o.ot very high (see Sec. D), and thus explicit 

consideration of. the angular manentum effect can be ignored. The results 

ot the calculated excitation functione for 
46Ti(a,~) 49cr, 46

Ti(a,p)
49v, 

46 48 . . 46 . . 48 47 . . 3 . 48 47 . 3 48 
Ti(a,2n) Cr, Ti(a,pn) V, Tl( He,2n) Cr,.· · Tl( He,pn) V, and 

47Ti(3He,n) 49cr are compared with experiment in Figs. 15 to 17. 
. . 3 

Because of the low binding energy of the He particles, 2. 57 MeV 

per nucleon, direct interaction mechanism might be important at the 

experimental energies. The possible reactions are 

(1) 

or 

(2) 

or 

(3) 

or 

(4) 

or 

3He + 47Ti --» 48
cr + d 

3He -> "p" + d, Q = -5.49 MeV; 

3He _:_-.. "2p" + n, " Q = -7.72 MeV; 

3He + .47Ti ~ 49v + P 

3He :..___> "d" + p, Q = -5.49 MeV; 

3He + 47T1 ----> 46
Ti + 4

He 

3 4 . . 
·He + "n" -> He, Q = +18 .6 MeV. 

Reactions (1) through (3) are stripping reactions, and reaction. {4) is 

a pick up reaction. The reactions (3) and (4) are not observed in this 

work. 
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( fie ,pn) 
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4 
( He ,2n) 
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D 

4 
He 

• 

Calculated 
(4Ha,211} 

ta.,pe) 

c'He,n) 
tHe,p) 

energy (lab) (MeV) 
XBL 7012- f.t71 

Fig. 15. Comparison of experimental and calculated excitation functions 
4 ·46T · . t · 'T' 1 . . 1 d d h ~or He + 1 reac 1ons. ~he so 1d l1nes are ca culate ~ an t e 

points are experiT.ental results. 
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Fig. 16. Comparison of experimental and calculated excitation runctions for 
47 . 3 . 48 ' 47 . 3 . 48 

T1( He,pn) . V and T1( He, 2n) Cr. The points are experimental results, 

and the solid lines are calculated. 
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Calculated 

• ~perimental 

• 

energy (lab) (MeV) 
XBL 7012-7475 

Fig. 17. Comparison of experimental and calculated excitation functions 

for 47Ti( 3He,n) 49cr. .I 
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As seen :f'rom the 3He reaction cross sections, the contribution 

. . 24 
tram the stripping reactions is small. In CCIIlplU'ison, Chen and Miller 

observed significant contributions of stripptng reactions to the reaction 

d .;..........> "p" + "n" bas a Q value of only ..:.2. 23 MeV. The decrease of Q 

. . 3 
values for the breaking up of He tends to reduce the contribution of 

~ . . 

stripping reactions·at the energy region of this work. 

. 4 The binding enefgy of He particles is 7.1 MeV/nucleon. There-
. . 4 46 . ·. 

tore, for the He + Ti reactions, the contribution of stripping reactions 

is expected to be much smaller than that for the 3He reactions. 

The experimental excitation functions generally agree well with 

the theoretical calculations. For the 47 Ti( 3He,n)49cr reaction, the 

&.greement is not very good. However, as mentioned before, the deter-

mination of this excitation function involves the difference of two 

large numbers and the uncertainty is thus quite large. Furthermore, 

tbe calculation of this excitation function is very sensitive to the 

value s2 , the energy at wich the evaporation of a second pa.rticle begins. 

Nevertheless, the calculated and experimental excitation function does 

have the same shape and the same magnitude; and the fit is considered 

ree.sonable. 

Admittedly, the calculation performed is only very approximate. 

There are many shortcomings in it • First of all, the. inverse and the 

total cross sections are either calculated ~ a s~i-empirical formula 

or from an interpolation of Shapiro's table. This will introduce uncer-

tainty in the magnitude of the calculated cross section. Secondly, there 

is no consideration of angular momentum effects on the decay of the com-

pound nucleus. The small value of the level density parameter, a, may 

partly compensate for the neglect of this effeet. Thirdly, the separation 
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energies and o values used may contain some uncertainties. The use 

of the approximate level denSity formula, Eq. (12), may not be justified 

at the excitation eoergies considered. The consideration that only p, 

n, and a can be emitted in the first stage of the evaporation process, 

and only p arid D can be emitted in the second stage will also intro-

duce· some error in the calculation. The decay of the compound nucleus 

to levels bP~OW the "displaced" level may not be Completely ignored; 

. Nevertheless, the reasonable agreement between experimental and 

calculated excitation functions signifies the applicability of the com~ 

pound-statistical theory, even with the approximation mentioned, to 

these 3He and 
4

He induced reactions. 

B. Comparison of Excitation Functions 

1 According to the independence postulate, the decay of the com.-

pound nucleus is independent of its mode of formation. Consiaer the 

nuclear reactions a+ A+ c* + b + B·and a' +A'+ c* + b + B, where a, 

t t . 
A, and a , A are projectile-target pairs capable of forming the same 

• • compound nucleus C , and yielding the same product nucleus B and out~ 

soing particle b. The reaction cross sections for these reactions are 

cr(a,b} = crc(a) P(C,b) .(2la) 

and 

cr(a',b) = crc(a') p'(c,b) (2lb) 

vnere crc(a) and crc(a') are the cross section for the formation of 

* . . 
the compound nucleus C from the entrance channel involving a and 

I 
a 
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respectively; P(C,b) and p' (C,b) are the probability that the compound 

nucleus decays through the exit channel b + B from the entrance channels 

a + A and 
I : I 

a + A • . The independence postulate requires 

· P(C,b) = P 1
(C,b} (22) 

provided that the compound nuclei from both entrance channels have the 

sa.ine excitation energy. More generaily, the following would be true: 

cr(a,x) = ~<ft}) = cr((''n)) 
cr(a). cr a a a · , (23} 

where cr(a,X) is the cross section ·for the nuclear reaction with entrance 

channel a + A and exit channel X (emission of particle and the corresponding 

I It 
residual nucleus); similarly for the other entrance channels a and a. 

through the same exit channel X, all involving the same compound nucleus 

c*. 

