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ABSTRACT 

The 94,96 ,98 ,lOOHo(3ae ,d)95,97,99,lOlTc and 

79,81Br(d,p)80,82Br reactions are investigated with an 

18 MeV 3ae beam and a 12 MeV deuteron beam, respeotively, 

from tandem accelerators. Measurements are performed 

using ~ E-E silicon detector telescopes and Enge split-

pole magnetic spectrographe For the detector telescope 

method, techniques of 'range-energy' electronic charged 

particle identification are employed. A total of 198 

low-lying. states in 95,97,99,lOlTc and 80,82Br are 

identified. Most of these states are observed for the 

first ttme. The differential cross section angular 

distributions of 127 of the observed states are analysed 

with the DWBA theory; the ~ -transfer values, spectro

scopie factors and spin-parity assignments for the levels 

are deduced. The results are interpreted in terms of the 

shell model using the spectroscopie sum rules. The 

observed nuclear systematics and the deduced target 

nucleus configurational structure are discussed. 
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CHAPTER l 

INTRODUCTION 

The studies of nuclear reactions i'nvolving a beam 

of projectiles impine; lng ,upon a target nucleus can yield 

information on the nuclear interactions, reaction mech

anisms, and the structural properties of the nuclear 

system. There are two basic nuclear reaction Inechanisms 

knowl1 to-date: the' compound nucleus reaction and direct 

reaction (Austern 1969). A reaction is said to proceed 

via the compound nU,cleus process l'lhen i t invol ves a 

complicated excitation of Many degrees of freedom in the 

whole nuclear system. It occurs if the incident projec

tile enters the target nucleus, distributes its energy to 

many nucleons through multiple internal collisions and 

finally loses its identity to form a compound system. 

" This intermediate state decays ~ubsequently, independent 

of its mode of formation, via as many channels as there 

are available, in the emission of one or more particles 

or radiations. A reaction is said to proceed through the 

direct reaction process when it involves the excitation of 

only a few degrees of freedom of the nuclear many body 

system and the othe'r parts of' the nuclear system remain 

effecti vely passive. 'This process occurs quickly ( ..... 10- 22sec. ) 

wi th a minimum of· rearrangement of the internal stl.'ucture 
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of the colliding particles. Binee there are no intermediate 

statesformed, the direct reaction provides a close 

overlap between the target state and residual nuclear state, 

leading to interesting information on the properties of 

the states involved. There is no clear-cut division 

bet't·reen these direct reactions and those· processes 't'lhich 

proceed through intermediate compound nucleus formation. 

The general guideline 1s that if the incident projectiles 

paS6 through the region of interaction in: a. time whlch 15 short 

compared to the Fourj.erperlod of the nuclear wavefunction, the 

induced reaction w1ll proceed via the direct mechanism, 

and, otherwise,the reaction will proceed by the compound 

mode 0 However" direct reactions have been observed to 

occur at a fairly'low incident projectile energy (few 

MeV). These reactions most probably arise from direct 

fnteractions near the, target nuclear surface region where 

the nucleon density is relatively low. 

In the class of direct reactions, the single

nucleon transfer· reactions are 'the ones which have been 

reoeiv1ng the greatest theoret1cal and exper1mental 

attention. They constitute a major source of nuclear 

spectroscopie information over the past t't'lO decades. The 

single nucleon transfer reactions are subdi v~.ded into the 

stripping rea,ctions, wherein a proton (neu:i;ron) is captured 

from the incident projectile by the target nucleus, and 

:the pick-up reactions, whereil1 a proton (neutron) 1s 
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cnptured from the incident projectile by the target 

nucleus, and the pick-up reactions, wherein a proton 

(neutron) is 'snatched' away by the projectile from the 

target nucleus. They can be symbolically represented in 

tho follow1ng manne~. If 'T' denotes the tnrget nuoleus, 

• a' the incoming pa~ticle (pro jectile), ,'R' the residual ' 

nucleus t 'b' the outgoing particle and 'x' .. tl')e transferred 

nucleon, the reaction a + T ~ b + R, abbreviated as 

T(a,b)U, has t~e relations 1 a = b + x, R = T + x for 

stripping reactions and b = ~ + x, T= R + x for 'pick-up 

reactions. 

" Extensive studies of single-nucleon'otransfer 

r-eactions'started about two decades age with deuteron 

stripping reactionso Burrow <.1950) and Holt (1950) were 

among the first to observe the angular distributions of 

the outgoing protons in their studyof the '(d,pl reactions 

in light ~ucle1. These angular distributions exhibited a 

pronounced oscillatory structure. It triggered a furor of 

experimental and theoretical resea~ch activities on the 

studyof stripping and pick-up reactionsin,the yea!s to 

followo In ,the Butler' theory, (1951), the incoming and the 

outgoing projectiles are described by plane waves 80 

that the transition amplitude i8 the Fourier transform of the bound 

8tate wavefunction. The theory enjoyed area80nable 8uccess 

in predicting the shape'of the angular distribution of the 
, 

outgoing particles. but failed to predict the magnitude of 
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the d1fferent1a1 cross sections. Neverthe1ess, i t set '. 

the ear1y stage of deve10pment in the theoretica1 

interpretation of single-nucleon transfer reactions 

(Lane 1953, Satch1er 1954, Auerbach and French 1955, 

French and Raz 1956). 

The potent:ta1 usefu1ness of the sj,ngle-nu.c1eon 

transfer reactions 't'ras not rea1ized until the ear1y 60' s 

l'1hen good energy reso1ution detectors, e1ectronics 

systems, and high energy, good reso1ution particle 

acce1erators became available, rendering the properties 

of the individual nuclear states susceptible to detai1ed 

~.nvestigations. Wi th the .advent 01 large digital computers, 

the theory of direct reaction for the sing1e-nuc1eon 

reactions had been refined to astate where tlsefu.l 

nuc1ear spectroscopie information cou1d be extracted from 

experimenta1 data. .The theory which is commonly used for .. , 

the ana1ysis of the direct sing1e-nuc1eon transfer 

reactions is called the distorted wave Born approximation 

(DWBA). 11any excellent review articles have been wri tten 

on this subject (for examp1es: Tobocman 1961, Satch1er 

.and Tobocman 1960, Satchler 1964 and 1965, G1endenning 

1963, Bassel et al. 1962, Austern et al. 1964, Austern 1963 

and 1969). In this theory, the incident waves are 

f~,rst permi tted to interact wi th the nuc1ear field as 

a who1e, inf1icting a distortion in the otherwise plane 

'\-raves. A nuc1eon i8 then transferred to (from) a specifie 



-5-

orbital of the target nucleus from (to)the incident 

particle, and the outgoing particle again suffers a 

distortion upon its leaving the nuclear field. The 

target and residual nuclear field~ are represel1ted by 

absorptive potentials, called optical potentials, to 

account for the loss of particles to the other reaction 

channels. 

The basic information that is obtainable from 

the single-nucleon transfer reactions may be inferred from 

the conservation laws.Since the final products are in two 

separate pieces and the lighter one (the outgoing 

particle) such as proton, deuteron etc., usually has no 

excited bou:n.d state.. A measurement of the energies of the 

outgoing particle groups will give direct information 

about the Q-values,of the reaction leading to the various 

states in the residual nucleus. Frpm the angular 

distribution of the outgoing particles~ the orbital 

angular momentum,~, of the transferred nucleon can be 

deduced, hence i ts total angular moment~m j == L ± 1/2. 

If the initial and final nuclear states are characterized 

7' 7& 
by the sptn-parity Jii and Jff, respectively, the relations 

1 Ji - j 1 ~ J f !: Ji + j , 7t;;'j= (-Il' are provided by the 

conservation of angular momentum and parity. 

The different~al oross section as given by the 

DWBA theory for the transition from an initial state to a 

final state w1th the. transfer of a nucleon to or from a 

, " 
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specific single particle orbital (~,j) may be written as 

(l-l) 

where S(~,j) is called the spectroscopic factor as 

defined by MacFarlane and French (1960) and ~(Q) is the 

transition amplitude. The quantity ~(Q) determines the 

angular distribution of the differential cross sections 

and it is a measure of the probability of forming a single 

particle (for stripping) or a single hole (for pick-up) 

state characterized by (~,j). The quantity S(~~j) is a 

measure of the transition strength reflecting the proba

bility of finding the target in such astate that when it 

combines with the orbital (~,j) will produce the final 

state. Thus, S(~,j) measures the degree of overlap to 

which the passive nucleons occupy the same configuration 

in the initial and final states of the reaction, and it 

determines directly the single particle or single hole 

component in the final nuclear state. Therefore, the 

spectroscopic factors determined experimentally for aIl 

the excited states of the residual nucleus will yield 

information about the distribution and fragmentation of 

each single parti cIe and single hole s·ta te. Furthermore, 

by examining the sum of the spectroscopic factors of aIl 

the states to which a given (~,j) orbital contributes, 

one can obtain information on the occupation and unocu-
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pation probabilities of the single particle or ho1e state 

in the target. Indeed, the spectroscopie factor carries 

th~ dynamical properties of the nuc1ear states invo1ved, 

and it reflects directly the va1idity of the wave 

functions of the states predicted by different nuclear 

model calculations o 

This dissertation describes the resu1ts of a 

study of the 94,96,98,100Mo(3He,d)95,97,~9,101TC and 

79,81Br(d,P)80,82Br reactions~ 

There is much physics tO'be learned from a study 

of the (3He ,d) reactions in the targets of I1o-94,96,98 and 

100. Nucle'i in the mass region of A,..., 90 which are 

characterized by the closure of N= 50 neutron she1l, 

have been extensively stud1ed both experimentally and 

theoretica1ly in the past few years. The ~ow-lying states 

of these nucle1 have.been shown to subscr1be reasonably 

weIl to the description within the context of spher1cal 

she11 model (Talmi and Unna 1960, Bhatt and BalI 1965, 

Auerbach and Talmi 1965, Vervier 196 , Cohen ~ al. 1964). 

Recently, experimental evidence, obtained from nuc1ei in 

the mass region of A > 100 r'evealed the rotational-
,y 

1ike behavior in the structure of the very neutron rich 

even-even Zr, l'·io, Ru and Pd isotopes (Cheifetz ~ al. 

1970, Castern ~ al. 1972), in accordance with the 

prediction of a new region of stable deformation exist111g 



-8-

, 

in the region of 28 < Z < 50 and 50 < N < 82 (Johanssen 

1965, Arseniev et al. 1969). The nuclei in the neiehbor

'hood of A = 100, therefore, may exh1bit a transitional 

character in their structure varying from near spherical 

shape to d,eformed shape. 

The 95,97,99,101Tc nuclei fall within, this 

region. Therefore, it has been chosen in this work to 

investigate the structural properties of the low-lying 

states of these nuclei through the (3He ,d) reactions in 

the 94,96,98,100Mo nuclei. In this :study, the results 

will not only lead to information about the Tc nuclei, but 

also provides valuable knowledge about the ground state 

properties of the ~10 target nuclei. Since thè 92Mo ( )He,d) 

93Tc reaction has been studied by Picard and Bassani (1969) 

and Kozub and Youngblood (1971), ~he present work will 

complete a systematic investigation of the odd mass Tc 

isotopes using the (3He ,d) reactions in all even mass Mo 

isotopes. 

The present study of the 79,81Br(d,P)80,82Br 

reactions has been undertaken to obtain information on 

the proton and neutron configurations which participate in 

the formation of the various states of the 80Br and 82Br 

nuclei, and the orbital distribution of the neutrons in the 

ground states of 79Br and B1Br. Since the (d,p) reactions 

select preferentially those final states associated with 
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configurations of a single neutron coupled with the target 

nucleus, the resu1ts of the present measurements shou1d 

be comp1imentary to those obtained from the (p,n) reactions 

by Finckh ~ al, (1970), which are most lilce1y proceeded 

via the compound nuc1ear reactions. The 79Br and 8lBr 

nuc1ei consist of 35 protons and 44 and L~6 neutrons, 

respective1y. From the nucleon orbital fi1ling of the 

she11 model, the lowest-1ying states to be observed in the 

present study are expected to arise from the coupling of 

the 199/2 and 2Pl/2 neutrons with the 2P3/2 protons. 

Therefore, with the use of the sum rules, angular 

distribution patterns and the 2J+ l dependence of the 

spectroscopie strength one may be able to malce spin

parity J~ assignments to the levels. These results 

should be comparable with those obtained experimentally 

in the neighboring nuclei, 



-10-

CHAPT ER II 

EXPERIMENTAL TECHNIQUES AND APPARATUS 

2.1 Preamble 

To study the structure of medium mass nuclei 

such as technetium and bromine by me ans of proton or 

neutron stripping reactions, a particle beam of good 

energy resolution and high intensity is needed because 

of their re1atively high energy level density. In 

addition, the particle energy should be sufficiently 

high to overcome the Q-value of the reaction and the 

Coulomb barrier of the nucleus under study. The 12 MeV 

deuteron beam and the 18 MeV helium-3 beam from the EN 

tandem Van de Graaff acce1erator at the Laboratoire de 

Physique Nucleaire, Universit~ de Montreal, and the 18 

MeV he1ium-3 beam from the FN tandem Van de Graaff 

accelerator at McMaster University meet the above 

criteria and are readily accessible to the Nuclear 

Physics Group at McGil1 University. This thesis describes 

the results of a study on the structure of 79Br and 81Br 

using the (d,p) reactions on 80Br and 82Br , and of 95Tc , 

97Tc , 99Tc and lOlTe through the (3He ,d) reactions on 
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94 96 98 100 
Mo, Mo, Mo and Mo. All exper1mentis, except the 

98Mo(3He,d)99TC react1on, were performed at the Un1v~rsité 

de Montreal us1ng e1 ther the 12 ~1eV deuteron beam or the 

18 MeV hel1um-3 beam from the EN tandem accelerator. The 

measurement on the 98Mo(3He,d)99TC reaction was performed 

at McMaster University us1ng the 18 MeV helium-3 beam 

from the FN tandem accelerator and the Enge-type broad 

range magnetic spectrographe 

One of the major diff1cult1es wh1ch is normally 

encountered in such experiments 1s the detection and 

identification of the desired product particles in the 

presence of a large flux of the incident particles 

(scattered) and other react10n product particles. With 

the use of a magnetic spectrograph this d1fficulty is not 

a problem because normally the k1nemat1cs of the reaction 

and the particle magnet1c r1g1dity permit the selection 

of a part1cular type of charged particles w1th a given 

momentum range. On the other hand, wi th the use of a 

aonventional solid state detector system without any 

pre-selection of part1cles, which 1s how the measurements 

were performed at the University of Montreal, a scheme 

must be adopted to 1dent1fy and select the des1red 

react10n products. 

The method commonly used for charged partiale 

identification is based on the range-energy relationsh1p 
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of the particle passing through matter coupled with the 

use of a transmission-pIus-total absorption (AE-E) 

detector telescope system. Such a system has been 

adopted for the present work and will be described in 

detail in section 2.4 of this chapter. For reasons of 

good energy resolution and ease in handling, solid state 

silicon detectors have been chosen for the experiments 

described here. Furthermore, because of the particular 

range-energy relationship for charged particles, such as 

proton, deuteron, triton, JHe and alpha, passing through 

silicon, this choice of detectors facilitates the design 

of a high speed electronic circuit to perform the 

parti cIe identification. 

The second problem lies in the accelerator be'am 

time required to carry out the reactions on all desired 

targets (79,8lBr and 94 ,96 ,98 ,lOOMO). The maximum 

differential cross section for the (d,p) and (JHe,d) 

reactions in these nuclei has been estimated to be of the 

order of one m11libarn. To attain good angular resolut1on 

and a stat1stically s1gn1ficant number of events in the 

various peaks of the excitation spectrum, a sufficiently 

long counting per1od. per angle is necessary. One must not 

use too thick a target since the variation in the energy 

degradation of the charged part1cles in the target s1gn1f

icantly affects the exper1mental energy resolut1on. One 

must also pay special attent10n to the 1nstantaneous 
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count rates in the detectors so that deterioration in 

energy resolution due to pulse pile-up will not be an 

important factor and counting losses due to electronics 

deadtime will not be intolerable. 

After optimizing the various factors mentioned 

above, the average counting time per angle setting is 

about 8 hours for an incident beam of about 1012 to 1013 

particles per second. There are about 15 angles per 

angular distribution for each target. If employing only 

one detection system, each target would require five 24-

hour days to complete all the measurements. To this 

time one must also add 25 to 30% time lost due to 

accelerator, electronics and detector breakdowns. This 

would amount to about six and one-half 24-hour days per 

target and six targets would require about thirty-nine 

24-hour days accelerator beam time, putting a severe 

strain on the manpower to "run" the experiments. To' 

minimize this problem, it has been decided to use two 

detector telescope systems set at two different angles 

simultaneously. Because of the difference in differential 

cross section at the two different angles and the necessity 

ta normalize the detection efficiency of the two detector 

systems, the two-telescope arrangement will not reduce the 

beam tlme requlrement by a factor of 2, but should be 

somewhere between 1.5 and 2. 
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In general the experimental techniques involved 

in the measurements of the two types of reactions, (3He ,d) 

and (d,p), are fairly straight forward and they will be 

described in the subsequent sections of this chapter. 

Since most of the experimenta1 work was conducted at the 

University of Montreal more attention will be devoted to 

that part of the work. 

2.2 Scatterirg Chamber and Detection System 

There were two basic experimental set-ups used 

in'this work: one at l'Universite de Montréal for the 

measurements of the 79,8~r(d,p)80,82Br and 94,9
6

,lOOMO 

(3He,d) 95,97,lOlTc and the other at McMaster University 

for the measurements of the 98Mo (3He ,d) 99Tc reaction. 

The set-up at the University of Montreal is housed in the 

+450 beam line employing a conventional scattering chamber 

and solid state silicon detector AE-E telescope systems. 

The layout of this beam line, including its vaCuum systems, 

beam transport and closed circuit television facllities, 

has been described elsewhere (Rabin, 1971). The details of 

the scattering chamber assembly have been presented by 

Brien (1971). It is a general purpose charged particle 

scattering chamber of 28 inches in diameter and 8 inches 

in depth made of aluminium. Inside the chamber there are 
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two 1ndependently rotatable alum1nium plates, one 1n the 

top and the other 1n the bottom, whose angular pos1tions 

can be man1pulated from outs1de. The detector systems 

were mounted on these plates so that the1r angular 

posit1ons could be changed without d1sturbing the 

vacuum system of the chamber. The target holder assemblYj 

wh1ch can house four targets at a time 1n a vert1cal 

column, 1s mounted from outs1de at the bot tom of the 

chamber so that the target can be 1nserted 1nto the 

center of the chamber through a vacuum gate. The target 

holder 1s rotatable to perm1t the change of the angle 

between the target and the 1ncident beam. A 2 mm 

d1ameter beam col11mator made of tantalum 1s placed at 

the entrance port of the chamber and the unscattered 

beam 1s rece1ved by a Faraday cup connected to the ex1t 

port of the chamber. Dur1ng the exper1ments, the ent1re 
, -6 chamber assembly was kept under vacuum of about 10 

mm Hg. 