Equation (23) constit~tes the basis for the classical test of the 

independence postulate. Ghoshal
21 

first applied this test to the 
64

zn* 

system. Ignoring angular momentum effects, the abscissa for the test is the 

excitation energy of the compound nucleus. The excitation energy is 

tbe sum of the available kine~ic energy from the incident particle and 

its binding energy to the compound nucleus; and ·is given explicitly by 

,. (24) 

where E* is the excitation energy in the compound nucleus, 

E is the kinetic energy of the projectile in the laboratory 
pr 

system, 
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m . , me, mt are the masses of projectile, compound nucleus and 
pr 

target respectively, 

-~ is the binding energy of the projectile to the compound 

nucleus. 

Figure 18 shows the rel8.tionship between the excitation energy of the 

compound nucleus and the lab kinetic energy of the incident particle. 

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

I t . 70 so opes. 

The Coulomb barriers are shown in Fig. 18 as black dots. It must 

be· emphasized that these Coulomb barriers are only approximations. Nuclear 

reaction below this barrier does occur, al thoogh with smaller cross sec

tion. It is interesting to note that the reaction with 3He provides a 

va.y to high excitation energies in the compound nucleus at low bombard-

ment energies. At the Coulomb barrier, the reaction involving 3He bas , 

already_ possessed enough excitation energy to evaporate two or more 

particles. This accounts for the low cross section for the ( 3He,n) 

reaction. F 
22N·. nd 18o . d. ed t" ·. th. "t t" . or e a 1n uc reac J.ons, e exc1 a :Lon energ1es 

at the Coulomb barrier are so high that even the two-nucleon evaporation 

. cross sections are severly reduced in favor o~ three or more particle 

em.is.sions. 

The classical test of the independence postulate must be. based 

on the nnaturaln reaction cross sections--that is, no Coulomb suppression 

of the excitation function should be allowed. Figure 19 shows the pn 

and 2n emission excitation functions for 3He + 4
TTi and 

4
He + 

46
Ti. The 

similar shape and peak position of these excitation functions indicate 

that the independence postulate is essentially correct for this system. 

·• i 

•· 
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. Energy (lab) (MeV) 
XBL 7012-7477 

Fig. 18. Conversion curve for the bombardment energy and the excitA.tion 

energy of the 50cr* co~pound nucleus for various projectiles. 

Coulomb barriers are indicated by the black dots. 
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Excitation energy (MeV) 
XBL 7012-7476 

Fig. 19. Comparison of the 2n and pn evaporation ~citation functions 

f'rom. 
3He + 47 Ti and 

4
He + 

46
Ti reactions. The solid lines are drawn 

to guide the eyes only. 
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4 
The 3He cross sections are lower than the corresponding He cross sec-

tions by "' 20%. This difference 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. 
4

He particles. 

As me~tioned in Chapter III, the (
16

o,pn) and {16o,2n) excitation 

tun.ctions showed the "natural'' peak._ It is interesting to compare these 

excitation functions with those involving light particle ( 3He or 
4

He) 

bombardments. Figure 20 presents the 2n and pn excitation functions for 

3He, ·a and 
16

o induced reactions. 

In the classical test of the independence postulate, the com-

pe.rison of various excitation functions can be made only after the reaction 

cross sections have been divided by the total cross section for the for-

mation of the compound nucleus. H:owever, the cross sections for the 

16
o + 34s reaction is near the Coulomb barrier, and the calculation of 

the compound nucleus formation total cross section by the optical model71 

is very sensitive to the parameters used. Furthermore, the parameters 

tor the optical potential for this reaction system are not known experi

mentally. Therefore, the following procedure is taken to facilitate 

tbe comparison. The magnitude of the cross sections for the ( 3He,pn) and 

(16
o,pn) reactions are arbitratily increased so that they are about equal 

to the (a,pn) excitation function at the ~position. The ( 3He,2n) and 

(16
6,2n) cross sections are also increased the ~e percentage as the 

res:pective pn excitation functions. The result is shown in Fig. 21. A 

complete coincidence of the respective pn and 2n excitation functions will 

be a verification of the independence postulate in the classical sense. 

A glance at Fig. 21 shows that the 3He and 
4

He excitation functions agree 

quite well, and the 
16

o excitation functions are definitely shifted toward 
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Excitation energy (MeV) 
XBL 7012-7474 

Fig. 20. Threeway comparison of the 2n and pn evapo~ation excitation 
3 47 . 4 46 . 16 34 . . 

functions from He + T1, He + T1, and 0 + S react1ons. 
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Fig. 21. · Threeway comparison of the 2n and pn evapor~tion excitation 

functions after arbitrarily shifting the magnitude of the 16o and 3He 

cross sections. The 
4
He cross sections are not shifted. 



-62-

higher excitation e!).ergy. This violation of the independence postulate 

will be discussed later in Sec. D. 

. 32 18 48 32 18 48 
The excitation fUnct1ons S( 0,2n) Cr, S( O,pn) V, 

28Si(
22

Ne,2n)
48

cr, and 
28

si(
22

Ne,pn)
48v can not be compared with the 

excitation functions shown in Fig. 21. The high Coulomb barrier and 

reaction Q values strongly suppress the reaction cross sections. As 

seen before, the 
18

o and 
22

Ne excitation ftinctions are much smaller 

tban the corresponding cross sections for 
16

o-induced reactions. These 

excitation functions probably arise from the evaporation of high energy 

. . 18 22 . 
protons and neutro;1s. In this context, the 0 and Ne-1nduced reaction 

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

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

are quite similar. However, the 
18

o excitation functions are shifted to 

a higher excitation energy from the 
22

Ne-induced reactions . 

. 18 
If' the. 0 induced reaction excitation functions are shifted 

arbitrarily 5.5 MeV toward lower excitation energies, there is a merger 

of the 
18o and 

22
Ne excitation fUnctions~ Figure 23 presents the situa- . 

tion after the shi:f't. This energy shift can be attributed to angular 

momentum effects (see Sec. D). 