To reduce the beam time requirement 1n the 

present work, two AE-E detector telescope systems were 

used s1multaneously. For the measurements of the 

(3He ,d) react10n, the AE detectors used were totally 

depleted d1ffused junction silicon detectors of th1ckness 
2 100 JLm and area 100 mm supp11ed by Simtec Ltd. of 

Montreal, while for the measurements of the (d,p) 
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reaction they were surface barrier silicon detectors of 
2 thickness 200 )lm and area 50 mm supp1ied by Ortec, U.S.A. 

In both cases the E detectors emp10yed were partia11y 

dep1eted surface barrier silicon detectors of thickness 
2 

2000 ;um and area 50 mm supp1ied by Ortec. The thickness 

of the AE detectors, in each case, was chosen so that 

the most energetic charged partic1e of interest will 

induce no more than 20% fluctuation (Landau 1944) in its 

energy 10ss when traversing them. The thickness of the E 

detectors was se1ected to stop comp1ete1y the most 

energetic reaction products of interest in both cases. 

Each detector te1escope system was a1igned so 

that its axis intersected the incident partic1e beam at 

the target center. The solid angle ~JL of each detector 

system subtended at the target was defined by a co11imator 

of circu1ar aperture. The solid angle used for each 

detector system varied from target to target and its 

value will be given later in the sections describing the 

experimental procedures for the different reactions. To 

avoid detecting the high flux of delta rays ejected from 

the target by the incident beam, a sma11 magnet was 

installed at the entrance of each te1escope. 

The measurements on the 98Mo(3He.d)99TC reaction 

were performed at McMaster University using the _1}5° beam 

line which was equipped w1th an Enge split-pole magnetic 
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spectrograph coupled to a scattering chamber through a 

rota.ting seal (windowless coupling). The chamber was 

about 12 inches in diameter and 6 inches in depth. The 

target was placed at the center of the chamber a.nd the 

incident beam intensity was monitored by a silicon 

detector placed at 900 
to the beam direction and cali

brated against the e1astic scattering events from the 

target. At each angle setting the magnetic field of 

the spectrograph, which was regù1ated by a nuc1ear 

magnetic resonance system (NMR) , was adjusted to select 

deutorons of a given momentum band. These outgoing 

deuterons were focused and momentum ana1ysed by the 

spectrograph and recorded in a set; of nuc1ear emu1sion 

plates p1aced at the focal plane. The emusion plates 

were covered with thin sheets of aluminium of thickness 

ranging from 8 to 20 mils. The purpose of this shie1d 

was to prevent heavy charged partic1es such as alpha 

partic1es of the same magnetic rigidity as the desired 

deuterons from striking the emu1sion plates. After 

processing, the plates were scanned with a microscope 

in quarter mi11imeter swaths across the width of each 

plate and. the number of deuteron tracks were recorded. 

The structure of the type of spectrograph used 

has been described by Enge and Smith (1966) in detai1. The 

instrument consists of two separate pole pieces enve10ped 
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by a single coil. The split between these poles provides 

a second order double focusing over a wlde range of 

energies. Uslng the fringlng fleld associated wlth four 

pole boundarles, two dimenslonal focuslng can be obtained. 

The advantage of this type spectrograph over the others ls 

the high resolvlng power obtainable wlth a large accep

tance solid angle while the Doppler broadlng (kinematlc 

broadenlng) can be corrected for at the same tlme. The 

entlre assembly ls mounted so that it can rotate about an 

axis through the position of the target. 

The performance of a split-pole magnetic spec

trograph for nuclear reactlon studies is superlor to that 

of 6E-E detector telescopes in many respects: (1) the 

outstanding energy resolutlon; (2) no dead tlme loss and 

pile-up problems involved so that hlgh beam current and 

large solid angle can be employed; (3) measurements at 

small forward scatterlng angles may be performed with a 

small scatterlng chamber which otherwise would be 

prohlbited with the use of solid state detectors; and 

(4) the momentum selection in the magnetic fields gives 

the particle identification without further electronic 

processing. However, most spectrographs suffer the 

drawbacks in that the events are recorded in a set of 

photo emulsion plates, no instant display can be obtained 

and the tlme lnformation of lndlvldual reactlon events ls 
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also lost. A detector placed at· fixed posi tion relative 

to the target is necessary to monitor the beam current. 

2.3 Target Preparation 

Thin film targets were prepared by the tech

niques of evaporation in high vacuum, Target materials 

which are isotopically enriched were obtained from the 

Oak Ridge National Laboratories. The isotopie composition 

of the molydenum and bromine are listed in table 1, as 

provided by the supplier. The bromine isotopes were 

procured in the form of NaBr compound, which has an 

evaporation temperature of 8000 C (Arnison 1967). This 

compound was selected for target material over pure 

bromine because the latter is in liquid form at room 

temperature and has a boiling point 58.780 Ct and a pure 

bromine target would disintegrate under the bombardment of 

a few hundred nanoamperes of deuteron beam. The presence 

of the sodium isotopes in the bromine targets does not 

interfere with the present measurements because their 

effects are easily recognizable. The proton spectrum 

resulting from the (d,p) reactions in the sodium isotopes 

is quite different from that of the bromine isotopes and 

it has a remarkable kinematic shift from one angle to 

another • 

. The molydenum isotopes were purchased in the form 
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of pure rnetal. Since molydenum metal has a high me1ting 

point 26100 C, it was decided to convert a11 isotopica11y 

enriched molydenum metals, except 98Mo , into oxides of 

the form MoOx with x = 2 and 3. The Mo03 has a evap

oration temperature of 10000 C (Arnison 1967) and thus 

can be vaporized in a moderate power vacuum evaporator. 

The oxidation processes were carried out in the Chemistry 

Department, McGi1l University. Like the sodium in the 

bromine targets, the presence of the oxygen in the 

molydenum targets does not cause any problem in the 

present measurements, because of the difference in Q

value and kinematic shift of the (JHe,d) reactions in 

the two elements. 

The targets of NaBr enriched in 79Br and 81Br 
96 100 and of oxides of . Mo and Mo were fabr1cated in a 

vacuum evaporator manufactured by Mikros Inc., Mode1 

VE-10. This apparatus was equipped with a continuous1y 

controllable 1 kW AC power supp1y. The target material 

to be evaporated was contained in a tantalum dimple boat 

connected between the two output terminals of the power 

supply inside a vacuum belt-jar. The tantalum was chosen 

as the refractory materia1 for the boat because it is 

ductile, and can be spot welded and also it has an 

evaporation temperature of 28000 C, a value which 1s 

substantially higher than that for either NaBr or M002 ,3" 

However, recently the laboratory installed a new vacuum 
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evaporator equipped with a 2 kW electron gun supplied by 

Varian Inc., Model 980-0001. The 94Mo oxide target and 

the 98Mo pure metal target were fabricated in this new 

instrument. In this case the material to be vaporized by 

the beam from the electron gun was contained in a highly 

thermo-conductive metallic cruclble. 

The target material for each isotope was 

evaporated onto a thin carbon backing for mechanical 

strength. The carbon foils used were YI88UM type of 

8-20 and 8-30, supplied by Yissum Research Development 

Co., Israel, of thickness 20 and 30flg/cm2, respectively. 

These carbon backings were prepared by sublimation of 

carbon onto glass slides, treated with teepo1, 

which acts as a re1ease agent in water. The carbon-

coated glass slide was p1aced a few inches above the 

evaporation point. In order for vapor mo1ecu1es to reach 

the carbon substrate, it was found that the evaporation 

chamber must be he1d at pressure of about 10-5 to 10-6 mm 

Hg. After evaporation, the thin film of target together 

with the carbon backing was stripped off by slowly 

submerging the glass slide into a d1sh of c1ean water at 

an angle about 400 to the surface. Before the stripping, 

the foi1 on the glass slide was cut into 3 or 4 pieces 

about 1" x 1". The f10ating foi1s were then mounted on a 

meta11ic target frame with a ho1e in the centere This 

was done by slow1y raising the mounting frame he1d with a 
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pair of forceps from under the water, picking up a1most 

at right angle to the water surface. The excess water 

was then removed from the film by carefu11y b10tting with 

a very soft fi1ter paper. Another method which was used 

on severa1 occasions was to f10at the carbon backing in 

water and mount it on a target frame. In this case, a 

prepared substrate consisting of several target frames 

mounted with carbon foi1s was p1aced direct1y above the 

crucib1e at the desired distance. It was found that to 

2 
make a target of thickness 100jUig/cm , about 16 mg of 

mo1ydenum oxide was required, if the distance between the 

substrate and the crucib1e was about 2 inches. It was 

also found that the, physical strength of the target 

depends on its condensation conditions. Targets prepared 

at an approximate1y constant rate of condensation and 

high substrate temperature are more durable than others 

under the bombardment of particle beams. 

The thickness of the targets was measured with 

two different techniques: the attenuation method using 

a calibrated alpha source, and the on-line e1astic scat

tering method, comparing the differentia1 cross sections 

with the values computed from the optical mode1. The 

latter method actua11y gives the measure of the product of 

target thickness and the solid angle subtended at the 
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target by the detector. Although most targets used are 

of thickness of the order of lOOp,g/cm2 , they varied 

substantially from one to another. Details of the 

target th1ckness measurements are g1ven in the section 

descr1b1ng the experimental procedures in the next two 

chapters. 

It should be po1nted out that ,the carbon 

baclt1ngs do not 1nterf ere wi th the present measurements 

on e1ther the (d,p) or (3He ,d) reaction for the same 

reasons as those g1ven above for the sodium and oxygen 

isotopes 1n the targets. 

2.4 Charged Part1cle I~entif1cat1on 

The study of nuclear react10ns induced by 

charged particle beam~ often requ1res the identif1cat1on 

of the nature of the product p~rt1cle detected. For 

example, a beam of 18 MeV he11um-3 particles bombard1ng a 

target of molybdenum can produce a variety of product 

particles from the 1nducing nuclear react1on, such as 

(3He ,3He ), (3He,3He t), (3He,p), ('He,d), (3He ,ci) and 

others. To study a g1ven react1on, it is necessary to 

ident1fy and select the appropr1ate product particles. 

There are several types of charged particle 

identification systems which are commonly used in nuclear 

reaotion exper1ments. Most of them are based on one of 
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the folloHin~' methods:' (1) electromagnetlc deflectlon, 

(2) tlme of fllght and total energy measurements, (3) 

the rate of energy ,loss ln traverslng a thln slab of 

detectlng materlal (the detector) and the total energy 

of the partlcle and (4) the r~nge-energy relatlonshlp 

of the partlcle ln the detectlng materlal. The flrst one 

ls equlvalent to a measurement of elther the charge to 

mass ratl0 of the part1cle ln an electrostatlc fleld or 

the magnetlc rlgidlty of the partlcle ln a magnetlc fleld, 

while the second one ls equlvalent to a determlnatlon of 

the product of the partlcle klnetic energy and the 

square of the f11ght tlme over a f1xed fllght path. 

These two methods form ~he bas1s for part of the classlcal 

nuclear physics technlques. 

The' thlrd method 1s based on the non-rela-

tlvlstlc Bethe eq'uat1on for the rate of energy loss, 

dE/dx, of a partlcle of energy 'E', mass 'M'and charge 

'z' pass1ng through a slab'of materlal of thlckness x. 

Thls equatlon may be wr1tten as, 

E(dE/dx) 0< Z2M ln (CE/f4) (2.4-1) 

wh"ere C 1s a constant depend1ng on the materlal. S1nce 

the factor ln (CE/III) ls a slowly varylng functlon of E, 

over a flnlte ener~y range lt may be considered as a 

constant, whence E (dE/dx) tX Z2M. Thls lmplles that lf 

one detects the partlcles wlth a system conslstlng of a 
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thin detector of thlckness Ax (transmission detector) 

in front of another detector which is sUfficiently thick 

to stop the particle (total absorption detector), the 

sum of the energy signaIs from the two detectors will 

provide the total energy signal, whlch when multiplled by 

the energy signal from the transmission detector would 

generate a quantity proportional to Z2M. To compensate 

for the energy dependence of the ln (CE/l,y) factor, a 

product function of the form (dE/dx)(E+K(dE/dx)+E ), 
o 

where K and Eo are constants, has been commonly used in 

particle identifiers using this method. A study of 

this method for charged parti cIe identification and t~e 

associated electronic circuits for the generation of the 

product function have been presented by several authors 

(Mark and Moore 1966, Legg 1963, Griffiths ~ al. 1962 g 

Wahlin 1961, Deb and Sen 1961, G~annetic and Stranchi 

1960, Stokes ~ al. 1958, Wolfe et al. 1955). 

The above method has been found to work weIl for 

the identification of singly charged and doubly charged 

particles over a dynamic energy range of a factor of 5 

(Mark and Moore 1966), provided that the thickness, ~ x, 

of transmission detector (called Â E detector) ls properly 

chosen to slmulate a differential quantity. But It ls 

difficult to choose a thickness for the AE detector that 

suits botl') the simply and doubly oharged particles 

because their s.topping power, dE/dx, in matter differs 
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sUbstantially (about one order of magnitude). This leads 

to the proposaI of method 4 by Goulding et al. (1964). 

It is a weIl known fact that the range 'R' of a particle 

of total energy 'Eo' may be represented by the empirical 

relationship, R = a E~ (Willamson and Boujot, 1962) over a 

finite energy region, where 'a' ls a constant depending 

on the particle and 'n' is a constant depending on the 

material. For silicon (Goulding et al. 1964, Wl11iamson 

et al. 1966) : 

n = 1.73 

a = 32.2 x 103 ~g/cm2)(MeV)-1.73 for proton 

= 19.1 x 103 for deuteron 

= 14.2 x 103 for triton 

= 3.54 x 103 for helium-3 

= 2.95 x 103 for alpha. 

With these numerical values, the empirical range-energy 

relation fits the experimental data remarkably weIl over 

the energy region from about 10 MeV to 200 MeV for aIl 

singly and doubly charged particles o 

This range-energy relationship has been exploited 

for the purpose of particle identification. Conslder a 

two-detector telescope system -- a transmission followed 

by a total absorption detector, if the thickness of the 

transmission detector is 6 x, i t is easy to show that 
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A x = (E + Â E) n _ En (2.4-2) 
a· 

where À E and E are the energies deposited in the trans-

mission and total absorption detectors. For a given Ax, 

the 1eft hand side of the equation is a constant depending 

on1y on the partic1e. Therefore, generation of the 

function on the right hand side of the above equation 

based on the energy signa1s from the two detectors 

identifies the partic1e detected. An e1ectronics circuit 

for the generation of this function has been designed and 

constructed by Gou1ding ~ al. (1964) using the logarithm 

current-vo1tage characteristics of the emitter-base 

junction of a transistor. In their design the power 'n' 

is adjustab1e so as to suit a variety of detectors. A 

circuit based on their design 1s now manufactured by 

Ortec Ltd., U.S.A. The method has been found to work very 

we11 (Gou1ding ~ al. 1964) for a variety of partic1es 

over a wide range of energy within the va1idity of the 

empirica1 re1ationship. Indeed, the limitation has been 

found to come more often from the e1ectronics than from 

the basic method itse1f. In the Gou1ding et a1 0 design, 

the e1ectronics circuit is very~comp1icated and difficu1t 

to adjust though it has f1exibi1fty. The transistors they 

used for the generation of the logarithmic and anti-

10gari'thmic functions have to be carefu11y se1ected. 

The time required. by the circuit to perform one computation is 

large -- 10 to 15 JM3. For these reasons, a much simpler 
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circuit for the generation of equation (2.4 - 2) has 

been designed and constructed for the present work. 

This circuit is based on the idea of Mark and Standing 

(1965) and Fisher ~ al. (1967) using a field effect 

transistor (FET). It is only good for silicon detectors. 

If one examines the drain current 'Id' of an 

FET as a function of the gate voltage 'Vg' and drain 

voltage 'Vd ' below the pinching point, one can represent 

Id by the following equation (Lindmayer and Wrig1ey 1965) 

Id = A V d - B [ (V g + V d ) 1. 5 - V g 1. 5 ] ( 2 .4-3 ) 

where A and B are constants of the FET. The term inside 

the square bracket is very simi1ar to the right hand side 

of equation (2.4-2), except that the value for n is 1.73 

for silicon detectors instead of 1.5. However, the 

difference between the two is very sma1l over a dynamic 

energy range of, say, 7 if Vg and Vd are taken to be E 

and l1E. Moreover, most FET's have a power law of about 

1.6 rather than 1.5. Thus, a function which is a fairly 

good approximation to equation (2.4-2) can be readily 

generated if a circuit is designed around an FET such 

that the energy signal 'E' from the absorption detector 

(called E detector) is applied ta the gate and the ÂE 

energy signal is applied to the drain, a current Id 

will be induced in the FET. When a current proporttonal 

to AE (the term AVd in equation 2.4-3) ~.s subtracted 

from Id' the resultant current is then approximately the 
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same as represented by the right hand side of equat10n 

(2.4-2). It has been found that the power law of 1.5 in an 

FET rather than the 1.73 as required can be partially 

compensated by varying the subtraction of the current 

proportional to ~E, and by adding to Id a component of 

current proportional to E. These compensations were found 

necessary if the generated function is to approximate 

equation (2.4-2) over a dynamic energy range of 10. The 

circuit used in this work which incorporated all these 

features is presented in figure 1. 

The circuit is basically divided into two 

parts: the summing part which produces an output voltage 

signal proportional to the total energy (E+AE) of the 

particle and the identification part which generates a 

voltage signal directly proportional to the right hand 

side of equation (2.4-2). The circuit takes two simul

taneous positive, flat-top voltage pulses input derived 

from the two detectors AE and E, respectively. For 

convenience, these pulses are also called ÂE and E. 

The 100 J2 variable resistor, called ~E gain, is used 

to control the voltage at point B so that the voltages at 

point A from the E input and point B from the Â E input 

will have the same energy proportionality constants. 

The summing circuit, consisting of two operational 

amplifiera formed by transitors (Ti, T2) and (T3,T4), 

derives its inputs from points A and B. The identification 
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circuit is centered around the field effect transistor, 

Q, whose terminals are labelled as S, G, D (S ~ source, 

G • gate, D • drain). The E input, after having past through 

a phase inverting operational amplifier (T5 and T6), 

is applled to Q at the gate G. The Â E input is fed to a 

non-phase-inverting operational amplifier consisting of 

transistors T7, T8, T9 and T10 connected in acommon mode 

configuration, and the output at the emitter of T9 is . 

applied to the drain D of Q. 

When the À E and E signals are applie~ to D and 

G of Q, the current Id induced in Q will flow through T9 

and. amplified in the form of a voltage pulse across 

the collector load of T9. This pulse is then mixed with a 

quanti ty which is proportional to A E (deri ved from the 

emitters of T7 and T8 through a variable resistor "func~ 

tion") in the operational adder (Tll and T10) to obtain 

a pulse proportional to Id - A Vd in equation (2.4-3). 

To make this pUlse approximate the function in the right

hand side of equation 2.4-2, a small component of current 

proportional to E is added to Id by means of feeding a 

portion of the E signal into the base of T10 through a 

variable "compensation" (comp.) resistor. Transistors T13 

and T14 constitute the output stage operational amplifier 

with a low output impedance. The circuit was designed to 

accept inputs of maximum amplitude 10 volts. The 

res1stors Rl R2 a.nd R) were chosen so that 5000/Rl = 
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R2/(R2+RJ ), depending on the dynamic range of the FET, 

Q.. For the circuit used, R1= 15 ka, R2= 5 kJl, and 

RJ = 10 k!l. This circuit has been tested both off .. 1ine 

and on-1ine and was found to perform satisfactori1y for 

the present work. 