C. Effect of Nuclear Coulomb Barrier 

Nuclear reactions involving 3He and a-particles on similar tar- • 

gets might be expected to hE&.ve similar cross sections at the same exci-

tation energies, if the compound nucleus mechanism is involved. However, 

the low binding energy of the 3He nucleus will bring into the compound 

nucleus a large amount of excitation energy. In the classical comparison 

of excitation functions, this increase in the excitation energy is taken 
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Fig. 22. Comparison of the 2n and pn emission excitation functions from 

the 
18o + 32s and 

22
Ne + 

28
si reactions •. All th~se excitation functions 

are suppressed by the high Coulomb barrier. 
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.. {18o,pn) 

• (221e,pn) 

D(22•,2n) 

0 (180,2D) 

Excitation energy (MeV) 
XBL 7010-6866 

Fig. 23. Comparison of the 2n and pn evaporation excitation functions from 

the 
18o + 32s and 

22
Ne + 

28
si reactions after the 180-induced. cross 

sections have been shifted 5.5 MeV toward lover excitation energy. The 

solid lines are dravin only to guide the eyes. 
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into account by using the excitation energy as the basis for comparison. 

In the case of single nucleon evaporation, such as ( 3He,n) or (3He,p), 

the excitation energy of the system is very high even at. the Coulomb 

barrier such that these reactions are sUppressed in favor of other 

reactions involving multiple nucleon emission. In effect, these reaction 
. . ' 

cross sections are "buried" under the Coulomb barrier. 

4. . 47 (3 )49 Figure 2 shows the excitation functions for Ti He,n Cr and 

46 49 . . .. 
· THa ,n) Cr reactions. As seen in last section, the two-nucleon evapora-

tion cross sections (2n or pn) for a and 3He reactions do not differ by 

more than 20%; whereas Fig. 24 shows the (3He,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 compound-nuclear picture (particularly the 

independenc'e postulate). There is a significant difference in the com.

pOurid nucleus formed by the 3He and a reactions--e.t the expected peak 

position for the (X,n) reaction, the probability for forming the 50cr* 

COmpound nucleus from 3He + 47 Ti is extremely small due to the Coulomb 

· ·barrier. EVen though the decay of the campoUDd nucleus ·is independent 

of its mode of formation, there are. much fewer ca.pound nuclei for the 

lue + 47 Ti reaction; and the cross section will be much smaller than the 

co~esponding 4
He induced reaction. 

16 18 . 
Similar situation exists for the 0 and . 0 ~pduced reactions. 

Because these reactions involve heavy ions, tbe Coulomb barriers are 

much higher than the reactions involving a and 3He. The binding energy 

18 .. :· . 16 
of the 0 nucleus ~s much lower than that for O, and at the Coulomb 

barrier, the excitation energy for the 
18o induced reaction is high 

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

emissions. 
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Fig. 24 •. Comparison of the (X,n) cross sections f'rom ~e and 4He reactions. 

The 47T.(3 )49c . 1 . . h c . 
1 He,n r 1s strong y suppressed b7 t e · oulomb barrier. 
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Although at the Coulomb barrier, the excitation energy for the 

160-induced reaction is high enough to evaporate three low-energy nucle~ns, 

the two-nucleon evaporation is still favored. Figure 25 shows that the 

34s(16
o,2n)

48
cr and 34s(16

o,pn) 48v excitation functions are about 10 

. . 18 32 
times that of the corresponding excitation functions for the 0 + S 

reaction system. 

In general, when performing a classical test of the independence 

postulate, care must be taken to insure that the excitation functions 

used are "natural" ones which have not been suppressed by the Coulomb 

barrier~ The steep low-energy edge, such as in .the (16o,2n) and (
16

o,pn) 

excitation functions (Figs. 12 arid 25), caused by the Coulomb barrier 

should also be noticed. 

D. Effects of .Angular Momentum 

Admittedly, the study of the angular momentum effects based on 

total excitation functions is not ideal.· The details of the angular 

and energy distribution of the evaporated particles are lost. The spin-. 

. . . . . 72,73 
dependent level density will influence both the p and n evapora-

tion, so that no anomaly is apparent. 19 Grover has pointed out that the 

inclusion of the competition between gamma-ray and particle emission will 

give a level density ptrameter "a" more consistent with that expected 

.. 61 . 18 
from the Fermi-gas system. Sperber showed that the ratio of gamma 

emission width to neutron width increases with increasing angular momenta 

in the compound nucleus. 

One of the obvious effects of high angular momentum is indicated 

by the energy sh:ift of t·he excitation .functions. Generally, the evapora-

tion of particles will release from the compound nucleus a large amount 
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Fig. 25. Comparison, of the 2n and pn evaporation excitation functions from 
16 34 18 32 . . 18 . 

0 + S and 0 + · S react1ons. The 0 reaction cross sections are 

suppressed by the Coulomb barrier. 
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ot excitation energy but small amount of aogular JllODlentum, because ot 

the large binding e11ergy and small kinetic· energy of the emitted particle. 

However, for any given angular momentum~ there is an energy limit74,T5 

bf!low which no level could exist. If. the decay of the compound nucleus 

with large initial allgular momentum only by particle emission, the can-

pound nucleus will achieve a situation where it will have low excitation 

energy and high angular momentum. This compound nucleus then will possess 

encrugh excitation energy to emit another particle, but there is no 

available level with the necessarily high angular momentum in the 

reeidua.l nucleus, and thus the emission of that particle is prohibited. 

In this case, de-excitation must proceed via gamma-ray emission. This 

de-excitation by gamma rays essentially removes same of the available 

excitation energy for nucleon emission and tb,erefore, the excitation 

tunction must be shifted toward higher excitation energy. . . 

An alternative view is developed by Ericson and Strutinski.
76 

In this treatment, tbe rotational 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 

' 
{25) 

* . . .where E and E are the excitation energy and rotational energy respec-r . . . 

tively. 

In this section, attempts will be made to estimate the rotational 
. . 

energy of the compound nucleus and compare it with the experimentally 

observed energy shift of the excitation functions. The rotational energy 

of the compound nucleus is69 
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' . 
(26) 

where ';1 is the moment of inertia of the compound nucleus 

J is the spin. of the compound nucleus 

h is .Planck's constant/2rr, 

the moment of· inertia of the compound nucleus is usually approximated 

b7 its. high excitation limit,76 

where· e1 is 
r 

m is 

R is 

2 2 = -mR 
5 

the moment 

the mass.of 

the radius, 

.of inertia of a rigid sphere, 

the compound nucleus, 

and is given by 1.2 A1 / 3 fm, 

mass number of the compound nucleus. 

where A 

The quantity ( J(J + 1) ) in Eq. (26) is given by' its equivalent 

( J ( J + 1 ) ) - ( J2 } +. ( J } 

(27) 

is the 

(28) 

Here, ( J } is the average angular momentum quantum number of the compound 

nucleus. In order to calculate the average quantities, the distribution 

of angular momentum for the compound nucleus as a function of energy is 

required. 

1. Calculation of Average AngUlar Momentum 

The cross section for the fonna.tion of a compound nucleus with 

angular momentum quantum JC at bombarding energy E is77 · 

• 



• 

2 a(Jc,E) = 'lfA 

I+s 

[ 
sal I-sl 

2Jc + 1 . . 
{2s + 1 H2I + 1) TR. (E) 

where >. is the de Broglie wavelength of the incoming particle, 

I is· the' spin of the target nucleus 

s is the spin of the projectile 

(29) 

T
1 

(E) is the transmission coefficient of the projectile with 

orbital ~lar momentum R. and energy E. 

, Of course, there is a maximum angular momentwa quantum ntimber J C (max) for 

the compound riucleus at a given energy, 

R. 
max 

is chosen so that T1 max 

(30) 

Nov the probability PJ for the formation of the compound nucleus with c 
spin J C is simply · 

PJ = 
o(Jc,E) 

(31) 
llD 

c 
L a(Jc,E) 
J=O c 

' By definition, the average angular momentum quantum number ( JC ) and 

( JC 2 ). can be calculated as 

? ( J > c = 
L Jc PJc 
Jc 

{32a) 
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(32b) 

... :h .•.. ·· 

where the 
1

sum is performed over the interval JC(max) and JC(min) = II~sl. 

kfner et al. 78 have written a computer program, ISOMER, based on Eqs. 

· (29) - (32) to calculate the average angular momentum quantum number of 

the compound nucleus. The ISOMER program requires as its input the spin 

of target and projectile, the de Broglie wavelength of the incident 

particle, and the transnission coefficients for the projectile of dif-

terent i at E. The calculation of T
1

(E) will be discussed next. 

2. Calculation of Transmission Coefficients 

The transmission coefficients for any target-projectile system 

can be calc:W.ated by the optical model ~ 79 However, the optical para-

meters for the heavy ion reactions on light targets are not well known, 

approximate methods will be used to calculate the transmission coef~ 

ficients. Following a method given by Thamas,
80 

the nuclear interaction 

between the target and projectile can be approximated by a diffuse 

potential 

zl z2 
2 

h2Q. r-1.17(~1/3 +A 1/3) e 
V(r,R.) +- (Q.+l) - 67 exp. [ · .;.o. 574 · 

2 
J (33) 

r 2]J.r2 . 

where Zl, z2 = charges of the ;Projectile and target respectively, 

~· A2 = mass number of projectile and target, 

l.1 = reduced mass of the system, 

l 
I 

~ I 

• 
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r = distance between the intere.ctiDg pair, 

1 = orbital angular momentum of the projectile 

e = electron charge. 

This potential is then fUrthe~ approxtmated by a parabola with 

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

81 
Hill and Wheeler showed that the transmission coefficient is given by 

T 1 = 1 + exp[2n(B-E)/hw] (34) 

wbere B is the height of the barrier, E is the center of mass energy 

of the ·system, and w is the vibrational frequency of the harmonic oscil-

~tor having a potential energy function given by the negative of the 

barrier. 
82 

The frequency hw can be calculated by 

(35) 

wbere d~ 1/dr2 
is the second derivative of the diffuse potential (Eq. (33)) 

evaluated at r · where V (r ) is a. maximum. 
0 . 0 

First and second derivatives.for Eq. (33) are calculated and Eq. 

( 35) is evaluated by the convent iona.l Newton's method. Then the values 

of hw and B · substituted in Eq. (34) to obtain the transmission coef-

ficients. 

The v~ues of the TR.(E) are "ted" to the ISOMER program for com

pound nucleus spin distribution calculation. A typical spin distribution 

· -~~> t. t · 16o · 32 · h 50c * d 1 · h .a. or he reac ~on + S. formlng t e r compoun nuc eus ~s s own 

in Fig. 26. The value of (J(J+l) ) is then calculated from Eq. (28) and 

(32). The result of the calculation is summarized in Fig. 27. 
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Fig. 26. Distribution of' angular momenta f'or the 50cr* compound nucleus 
16 34 . 16 

~rom 0 + . S react~ons. The numbers in the figure refer to the · 0 

bombardment energy in HeV. 
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Fig. 27. Values of the (J(J+l) > for the 50cr* compound nucleus as a 
· tunction of bombarding energy for the various reactant pairs. 
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3. Estimation of Rota.tioil$1 Energy 

. 3 . . 4. 16 18 
From Fig. 27, it ca.n be seen tha.t for He and He, 0 a.nd 0 

systems at similar bombarding energies, the average angular momentum a.re 

quite similar. It is also noted tha.t the heavy ion reactions generally 

bring in more apgula.r momentum to the compound nucleus. 

With Eq. (26) and Fig. 27, the rotational energy of the compound 

nucleus can be calculated. At the ~position of the (et,2n) and (a,pn) 

excitation functions, the bombarding energy is about 31 MeV. The 

(J(J+l)} value is 130 and the rotational energy is 6.4 MeV. For the 

16 16 ( · 0,2n) and { O,pn) excitation functions, the rotational energy at the 

16 peak is 7. 4 MeV. The expected energy shift between the 0 and .. a 

induced reactions will therefore be 1 MeV. The observed shift is about 

2 ± 1 MeV. The difference may be caused by the CoUlomb barrier acting 

on the low~~nergy edge o~ the 
16

o excitation tu.nctions. 

For the 
22

Ne-induced reactions, the rotational energy at the peak 

ot the two-nucleon evaporation excitation functions is about 2.0 MeV, 

and for the 
18

o-induced reactions E is 5 • .9 MeV. The expected displace
r 

·. 18 22 
ment between the 0 and Ne excitation functions is about 4 MeV. The 

observed shift is 5.5 ± 1 MeV (see Fig. 20). 