In the off-1ine test, the partic1e energy 

signa1s from the two detectors were simu1ated by a pulser. 

The e1ectronics used for this purpose is shown in figure 2. 

Apart from the partic1e identifier, a11 e1ectronlcs 

units were commercia11y made and their supp1iers and mode1 

numbers are 1isted in the figure caption. The output 

of the pulser was fed to the dual decade attenuator whose 

two outputs, ca11ed AE and E, were connected to the test 

inputs of the respective preamp1ifiers. The ~low-decaying 

pulses from each preamp1ifier were fed to an amplifier, 

which gave unipo1ar and bipo1ar outputs. The uni polar 

pulses from the amp1ifiers were directed to the two 

1inear gate / stretcher circuits, which supp1ied positive, 

flat-top pulses to the partic1e identifier, whi1e the 

bipo1ar pulses were connected to the two timing single 

channel ana1ysers (TSCA), whose outputs were fed to the 

fast coincidence·circuit. The coincidence signa1s 

operated the two 1inear gate / stretcher units. 

The voltage pulses at the E and ÀE inputs of 

the partic1e identifier (with " A E Gain" control set at 

maximum) were adjusted so that both inputs have a vo1tage-
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energy equivalence of 10 volts = )0 MeV. The energy for 

E input and that for the AE input were computed from 

the range-energy table of vlilliamson and Boujot (196:!) 

for all singly and doubly charged particles by assuming 

the thickness of the A E detector to be 100 pm and of E 

detector 2000 JI' m silicon and. the maximum particle energy 

to be )0 MeV. The 'tuning' of the particle identifier 

circuit was especially simple. First set the "compen

sationi• control to zero alJ.d vary the "function" control 

to obtain an optimum separation. Then increase the 

compensation control until a best' separation is attained 

for the entlre energy range. The result of this test ls 

shown in figure). It can be seen that the particles are 

clearly separated. 

An on-line test of the circuit was also 

conducted. The source of signals was two detectors Â E 

and E J the Â E detector was a 100 pt' m diffused junction 

silicon detector supplied by Simtec Ltd., and the E 

detector was a surface barrier silicon detector obtained 

from Ortec Inc. The electronics system used is given in 

figure 2. To match the energy scale in both the E and A E 

channels, an 241Am alpha source was used. First the ÂE 

input to the particle identifier was discolUlected, the 

amplifier in the E channel was adjusted to give approx

imately 10 volts = )0 MeV at the input of the identifier. 

The alpha particle pulses appearing at the sum energy 
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output of the identifier were recorded in a multi-channel 

pulse height analyser. After having done this, the A E 

channel was then connected and the E channel disconnected. 

The Il E channel amplifier and the "A E Gain" control of 

the identifier were varied until the alpha particle peak 

in the analyser matched that of the E channel. It was 

found advisable to have the Â E amplifier operate at 

maximum gain within its linear range so that the smallest 

signal (highest energy proton) could trigger the TSCA. 

The fast coincidence unit was set at a resolving time of 

50 nanoseconds. 

The particle beam used was the 18 MeV 3He beam 

from the EN tandem accelerator at l'Université de Montréal. 

The mass output of the identifier was fed to a 512-

channel Nuclear Data analyser. The 'tuning' procedure 

for the identifier was the same as that described above 

for the pulser. The charged particle mass spectra 

obtained for 9Be and 94Mo targets are displayed in figures 

, 4 and 5, respectively. The spectrum for the 9Be target 

exhibits a much better particle separation than that for 

the 94Mo because the former was obtained at a count rate of 

about 4,000 per sec. in each detector and the latter was 

at about 15,000 per sec. in each detector, hence more 

pile-up pulses. 

The performance of the particle identifier was 

remarkable. Three identifiers of this type have been 
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built and each one is housed in a single-width NIM 

module. Throughout the work described in this thes,is, 

not a failure of these circuits was encountered. However, 

it must be pointed out that the FET is a temperature 

sensitive device, if the ambient temperature changes 

more than 50 C, its characteristics change significantly. 

Since those circuits were used in the superbly temperature 

regulated control room of the Nuclear Physics Laboratory 

at the University of Montreal, such a change was never 

observed during any measurement. 

2.5 Electronics and Data Acquisition 

The block diagram of the electronics system 

used in conjunction with each detector telescope i8 

shown in figure 6. The electronics units were procured 

commercially, except the particle identifier, and their 

origins are specified in the figure caption. Aside from 

a few additions, the basic arrangement of the system 

and its adjustment were similar to those of the system 

used for testing the particle identifier.' The particle 

identifying signals (mass output) were fed simultaneously 

to a series of timing single channel analysers (TSCA), 

one for each type of charged particle, and the sum energy 

signals were fed to a series of delayed amplifiers, each 

one being followed by a gated biased amplifier. Each 
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de1ayed amplifier - gated biased amplifier combination was 

operated by a TSCA whose "window" was set on the desired 

mass s1gna1s. Throughout this work, two types of charged 

parti~les'were selected in each measurement a1though only 

the resu1ts of the (3He ,d) and (d,p) reactions are 

presented here. 
l' 

The particle energy spectrum output from each 

gated biased amplifier was fed to a Northern Scientif1c 

MUltiplexer (Mode1 NS 414) which was interfaced with a 8 

K-memory Northern Scientif1c Analyser (Model NS 624). 

The latter was operated in a 4 x 2048 channel mode with 

the output recorded by an Ampex ~Tagnetic Tape Unit. The 

data were subsequently analysed in the cne 6400 computer 

at the Centre de Calcul, de l'Université de Montréal. 

The gated biased amplifiers were adjusted to 

give spectra with a gain of about 5 to 10 keV per channel 

and only those portions of the spectra of interest were 

allowed to register in the analyser. Since all logic 

electronics circuits have deadtimes, it is imperative 

to know what fraction of the events were detected and 

lost due to this cause. This loss of events due to 

e1ectronics deadtimes in the various units is particularly 

severe if the beam intensity, hence the count rate in each 

detector fluctuates. To. obtain information on this regard, 

a pulser was used to generate a signal to stmulate a given 

type of particle. The pulser was triggered by a signal 
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derived from the output of the amplifier in the E channel 

and fed to a dual decade attenuator, whose ÂE and E 

outputs were connected to the test inputs of the pream

plifiers. In this manner, the sampling pulse rate from 

the pulser is proportional to the count rate in the E 

detector, hence to the instantaneous beam intensity. 

By comparing the number of pulses in the pulser peak tn 

the spectrum to the number of pulses from the pulser 

registered by the fast scaler, the fractional loss of the 

events registered in the spectrum was deduced. 

The beam current of the unscattered beam was 

monitored by a Faraday cup connected at the exit port of 

the scattering chamber. The output of the Faraday cup 

was fed to an ORTEC Current Digitizer (Model 439), which 

in turn drove an ORTEC Scaler (Model 430). 

The electronics system used for the 98Mo(3He,d)99TC 

measurements at McMaster University was very simple. 

Apart from the power supply and its NMR regulator for the 

spectrograph, there was only the electronics for the one 

monitor silicon detector. The detector output was connected 

to an ORTEC preamplifier (Model 109A) , thence to an ORTEC 

amplifier (Model 451) and ORTEe single channel analyser 

(Model 420A). The events from the last unit were recorded 

in an ORTEC scaler (Model 430). 
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TABLE 1 

Isotopie Composition of the MolYbdenum and 

Brom1ne Isotop~s in the Targets 

The content values (in pereentage) are 

taken from the data supplied by Oak Ridge 

Laboratories. 

" 



=============================~================================ 

CONTENTS 
92Mo 941-10 95Mo 96Mo 97Mo 98Mo 100 

~ Mo 

94Mo 0.83 2hl 2.85 1.04 0.40 0.75 0.22 

96Mo 0.18 0.18 0.94 96.8 0.96 0.82 0.10 

98Mo 0.10 0.07 0.16 0.23 0.33 98.8 0·33 

100Mo 0.60 0.23 0.40 0.81 0.36 1.69 2.5..!.2. 

=============================================================~= 

============================ 

~ TARGETS 

0.4 22.& 

================== 
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FIGURE l 

Charged Particle Identifier Circuit 

QI FET (p-channel) 2NJ4J6 

JI Diode IDQIO-500 

ZI 6 Volt Silicon Zener Diode 

RIz 15 kil 

R2: 5 kfl. 