Although the calculated energy shifts do not agree perfectly with 

the observed ones, these approximate calculations do allow qualitative 

understanding of the effect of angular momentum upon the de-excitation 

of the compound nucleus. Better agreement can be achieved if the moment 

ot: inertia of the rotating compound nucleus is taken to be25 k e/ where 
r 

k is a parameter, and ~r is given by Eq. (27). For more accurate and 

realistic calculations, the treatment which involves the detailed calcu

lation of the y-ray de-excitation and spin distribution
83 

of the decaying 

compound nucleus may be necessary. 
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V. FORWAliD RECOIL EXPERIMENTS 

The usefulness of' recoil studies as applied to the compound nucleus 

' 11 84 
reaction me.chanism bas been pointed out by severa..l authors. ' Forward 

' .. 46 
recoil ranges in aluminum for the products from a + Ti reaction were 

measUred to supplement excitation function measurements. In the fol

lowing sections, a "thick-target" method for the recoil range measurement 

is desc:dbed. The implication of' the experimental result to the nuclear 

reaction mechanism is also discussed. 

A. Thick-Target Method 

In the recoil studies of nuclear reaction mechanism, two techniques 

are generally employed--thin-target and thick-target methods. In the 

thick-target method, the target thickness is large compared with the 

range of the recoiling nuclei, therefore only nuclei sufficiently close 

to the sU.rtace·of' the target can escape out of the target. It can be 

shown85 that the fraction of recoiling nuclei (F) is related to the target 

thickness (W) and the projected range (R ·) as 
p 

(36) 

Usually F is the only quantity measured during a thick-target recoil 

~periment, and the projected range is calculated from Eq. (36). 

2 In a thin~target ('V 10 lJg/cm ) experiment, the distribUtion of · 

the recoil nuclei in a stopping medium is measured and the range is 

obtained directly from the distribution curve. Generally the thin-

target experiment yields more information of the nuclear reaction in 

question. However, it is quite difficult to prepare very thin and uniform 

targets, and sometimes the low product yeilds render the subsequent 
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detection of radioactivity impossible. It is therefore desirable to be· 

able to determine the range distribution by using a thick target. 

The distribution of the range about the mean range R for a thin
o 

tarcet experiment is85 

(37) 

with p, the straggling parameter given by
86 

(38) 

where M1 and M2 are the masses of the recioiling and stopping nuclei, 

respectively. 

A computer program ws used to simulate the recoiling nuclei from 

a 1-iig/cm
2 

target into a few 160-1.1g/cm
2 

stopping foils. The fractions of 

the recoiling nuclei passing through each foil are calculated for the 

distribution of Eq. (37). The result is shown in Fig. 28. The straight 

line in this probability plot is indicative of a Gaussian distribution, 

and the point at 50% corresponds to the mean range R . 
. 0 

. ·.·;' ~ 

A thick target can be thought of as a stack of thin targets, and 

the distribution of the recoil nuclei can be taken as the sum of the 

contributions from each of the thin targets in the stack. If we choose 

a stopping material having approximately the same stopping power as the 

target material, and use the Gaussian distrihltion of Eq. (37), the recoil 

behavior of any target thickness can be calculated. Figure 29 represents 

such a calculation for a l-mg/cm
2 

and a 200-l.lg/cm2 in aluminum. From Fig. 

29, we see that the relative amount of activity in equal catcher foils 

does not change whenever the target thickness is large compared with R . 
0 

. I 
I 
! 
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Fig. 28. Calculated probability plot for a l;.ag/cm2 Ti02 target with 
2 . 

160 l.J.g/cm Al catcher foils. .Notice that R corresponds to where 
0 

the straight line passes through the 50% fraction. The recoil nuclei 
48 

are Cr. 
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o 200J.Lglcm2 target 
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Fig. 29. Calculated distribution of recoil for targets of different thick

nesses based on a stacking of thin (l-~g/cm2 ) targets. Targets and 

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

recoiling nuclei. The triangles in the figure indicate the interfaces 

of the targets and catchers. 
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When the target thickness is less than R , the relative amount of activity 
0 . . 

in equal catcher foils not only depends on the R
0

, but also depends on 

the target thickness. 

2 . 
Figure 30 represents a calculation for a l~g/cm target as the 

sum· of 
. 2 

1000 l-Ug/em targets. Since many of the recoil nuclei have been 

stopped in the target, the 50% point_ no longer corresponds to R • 
0 

The thickness of the target used in the experiment is 1 mg/cm
2 

Ti0
2

• The target is prepared by sedimentation of Ti02 powder in alcohol 

onto 5-ruil Al foil. The Ti02 used is enriched in 
46

Ti, with the average 

charge (z}, 12.7, and average mass per atom (A), 26.2. The stopping 

power of the target material is taken as equal to that of aluminum 

(A = 27; Z = 13). A stack of six aluminum foils (160 ug/cm
2 

each) is 

used as.catchers. The target is bombarded at the 88-inch cyclotron with 

40 MeV a-particles at the rate of 1 ~- The actual a-particle energy is 

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

.code RANGES. 31 

After bomb8.rdment, the target and the catcher foils are counted 

wit~ the 14 c. c. Ge(Li) detector. The activity of 
48

cr is determined 

from the 0.116 MeV(lOO%) y-ray. The rei:rult is represented by the dotted 

line in Fig. 30. R is estimated to be 390 pg/cm
2 

Al for the a-particle 
0 

bombarding energy of 31.6 MeV. 

Vacuum-evaporated targets are also used. These targets are made 

by vacuum evaporation of 
46

Ti-enriched Ti02 onto 1-ruil aluminum foils. 

The thi~kness is typically 200 ug/cm2 with good uniformity. Five to six 

e.luminum leaves (160 ug/cm2 ) are stacked to form the catcher assembly. 

The targets are again bombarded with a-particles at the 88-inch cyclotron. 

The activities of 49cr and 
48

cr are measured with a Ge(Li) detector. The 



-82-

90 

Fraction of recoil passing throuCJh x (%) 

Fig. 30. Calculated plot for a l-rilg/cm
2 

Ti02 target with 160-J.lg/cm
2 

Al 

catchers. The broken line contains experimeut&l values for the recoils 

of the 
46

Ti(a,2n)
48

cr reaction. The R for the experimental data is 

estimated to be 390 J.lg/cm2 Al. . 
0 

. 
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results are presented in probability plots and shown in Figs. 31 and 

32. 

Experimental recoil ranges can be estimated from the probability 

plots. The results are summarized in Table VI. 

B. Results 

·When a projectile particle fuses with the target nucleus to form 

a compound nucleus, the momentum transfer from the incoming particle to 

the compound nucleus is complete. If the subsequent de-excitation of 

this compound nucleus is assumed to be isotropic emission of particles, 

the recoil energy of the residual nucleus is given by87 

A A 
prr E = _ ........ _i;;,_..:....:-~ 

r · · 2 
(Apr + At) 

E 
pr 

(39) 

wnere E and A are energy and mass number. respectively. The subscripts 
I . 

· r, pr, and t refer to recoil, projectile, and target nucleus. Theoretical 

treatment of the ion~tter interaction has been advanced by Lindhard, 

Scharff, and Schi¢tt.
88 

They obtained the range-energy relations for 

ions in a stopping medium. A series of universal range ... energy curv;es 

for different values of the electronic stopping parameter K is plotted in 

the dimensionless range and energy space. Their. plot can be converted 

to the more conventional range-energy curves. A 1 48 .1 .. p ot for Cr reco~ ~ng 

into aluminum is calculated and presented in Fig. 33. 

Table VI summarized the re$Ults of experimental and. theoretical 

recoil ranges. Gaussian. distribution of the recoil can be inferred from 

the straight lines in Figs. 30, 31, and 32. The Gaussian distribution 
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Fig. 31. Probability plot. for 48cr recoil f'rom 46Ti(a,2n) 48cr. A 

straight line indicates Gaussian distribution. The experimental 

range is estimated to be 380 llg/cm
2

. 
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M 1 =49 
M2 =27 
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Pr . i. pl 49 · ...... 46 • ( )49c Th 1 F:l,g. 32 • obab~l ty ot for Cr recoil uom T~ a 5 n · r. e arge 

errors in experimental values fire due to lov counting rates. The 

solid lines are calculated. The experimental range is 250 l-!g/cm2 Al. 
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Table VI. Results of forward recoil experiment for 
4

He + 46Ti. 

Target Bombardment Recoil a Range b Rangec 
Product thickness energy energy ( expt.) (theo.) 
nucleus 2 2 (}Jg/cm ) (MeV) (MeV} (}Jg/cm in Al) 

49Cr 201 12.8 1.0 250 240 

48Cr 243 27.8 2.14 380 390 
48

cr 1000 31.6 2.4 390 400 

~ecoil energy is calculated with Eq. (39). 

b Ex:perimental ranges are estimated from the probability plots of Figs. 30, 

31, and 32. 

cTheoretical ranges are based on Lindhard, et !!..• {Ref. 88). 
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Fig •. 33. Conventional range-energy curve for Cr nucle~ from T1(a,2n) Cr 

· reaction recoil into aluminum stopper. Calculation is performed from 
the theoretical curves in Lindhard et ~· (Ref. 88). 
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and the good agreement between the experimental and the calculated average 

reccU ranges strongly indicates that the 
46

Ti(a,2n)
48

cr and 
46

Ti(a:,n)49er 

reactions proceed pJ'edcainantly via a compound nucleus route, and the sub

sequent neutron decay is isotropic. 89 

No attEmpt has been made to measure the recoil ranges for the 

reactions involving heavy ions by this method. The condition that the 

target material possess approximately the same stopping power as the 

catcher material is not fulfilled. For the 3He rea.ctions, the bombarding 

energy at the peak of the ( 3He,n) or (3He,2n) excitation function is so 

lgy that the recoil energy is calculated to be less than 1 MeV. This 

.low recoil energy renders the mteasurEment using 160 )Jg/cm
2 

Al catcher 

tolls very unreliable. Thinner catcher foils must be. employed to obtain 

reliable results. 

. ,. 
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VI. CONCLUSIONS 

The experimental and theoretical results lead to several conclu-

sions: 

. . . 3 
1. The reactions of He, a, 

targets 
. . 50 • 

capable of forming the Cr nucleus at excitation energies below 

60 MeV proceed predominantly through a compound nucleus reaction mechanism. 

2. 3 18 22 A few reactions induced by He, 0, and Ne are strongly 

suppressed by the Coulomb barrier. When comparing excitation functions 

in light of the independence postulate, care must be taken to avoid com-

parison of the Coulomb-suppressed cross sections with the "natural" ones •. 

3. The ratio of CJ /a pn 2n for all the five reactant pairs are 

ettectively constant near the peaks of the respective excitation functions. 

The shapes of the experimental excitation functions for a given product 

are quite similar. Therefore, the independence postulate is quite 

reasonable, and is supported by this research, within experimental error. 

4. Angular momentum, effects must be considered to explain the 

energy shifts of the excitation functions for reactions involving different 

reactant pairs. Simple estimation of the rotational energy of the compound 

nucleus agrees reasonably with the observed energy shift . 

5. Approximate calculation ignoring angular momentum is adequate 

to describe reaction systems involving low a.ngul.ar momenta. The level 

density parameter for such a calcUlation is smaller than that predicted 

for a Fermi-gas system. 

6. A thick target can be used to yield information of recoil 

range distribution. From the average recoil range and the distribution, 

the reaction mechanism for a + 
46

Ti is found to be consistent with the 

compound-statistical theory. 
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APPENDIX I. 

Spectrophotometric Analysis of Evaporated Ti0
2 

Targets 

In preparation of vacuum evaporated '1'10
2 

targets, the titanium 

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

The high temperature involved may well be able to decompose the Ti0
2 

compound. It is there~ore desirable to deteraine the chemical content 

of titanium a~ter vacuum evaporation. The a.ualysis is performed by 

measuring the color of the yellow complex foraed by titanium and H2o
2 

in 

90 sulfuric acid solution. 

Procedure: 

1. Dissolve the evaporated titanium dioxide (about l mg) and the 

aluminum backing foil in 5 ml of 1:1 H2so4• Heat to dissolve 

i~ necessary. 

2. Evaporate dry. 

3. Dissolve in 7 ml o~ 3N H2so4• Cover and warm to achieve com

plete solution. Cool. 