RJs 10 kn 

Tl, T4, TS, T7, T9, TIO, Tll, T14: 

NPN Transistor 2NJ904 

T2, TJ, T6, T8, T12: 

PNP Transistor 2NJ906 
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FIGURE 2 

Electronics Block Diagram for Testing the 

Charged Particle Identifier 

Electronics Units:-

Preamplifier TC 136 

Dual Decade Attenuator ORTEC 422 

Amplifier ORTEC 451 

TSCA ORTEC 420A 

Fast Coincidence ORTEC 414A 

Gate Stretcher ORTEC 442 

Pulser ORTEC 448 
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FIGURE 3 

Slmulated Mass outputs of Charged Particle 

Identifier 

Energy-voltage scale for each channel, 10 

volt = 30 MeV 
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FIGURE 4 

Mass Spectrum from Charged Particle Identifier 

Detectors: AE 100)l-m 

E 2000ftm 

Particle Sources 18 MeV 3He beam on 9Be target, 

detected at 300 
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FIGURE 5 

Mass Spectrum from Charged Parti cIe 

Identifier 

Detectors: 6 E 100 pm 

E 2009 pm 

Partlcle Source: 18 MeV 3He beam on 94Mo 

target, detected at 80° 
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FIGURE 6 

Block D1agram of the Electron1cs System 

Assoc1ated w1th.each Detector Telescope 

Electron1cs Un1ts: 

Preamp. TC 136 

Amp. ORTEC 451 

TSCA ORTEC 420A 

Fast CoincD ORTEC 4l4A 

L1near Gate ORTEC 442 

Delay Amp. ORTEC 427 

B1ased Amp. ORTEC 444 

SCA ORTEC 406A 

Pulser BNC BH-l 

Dual Attenuator ORTEC 422 

Fast Scaler ORTEC 715 
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CHAPTER III 

THE (3He ,d) REACTIONS IN MO-94,96,98 AND 100 

3.1 Experimental Procedure 

These reactions were stud1ed us1ng the 18 

MeV ~e beams from the University of Hontrea1 

tandem acce1erator. Deuterons from these react10ns 

were detected by two ~E-E silicon so11d state 

detector te1escopes as descr1bed in the preced1ng 

chapter. Pr10r to data collection, the detectors 

and the e1ectronics assoc1ated with each te1escope were 

energy ca11brated and adjusted so as to g1ve a proper 

identif1cat1ol1 of d1fferent1y charged part1c1es and a 

correct energy range for each spectrum. An Ortec research 

pulser (Model 448) was used in conjunct1on w1th an 241Am 

alpha part1c1e source to ca11brate the part1c1e energy 

response of each set of detectors and preamp11fiers. 

The detectors were p1aced 1ns1de the scattering chamber 

-5 -6 
under vacuum (10 to 10 Torr). The output 's1gna1s 

" 

from each preamp11f1er 1nduced by the alpha part3.c1es 

were then matched \'11 th the pulses generated by the Ortec 
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pulser, which were fed to the input of the preàmplifier. 

The pulser output was normalized so that its dial scale 

provided a direct reading in energy. After having 

calibrated the detector-preamplifier sets and the energy 

scale in the Ortec pulser for each set, the energy 

resolution of each detector was examined by observ1ng 

the line width of the alpha parti~les from the 24lAm 

source. It was found that aIl detectors used in this 

experiment have an energy resolution in the range 

from about 15 keV to 22 keV. This was acceptable for 

the present work. 

Two detector telescopes were then assembled 

and mounted on the top rota table plate of the scattering 

chamber with the axis of each telescope aligned to 

intercept the target at the point of incidence of the 

beam. Telescopes were placed 100 apart. For the 

measurements of the reactions in 96Mo and 100MO, the 

so11d angles subtended by the two telescopes at the 

target were 1dentical and equal to 0.225 m sr. However, 

1t was found poss1ble to use larger so11d angles for 

the telescopes w1thout decreasing the energy resolut10n, 

and also 1t was found more advantageous to make the 

sol id angle larger for the telescope positioned at 

larger scattering angle than that for the telescope at 

smaller angle because of the difference 1n cross sect10ns. 

It was, therefore, dec1ded to use 0.548 m sr. for the 
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larger angle telescope for the measurements on the 94Mo 

target. 

The electronics system for each telescope was 

set up according to the diagram in figure 6 of the 

preceding chapter. Each charged particle identifier 

was first 'tuned up' using pulses from a pulser to 

simulate the different types of particles and according 

to the procedures descriped in section 2.4, chapter 2. 

After having obtained a satisfactory particle separation 

with the pulses s the energy calibrated Ortec pulser 

was used to calibrate the energy in the Â E and. E 

channel and match their 'gain' accurately. The 

biased amplifier, which feeds the sum energy (E+AE) to 

the ADC of the analyser, was adjusted so the deuterons 

with maximum possible energy were registered at about 

channel 2000 and the spectrum had an energy scale of 

about 5 to 10 keV/channel. The energy scale in the 

analyser was calibrated with the pulser. 

The pulser used for deadtime correction (see 

figure 6) was adjusted to simulate a deuteron of an 

energy just a little higher than the highest energy 

possible for deuterons coming from the reaction under 

study. This provides a pulser pulse-peak near the end 

of the deuteron energy spectrum. The fast coincidence 

uni t and the tl'l0 TSCA uni ts were also aligned and 

adjusted with the pulser. The time resolution of the 
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system used in thts experiment '\'las about 80 ns. 

Because of the difference in the charge collection 

times of theÂ E and E detectors, the coincidence 

alignment must be done in-beam and the pulses can only 

provide an approximate alignment. 

After the alignment and calibration of the 

electronics system and data acquisition system were 

completed, the targets were then fastened onto their 

holder and inserted into the center of the scattering 

chamber, which was normally operated at a pressure of 

10-6 Torr. Usually three targets plus a quartz were 

placed in the holder. The latter was for closed circuit 

TV viewing of the beam spot during beam alignment. 

The helium-3 beam was sent through the beamline 

and focussed at the center of the scattering chamber with 

a beam spot about 2 mm in diameter. Several TV cameras 

were used to monitor the beam at different locations along 

the beamline. With a 2 mm-diameter collimator at the 

entrance port of the scattering chamber, a beam current 

transmission of 85% passing through the target and onto 

th~ Faraday cup at the exit port of the chamber was 

usually obtained. With the beam bombarding the 

target, the detector telescopes were counting real 

events and a final adjustment on the fast coincidence of 

each system was made. The "mass output" of the particle 

identifier was fed to a 512-channel analyser and some fine 
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adjustments on the "function" and "compensation" 

controls were made to obtain the best part1c1e separation. 

The TSCA's, which were fed by the mass output of the 

identifier, were then carefu11y set to select the 

desired particles. In this experiment, both the deuterons 

and alpha partic1es were selected and their spectra were 

accumu1ated although only the results for the (3He ,d) 

react10ns are presented here. 

The deuteron spectra from the reactions were 

accumulated with the two telescope systems simultaneously. 

Each molydenum target was positioned with its normal at 

30 degrees to the beam direction and remained unchanged 

during measurements at aIl scattering angles for the 

isotopes. Deuterons were detected only at angles in the 

forward nemisphere because of the low reaction differentia1 

cross sections at large angles. For each isotope, 
, 

spectra were recorded for angles -from 10 degrees to about 

90 degrees in steps of 5 degrees. A 10w beam current 

was used for the measurements at smal1 angles (~ 20°) 

to reduce pulse pile-up rates in the detectors and 

electronics to less than 5%. At angles larger than 200 , 

these pi1e-up rates were neg1igib1y smal1 even if a beam 

of 500 na was used. In general, the beam current was 

adjusted to keep the count rates in all the detectors 

less than 15,000 counts per second. In Most of the 

measurements, a stable He-3 beam current of about 500 na 
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on target l'laS obtained. 

Spectra were acquired at fourteen different 

angles for the 9411o(3He,d)95TC reaction, each corres

ponding to an integrated incident beam of about 4000 

.. Coulomb. Measurements at seventeen different angles 

were taken for the 96Mo(3He,d)97TC reactionat about 

6000 ~ Coulomb per angle. For the reaction of 

100Mo(3He,d)101TC, spectra for sixteen different 

angles were recorded, with an average bombarding charge 

of about 10,000 ~ Coulomb per angle. 

The thickness measurements for each target 

were performed on-line w1th the 18 MeV 3He beam by 

recording the elastic scattering events at five different 

scattering angles ranging from 30 to 70 degrees. The 

results of these measurements will be presented in the 

next section of this chapter. 

Measurement of this reaction was performed at 

McMaster University using the 18 MeV 3He beam froID an FN 

tandem accelerator. Emerging deuterons from the reaction 

were detected on nuclear emuls10n plates placed in the 

focal plane of an Enge split pole spectrograph with the 

Magnet slits adjusted to provide an acceptance sol id 

angle of 1.82 m sr. subtended to the center of the target. 
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The target was p1aced at the center of the scattering 

chamber making an angle of 9.58 degrees with the beam 

direction. The monitoring silicon surface barrier 

detector was placed at 30 degrees in the scattering 

chamber to measure the elastic scattering events. 

Prior to data accumulation, this detector was calibrated 

against a Faraday cup so that the relatlonship between 

the number of elastic events and the amount of integrated 

charge in the cup was established. 

The thickness of the isotopically enriched 98Mo 

target was measured off-line in a well-calibrated chamber 

(Burke and Tippett 1968), designed especially for this 

purpose. The apparatus consisted of a 2 mm 24lAm alpha 

partlcle source covered with collimator of that diameter. 

The elastica1ly scattered (Rutherford scattering) alpha 

particles were measured by an annular silicon detector, . 

whlch was located behlnd the target foil whose thickness 

was to be measured. The circuitry used to analyse the 

pulses from the detector consisted of a preamplifier, 

amplifier, single channel analyser and a scaler. The 

observed total elastlc scatterlng cross section was then 

compared with the calculated Rutherford scattering cross 

section. This measurement yielded a th1ckness of 43 

~g/cm2 for the target used. 

At each scattering angle, the magnet current 

and the NMR system of the spectrograph were set to select 
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deuterons of a particular momentum range, taking into 

consideration the kinematic shifts of the deuterons from 

the reaction. Thirteen deuteron spectra were recorded at 

scattering angles ranging from 8 degrees to 70 degrees. 

Each spectrum was exposed for an integrated incident 

beam of about 2000 ~ Coulomb. The nuclear emulsion 

plates which recorded the deuteron events were subsequently 

developed and scanned in 1/4 mm swaths across the plates. 

One deuteron spectrum with high statistics was also 

acquired at bombarding energy 24 MeV. This spectrum 

was used for the determination of the precise energies of 

the various deuteron groups. 