4. Transfer to a 25 ml volumetric ~lask containing· 1 ml o~ 3% 

5. Dilute to volume with distilled wter. 

6. Measure the absorbance against a blank a.t 400 mp in a l em 

cell. The blank is prepared by adding 7 ml o~ H2so4 and 1 ml 

of 3% H
2
o2 , and enough H20 to 25 Ill. 

A calibration curve is prepared by performing the above procedure 

with known amount of Ti02 and about 5 mg of Al foil. The absorbance fol

low~ Beer's law. The calibration curve is presented in Fig. 34. 

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 averaging 1.15. To obtain 

target thickness in numbers of atoms of titanium per cm
2

, the titanium 

content of the evaporated target must be taken as 1.15 times that in 

Ti02, that is 

T" % Ti in target = ~ * 1.15 * 100 • 
. Ti02 



APPENDIX II 

. . 48 . 48 
Growth and Decay of Cr From V 

With a radioactive decay sequence a+ b + c, the behavior of the 

nuclear species b can be described as 

d~ 
.d t = (40) 

where Na, Nb are the number of atoms present at time t for species a 

· &nd b; "-a, A.b are the decay constants of a and b. The solution of 

Eq. ( 40) can be obtained by standard techniques. 91 If we consider that 

species b is formed only from decay of a, we b&ve 

. -A. t 
. b ) - e ' 

(41) 

.. 0 . 
where N is the value of N at t = o~ . .a a 

In order to obtain the excitation functions' for 
4
7Ti( 3He,pn)

48
v 

4~ 4 . 48 . . 
and Ti( He,pn) V reactions, it is necessary to determine the contri-

bution of 
48

v activity from the 

48er 23hr » 48v ·16d ·· :> 48Ti. 

. 48 
decay of Cr. The sequence of decay is 

"Natural" Ti foils (5.8 mg/cm
2

) are banbarded at the 88-inch 

cyclotron with'32 MeV a-particles for a total current of 1 ~A-hr. The 

Ti foils are dissolved in a small amount. of,,, concentrated HF. After boiling 

off the HF with cone. HN0
3

, the solution is cooled in an 'i6:'e bath and a 

few drops of. 30% H
2
o

2 
is added. The chromi1.1.Dl is extracted with ethyl 

92 
ether, and back-extract.ed with dilute KOH solution. Finally the 

chromium is mounted as BaCro4 . 

",Q· 
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The 0.116-MeV y-ray (100%) of 
48

cr is measured with a Ge(Li) 

detector. The activity of 
48v is determined at the same time from the 

0.98-MeV y-ray (100%) of 
48v. 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 48v is calculated based on Eq.· (41) and the counting efficiencies. 

48 
From an extrapolation of the decay curve of V, we can obtain the con-

.tribution of 
48er + 

48v for this particular counting system: 405 counts 

of 0.116-MeV y-ray observed will create 1 count of 0.98-MeV y-ray. 
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o 48v <Ex pt.) 
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XBL 701-2033 

Fig. 35. ~8 ~ Growth and decay of V from the decay of Cr. The solid lines 

are calculated from equations for simple and complex radioactive decay. 

The 
48v activity at later tL~es (not shovn) is extrapolated to t = 0 

and is shown as the dotted line. 
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APPENDIX III 

Determination of Gamma Ray CountiAS Efficiencies 

The y-ray photopeak counting efficiencies* for the two Ge(Li) 

detectors were calibrated using a set of eight absolute y-ray standards 

obtained from the IAEA laboratory. 93 The absolute disintegration rate 

of the IAEA sources are known to within ±1%. The strength of the sources 

was about 10 lJCi each. The .energies of the y-rays span from about 60 keV 

to 1836 keV. * The detector efficiency for a standard y-ray is calculated 

from the count rate in the detector and the absolute disintegration rate 

with decay correction. The energy and decay scheme of the standards are 

obtained from the IAEA recommendations, which accompanied the set. Table 

VII summarizes the decay scheme corrections used. 

The standards are counted with the Ge(Lf) detectors at a fixed 

geometry. The y-ray spectra are then analyzed using the computer code 

SAMPO as described in Chapter II. Because of the purity and intensity 

of the standards, SAMPO was able to define the pbotopeak areas to within 

±1%. The results of the calibration of the y~ray counting efficiencies 

are presented in Fig. 36. These curves are determined with the source 

1 em from the detector. 

I 
The counting efficiency is defined to be 

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

Rad16nuc1ide Halt-life Photon energy %per 
(keV) disintegration 

241 
Am 432.9 years 59.54 35.9 "' 

57 co 271.6 days 122.0 85.0 

136.3 11.4 

2~3Hg 46.8 days 72.9· .· 9-7 
82.5 2.8 

279.2 81.6 

. 22 Na 2.6 years 511. {fran 13+} 181.1 

1274.6 100. 

137 Cs 30.5 years 661.6 85.1 

54Mn 312.6 days 834.8 100. 

60 Co 5.28 years 1173.2 100. 

1332.5 100. 

88 y 107.4 days 898.0 91.4 

1836.1 99.4 

I 
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7cc 

10 .. 

-y-ray energy(MeV) 
XBL 701.0-6871 

Fig. 36. Calibration curves for the determination of gamma-ray with Ge(Li) 
detectors. The points are obtained with the IAEA y-ray standards placed 
1 em from the detector. The Ge(Li) detectors possess active volumes 
of 7 and 14 c. c.-
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APPENDIX IV 

Determination of Titanium K X-Ray Counting Efficiency 

49 . 
A Si(Li) detector is used to measure the Ti K x-ray fran V decay. 

. . 70 . . 
The x-ray energy for Ka transition is 4.5 keV. In view of the low 

energy x-ray, many factors will affect the detection effie iency. Besides 

such factors as detector volume and counting geometry, source thickness, 

air-absorption, and fluorescence yield all will effect the detection 

efficiency. Of course, it will be easy- to determine the counting 

e.f:t'iciency if an absolute standard of 49v 'is commercially available. 

However no such standard is currently available. 

Two methods have been employed in this work to determine the Ti 

x-ray counting efficiency. In this first method, decay of 51cr is used. 

Radioactive 51cr isotope was pur.chased from lev England Nuclear Compa.ny94 

in the form of Crc1
3 

in 0. 5 N HCl. The source is prepared by evaporating 

the 51crc1
3 

solution on 0. 5 mil gold foil. The absolute disintegration 

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

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

the '4. 95 keV x-ray. The deteetor effie iency for the 4. 95 keV x-ray is 

then calculated using the fluorescence yield. for the vanadium K x-ray, 95 . 

0.242. The efficiency for the detection of the 4.95 keY x-ray at 0.6 em 

tram the detector is 5.0 x 10-3. Assuming the efficiency for the detection 

o.f 4.5 keVx-ray does not differ significantly from that for the 4.95 keV 

( ) . 49 .. 
x-ray, the overall detection coefficient ODC for the V decay can be 

. 95 . 
obtained with the given fluorescenee y1eld; 0.213. The result is, 

. .6 -3 ODC = 1.0 X 10 • 

In the second method, the decay of 
48v isotope is used. Natural 

titanium foil 0.5 mil thick is bombarded with 9 MeV protons. The reaction 
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48Ti(p,n)
48v predominates. at this energy. Tbe interference from 

4 4 
9Ti(p,n) 9v reaction is 

than 49Ti in the target, 

negligible, because ~STi is much more abundant 

and 
48v has a much shorter half-life. The 

48v 

is counted with a Ge(Li) .detector for the 0.98 MeV (100%) y-ray. The 

absolute disintegration rate is determined with the calibration curve 

~ . ~ 
The decay of V is taken to be 39% by electron capture. in Appendix III. 

48 
The V sample is then counted with the Si(Li) detector. The ODC for the 

detection of' the 4. 5 keV Ti K x-ray can be calculated. Because Ti x-ray 

is used, no fluorescence yield correction is necessary. The result is, 
3 . ~ . 

ODC = 1.01 x 10- , within 5% of the determination by the Cr method. 

In addition to the errors in analyzing the y-ray and x-ray spectra, 

three uncertainties will affect the 51cr deterilination--a) decay scheme, 

b) fluorescence yield, c) assumption that the detector efficiency for the 

4. 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 
48v. Therefore, the second 

method is more reliable. 
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APPE!IDIX V 
. 64 • . . 

Remarks on Ghoshal 's Zn Ccmpound System 

In his original report {1950), Ghoshal
21 

pointed out that in 

order to compare the excitation functions for the same radioactive product '"' 

f'ram different reaction entrance channels, corrections must be made to 

cOmpensate the reaction Q values for different target-projectile pairs. 

In the absence of accurate mass data, Ghoshal arbitrarily shifted the 

excitaticni functions for the 1H + 63eu reactions 7. ± 1 MeV with respect 

4 60 . 
to that for the He + Ni system so that the maxima of the excitation 

functions coincide. Verification of the compound nucleus theory for 

this system was then claimed when a mass-spectrographic measurement gave 

a value of 5.74 ± 0.5 MeV £or the energy shift. 

However, recently more accurate measurements of the mass dif-

f'erence 
1 63 4 6o . 99 of H + Cu and He + N~ systems give a value of 3. 75 MeV. 

It would be interesting to· see the result of an energy shift of only 

3.75 MeV, not 7 MeV. In Fig. 37, Ghoshal's data are replotted, using an 

. 1 63 . 
energy shift of 3. 75 MeV for the H + Cu s,-stem~ It is noted immediately 

that the compound nucleus assumption can not be used to adequately describe 

this data. 

More drastic deviations from the independence postulate can be 

· illustrated by plotting the cross section ratios (a,n)/(p,n), (o.,pn)/(p,pn), 

and (a , 2n ) I ( p , 2n ) • If the independence postUlate is upheld, then 

• 
a(a 1n) o(a 1J2n) . o(o. 12n) a (E l a (42) 
o(p,n). = o{p,pn) = o(p,2n) = a (E*) . 

p ., 

where oa(E*) and op(E*) are the cross sections for the format'ion of 

the compound nucleus with excitation energy E* by a 
......... :" 

and . p . reactions. 
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Ep (MeV) 

_IG25- 26.25 
* -- . 

Ghoshal's 64Zn decay 

1000 
Energy shift= 3]5 MeV, 
not 7 MeV 

-.;c 
E -
c: 
0 - 600 0 
Q) 
(/) 

(/) 
f/) 

0 
'"-
() 

I 

400 I 
I -

200 

0~--~--~~--~.---~----~--~~---J 
10 20 30 40 

_Energy of a (lab) (MeV} 

X8L714-!21S4 

Fig. 37. _ Excitat.ion functions for the 
64

zn* coap:mnd nucleus system. Data 
. .- - 1 63 

are_ taken from Ghosha.l (Ref. 21). The energy- shift of the H + Cu 

system with respect to· the 
4

He + 60Ni system is 3.75 MeV, not 7 MeV. 
- Th. _ t. . - 63c ( -) 63z 6oN. ( )61__ 63eu (- ) 62eu e reac 1ons are u p,n n, l. a,n -zn~ p,pn , 

60Ni(a,pn) 62eu, 63eu(p,2n) 62zn, and 60Ni(a,2n)62Zn. Black symbols ::: 
60 63 -

Ni target, open symbols = Cu target. 
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Figure 38 shows the ratios of the cross sections. While the ratios 

obtained after 7-MeV energy shift fall· consistently near the value of 

one, with the more reasonable 3.75 MeV shift, the equalities in Eq. (42) 

are no longer observed. 

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

sections for. 
4

He + 60Ni reactions from Ghosba.l differ significantly (about 

4 MeV energy shift) withthose obtained by 'I'arul.ka,97 Smith,25 and McGowan 

. 98 64 • . 
~ !:!.· Detailed analysis of the Zn compound nucleus system Wl. th 

consideration of angular momentum effects can be found in Ref. 25. 
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Energy of protons (lab) {MeV) 

6.25 16·25 26.25 

0 
'n) 

(p,n) 

A (a,p_n) , G h (7) 
( p,pn) . 

0 (a,2 n ) ' G h ( 7 ) 
(p,2n) . 

• • •, Gh { 3.75) 

10 20 30 
Energy of a (lab) (MeV) 

XBL714- !253 

Fig.-3a Ratios of the cross sections for the 
1

H + 63cu and the 
4

He + 
60

Ni 
reactions. The open symbols refer to the ratios calculated i-rith a 
7 MeV proton energy s:1ift. 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 Fig. 37). 
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