3.2 Data Reduction 

The spectra obtained for these reactions were 

stored on magnetic tapes and were subsequently analysed 

with a CDC 6400 computer usir~ a curve-fitting program 

GFITT (Zurstadt 1968). In this program, deuteron spectra 

in the form of multichannel data were analyzed by fitting 
~ 

the deuteron peaks with Gaussian curves. In each spectrum 

closely spaced (or unresolved) peaks up to a number of ten 

could be unfolded along with a polynomial or exponent~.al 

type of background. using the non-linear least squares 
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regresslon techniques. Centroid positions of a11 the 

peaks in one spectrum obtained from the fitting process 

were checked against those in the other spectra obtained 

at dlfferent angles for consistancy in kinematic shifts. 

Weak peaks appear1ng only in one spectrum and not in the 

others were discarded. Contaminant deuteron peaks 

resu1ting from reactions in the other isotopes in the 

target were recognized easi1y from their kinematic 

shifts and their reaction Q-va1ues (Wapstra !i al. 1971). 

They are main1y from reactions in 12c , 13c , 160 and 180 

which were known to be present in the target. Contaminant 

peaks due to other molydenum isotopes in each target 

were not observed. However, since the Q-values of the 

(3He ,d) reactions in 13c and 180 are quite close to those 

of the molydenum isotopes, at some angles, the weak peaks 

in the region of interest in the spectra were partially 

or fully obscured by the contaminant peaks and were not 

resolvable. In those cases the obscured peaks in those 

measurements were ignored,. 

The areas of peaks in the spectra obtained at 

different angles were evaluated and converted' into the 

experimental cross sections in the laboratory system, 

which may be expressed as 

dtr 
d.n.. = N 



where N 
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number of events in a given peak leading to 

the final state in the residual nucleus, 

Q total integrated charge of the incident 

particles, 

eZl number of electric charges carried by the 

incident particle, 

No Avogadro's number, 

M2 mass of the target nuclei, 

~t effective target thickness, 

QT the angle between the incident beam and the 

normal to the target, and 

~12 solid angle subtended by the detector at the 

target center. 

Since there were some real events lost due to the deadtimes 

in the eleotronics, the number of pulses in the pulser 

peak in each spectrum must be evaluated and compared with ' 

the number of pulser pulses fed 1nto the electronics 

system in order to compute the fractional loss of events 

in the spectrum. The correction for this fractional 

loss must be applied to N in the calculation for the 

differential cross section. 

The target thickness, )0 t, was calculated from 

the results of elastic scattering measurements. At 

each elastic scattering, the number of events, N and 
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the corresponding inc1.dent charge Q were measured. The 

optica1 mode1 was used to ca1cu1ate the differentia1 

cross section, d6'" /df1-, and then pt was extracted from 

equation (3.2-1). If the experimental conditions 

used in the measurements of the e1astic scattering 

were the same as those emp10yed in the reaction exp er

iment, as in the present case, the product of ~!1and 

f' t for the reaction, cou1d be direct1y deduced. 

The optica1 mode1 calcula tion l'laS performed 

by the computer code DWUCK (Kunz 1969) and the optica1 

potentia1 parameters emp10yed in this ca1cu1ation 

are those used for the incident channel in the DWBA 
3 ca1cu1ations for the ( He,d) angular distributions. 

These parameters were taken from the work of Picard 

and Bassani (1969) in the study of (3He,d) reactions 

on the isotopes of 88sr , 90Zr and 92Mo , at the same 

incident energy as used in the present work. They 

are given in section 3.4, this chapter. 

It is interesting to see the variation of 

the e1astic scattering cross sections with scatterlng 

angles and the qua1ity of the agreement between the 

predictions of the optical model and the experiment. 

Fig. 7 shows the ca1culated elastic cross sections for 
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94Mo expressed in terms of the Rutherford cross sections 

using the optical parameters mentioned above. It can 

be seen that nuclear potential plays a significant role 

in those events which are scattered through an angle 

larger than 20 degrees. The dots on the figure 

represent the experimental values, which have been 

normalized to the theoretical curve. While the fit 

between the optical model ca1culations and experiment is 

not excellent, it is be1ieved that the e1estic scattering 

differential cross sections computed from the mode1 are 

accurate to ± 1.5%. This error will appear as a 

systematic error in absolute values of the (JHe,d) 

reaction dlfferential cross sections. Using these 

theoretically calcu1ated differentia1 cross sections and 

the geometrical solid angle values the target thickness 

for the different mo1ydenum targets were estimated. The 

values of 98 p g/cm2 , 103 pg/cm2 and .51 p g/cm2 were 

obtained for the 110-94, 96 and 100 targets, respectively. 

The numerical computation for the (JHe,d) differential 

cross sections were performed using the computer code 

KINX (Zurstadt 1969). 

The total error of the experimental dif'fer-

ential cross sections can be considered as a sum of two 

parts 1 the uncertainties in the relative cross sections, 

which effect the shape of the angular distributions and. 

the uncertainties in the absolute cross sections which 
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influence the absolute transition strengths. The major 

contribution to the relative errors comes main1y from 

the uncertainty of peak area extraction, which included 

the statistical fluctuation of the number of events in 

the, peaks, 'the uncertainties in the unfolding of 

closely spaced peaks and the background subtractions. 

Other minor contributions to the relative errors were 

those coming from the uncertainties in the relative 

eff1ciency of.the two detector telescopes and the 

electronics dead,time corrections. However, the relative 

solid angles of the two telescopes were determined 

experimentally by repeati~ the elastic scatteririg 

measurements for each of the telescopes at the same 

angular position. 

The ratio of number of 

elastlc scattering events for the same amount of 

accumulated charge gave the relative values. In all cases, 

the experimentally measured values agreed with the values 

calculated from the geometry to within 2%. 

For the systematic error, most of the 

contributions came from the uncertainty of the absolute 

~arget thickness and the sol id angle determinations, as 

weIl as the accuracy of the beam current monitoring 

system. In the present case, the error in the product 

of the sol id angle and target thickness dependent on the 
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accuracy of the theoretica11y ca1culated elastic 

scattering differential cross section mentloned above. 

Taking aIl these factors into account, the total sys

tematic error in the abso1ute cross sections is 

estlmated to be less than 20%. Flnally, absolute 

accuracy for aIl angle measurements is belleved to be 

better than 0.2 degree o , 

The precise energies of the deuteron peaks 

were determined using the known energies of the deuteron 

peaks arising from the (3He ,d) reaction in 160, which 

was present in the target. The Q-value for the (3He ,d) 

16 
reaction i~ 0 was taken from Wapstra and Gove (1971) 

and the energies of the various deuteron peaks observed 

ln this reaction were tal~en from those compl1ed by 

Ajzenberg-Se1ove (1970). After compensating for the 

kinematic shlfts in the various deuteron peaks, the 

energies of the states in the technetium isotopes 

observed in the (3He ,d) reactions were determined by a 

linear fitting to the centroid positions of the deuteron 

peaks. 

The method for determining the energies of the 

states in the technetium nuclei come from the determination 

of the peak centroids and the uncertal11tles in the energies 

of the deuteron peaks from the (3He ,d) reaction in 160 

which lncluded the errors in the corrections due to the 

klnematic shlfts. It ls believed that the overall 
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uncertainty in the technetium energy 1eve1 determination 

was about 2.5 to 3 keV per 1 MeV excitation energy 

difference. 

( ii) Reaction 98rr1o ( 3He ,d) 99Tc 1 

The nuc1ear emu1sion plates, which recorded a11 

the deuteron events, were scaruled with a microscope in 

1/4 mm swaths across each plate for a11 plates. The 

resu1ting number of events in each swath was p10tted as a 

function of position in each set of plates to obta~p 

the deuteron spectrum for that particular scatt~ring 

angle. The areas of the various deuteron peaks were 

eva1uated and converted into differentia1 cross sections 

according to equation (3.3-1). 

In the measurements for this reaction, MOSt of 

the relative errors arise from the uncertainties in the 

statistical fluctuation in the number of events 

registered in the deuteron peaks and in the photographie 

plate readings, which was about ± 5%. 

The systematic errors for the measurements 

were main1y due to the inaccuracy in the target thickness 

measurement, current monitoring, detector calibration, 

and solid angle determinations. The target thickness 

was obtained from the measurement on the Rutherford 

scatterir~ of alpha partic1es from a 241~~ source and the 
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accuracy of this measurement was estimated to be ±20%. 

The beam current monitoring system is believed to be 

calibrated to accuracy of:l: 3% and the solid angle 

measurement carried an accuracy of ± 2%. A combined 

systematic error of ± 25% has been est"imated for all 

measurements on the differential cross sections of the 

(3He ,d) reaction on the 98Mo target. 

The energies of the various deuteron peaks 

leading to the excitation of the levels in 99Tc were 

determined from the high statistics deuteron spectrum 

obtained with a 24 MeV 3He beam. The position of some of 

the deuteron peaks was correlated with the corresponding 

known levels in 99Tc observed in the beta decay of 99Mo 

(Cook et al. 1969)'. A linear extrapolation of these 

peaks of known energies was made for all the other peaks. 

The level energy of 99Tc determined this, way is believed 

to be better than 2 keV per 1 MeV excitation energy. 
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3.3 Experimental Results 

Fig. 8 presents the deuteron spectrum from 

the reaction of 94Mo{3He,d)95TC obtained at 600 {label. 

The overall energy resolution 1s about 40 keV full width 

at half maximum (FWHM). The dead-time correction pulser 

peak has a FWHM of about 25 keV, which represents the 

energy resolution of the electronics system. This 

implies that the detector intrinsic energy resolution 

and the fluctuation in the energy degradation in the 

target accounted for the remaining energy spread observed. 

The peaks corresponding to the excitation of the various 

levels in 95Tc and their associated differential cross 

sections have be"en analyzed up to an excitation energy 

of 4.709 MeV. A total of 38 levels in each of the 

spectra obtained at different angles have been studied. 

The density of levels populated in this reaction has 

been observed to increase rapidly with excitation energy 

and reliable analysis of levels at exci~ation energy 

higher than 4.7 MeV could not be obtained. 

The results obtained for the excitation energies 

and the differential cross sections for the various 

levels in 95Tc are listed in table 2. The differential 

cross sections and their associated relative errors, are 

given in the center of mass system. The total relative 

error in each differential cross section measurement and 
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the uncertainty in each level energy determination are 

also 11sted in the table. The listing format adopted 

was to give the error for each value direct1y under the 

value itself with the significance of its digits having 

a one to one correspondence with those in the Mean 

value. It is understood that aIl errors carry a ± sign 

with them. The total systematic error in each differ-

ential cross section measurement, as discussed in the 

preceding section, was±20%. The blank entries in the 

table indicated that the deuteron peaks corresponding 

to the states were either unresolved from the neighboring 

peaks, or obscured by contaminant peaks, or poor statistics. 

The doublets observed at 2.257, 2.308; 4.381, 

4.428; 4.489 and 4.528 MeV could not be resolved 

reliably. Only their combined differential cross 

sections have been extracted. Graphs displaying the 

angular distributions for the excitation of the various 

states in 95Tc will be presented in the next section 

together with the results of an analysis of the reaction. 

A typical deuteron spectrum of the 96Mo (3He ,d) 

97Tc reaction obtained at 500 (lab.) is shown in fig. 9. 

The energy resolution of the experiment is the same as 

that stated above for the 94Mo(3He,d)95TC reaction. 

Deuteron peaks corresponding to the excitation of 

thirty-two states in 97Tc have been analysed. The high 

level density above 3 MeV excitation energy rendered data 
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extraction on 1eve1s 1ying higher than thj.s energy 

impossible. Table 3 presents the numerlca1 resu1ts of 

the excitation energies and differential cross sections 

for the various 1eve1s in 97Tc • The entry format for 

this table is the same as that used for t~b1e 2. As 

can be seen in figure 9, the peaks corresponding to 

states at 2.878 and 2.908 MeV were not we11 reso1ved in 

the present experiment, consequently, on1y their 

combined differentia1 cross sections are given 1n table 3. 

A graph1ca1 disp1ay of the angu1ar d1stribut10ns for 

the var10us exc1ted states will be presented together 

w1th the resu1ts of a theoret1ca1 ana1ys1s in the next 

section. 

The total systemat1c error for the d1fferent1a1 

cross sect10n measurements was ± 20%. 

The measurements of the 98Mo(3He,d)99Tc 

react10n were performed w1th the magnetic spectrograph. 

As a resu1t, the overa11 exper1menta1 energy reso1ution 

1s better than the other described 1n th1s thes1sJ a 

reso1ut10n of about 18 keV (FWHM) was obtained. A 

complete angu1ar distribution for the outg01ng deuterons 

was measured w1th an 18 MeV He-3 beam, and a typ1ca1 

deuteron spectrum obtain at 300 (lab.) 1s shown in 

f1gure 10. One spectrum with much better stat1st1cs was 

accumu1ated at .500 (lab.) us1ng a 24 r·1eV He-3 beam and 1 t 

18 shown ln f1gures 11 and 12 (t,·ro parts). To determ1ne 
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the energies of the various deuteron peaks, the spectrum 

obtained at 24 MeV incident energy was used. In these 

spectra, the deuteron peaks are 1abelled by thej,r 

corresponding leve1 excitation energies in 99Tc. As 

can be seen in figure 12, the density of 1evels populated 

in this reaction increases rapid1y with excitation energy. 

Consequently, for the set of data obtained at 18 MeV 

incident energy, only deuteron peaks corresponding to 

excitation energy be10w about 2.7 MeV have been ana1ysed. 

The excitation energies of the levels in ~9Tc and their 

associated differentia1 cross sections in the C.M. system 

are listed in table 4, together with their total relative 

errors. The entry format for this table ls the same as 

that used for tables 2 and 3. As discussed previous1y 

(section 3.2), the total systematic error for the 

different1a1 cross section measurements in this 

experiment was ± 25%. 

For the 'double' deuteron peaks corresponding 

to excitation energies 1.803, 1,825; 1.982, 2.000; 

2.160, 2.176; 2.396, 2.414; 2.466, 2.486; 2.653, 

2.675 MeV, only the combined differentia1 cross sections 

for each pair are given in table 4. states in 99Tc 

lylng above excitation energy 2.7 Iv1eV observed in the 

deuteron spectrum at 24 MeV incident energy are also 

1isted in table 4, but no differential cross sections 

were extracted from the data obtained at 18 MeV incident 
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energy. 

A graphlcal display of the angular distributions 

for tha various states in 99Tc will be presented in 

the next section together with the results of a 

theoretical calculation. 

The experiment on the 10oMo(3He,d)101Tc 

reaction was performed under a set of experimental 

conditions similar to that used for the study of 

94Mo (3He,d)95Tc and 96Mo (3He,d)9?TC reactions. As a 

result, the experimental energy resolution and systematic 

error are the same as those given for the two reactions 

described previously. A typical deuteron energy 

spectrum obtained at 500 (lab.) is shown in figure 13. 

In this spectrum it is seen that the level density in 

101Tc is relatively high, and only prominant deuteron 

peaks corresponding to excitation energy below about 

1.? MeV in 101Tc could be studied in the present work. 

The excitation energies of these levels and the differ-

ential cross sections for their excitation are presented 

in table 5, together with th~ relative measurement 

errors. The entry format for the numerica1 values in 

this table is the same as the one employed for the 

other tables (2,3,4). The deuteron peaks corresponding 

to excitation energies at 1.280 and 1.319 MeV were not 

reso1ved in this experiment, consequently, only their 

combined d1fferential cross sections &re given in table 5 • 

. . 
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From the deuteron energy spectra, it ls apparent 

that the energy level denslty of the four odd-mass Tc 

1sotopes is relativ~ly hlgh. Many deuteron peaks 

appeared to be mUltlplets. In such cases, although the 

computer pro gram GFITT (Gaussian CUl've fltting) was 

used to effect the individual peak area separation, the 

d1fferentiai cross sectlorts for the excitation of the 

corresponding states involved always carrled a relatively 

large error. Since sorne of the states in each Tc 

isotope studied were more strongly excited in the reactlon 

than the others, lt ls concelvable that some of the 

weakly exc1ted states were masked by the strongly 

exc1ted ne1ghbor1ng states. This poss1bility ls partlc

ularly 11ke1y in the measurements for the 95Tc , 97Tc 

101 
and Tc nuclei where the experimental energy resolutlon 

was re1atlvely poor. 

The present deuteron energy measurements can 

also yield the Q-values corresponding to ground state 

transitlons obtained from this work. These values have 

been compared with the values glven by Map1es ~ al. 

(1966) and by Wapstra and Gove (1971), which are also 

glven ln table 6. In general, the agreement ls falrly 

good. 
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3.4 Data Interpretation and Discussion 

(i) Distorted Wave Born Approximation Calculationss 

The (3He ,d) reactions at an incident energy 

higher th an the Coulomb barrier of the incident partic1e 
\ 

take place primari1y via the direct reaction mechanism 

(Austern 1969). That is, 'they proceed on a very short 

time sca1e, and invo1ve on1y a few internaI degrees of 

freedom of the co11iding systems without the formation of 

compound nuclear systems (target nucleus plus projectile) 

as intermediate states. In such a reaction, the incident 

3He partic1e, which May be considered to be composed of a 

'deuteron' and a 'proton', approaches a target nucleus, 

losing the proton to the latter and emerges as a 

deuteron. Th1s react10n 1s a very usefu1 spectroscopie 

too1 because it can be viewed as the transfer of a 

proton into a definite single partic1e orbital in the 

target nucleus without the excitation of other degrees of 

freedom. In addition, the angu1ar distribution of the 

outgoing deuterons ref1ects the properties of the single 

partic1e orbit~l and the wave functions of the initial and 

final nuclear states. 

The direct reaction theory that 1s common1y used 

for the ana1ysis of the (3He,d) reaction is ca11ed the 

distorted wave Born approximation (DWBA) theory for single 
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nucleon transfer reactions. The formal derivation of the 

DWBA theory and the approximations involved in its 

calculations have been discussed in many review articles 

(Tobocman 1961, Satchler and Tobocman 1960, Satchler 1964 

and 1965, Glendenning 1963, Bassel et al. 1962, Austern 

et al. 1964, Austern 1963 and. 1969). In this theory, the 

3He incident particles are first elastically scattered by 

an absorptive opt1cal potential of the target nucleus, 

distorting the otherwise plane waves of 3He • These 

distorted 3He waves then interact with the target so that 

a proton in the 3He 1s captured by the target to form the 

final nuclear state, and the remaining n+ p system of 

the 3He emerges from the interaction as a deuteron. Thus, 

the interaction responsible for the transition from the 

initial nuclear state to the final nuclear state is 

primarily the interaction that binds the transferred 

proton to the deuteron to form the 3He particle. Upon 

leaving the final nucleus the deuteron waves suffer a 

distorting elastic scattering in the absorptive optical 

potential of the latter. The transition in the stripping 

reaction, therefore, is one between the elastic scattering 

states. 

From the DWBA theory, the differential cross 

section for the reaction A( 3He ,d.)B, for the unpolarized 

projectile and target nucleus, carl be expressed in the 

form (Glendenning 1963), 
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(3.4-2) 

Sf!j)= (/J-,",) 1 Jt"!p;;p)I<~('Pl 1j"(4t-,) df4n)j~ 
4+ ~ f~ ~f 

wherea 

(3.4-3) 

(3.4-4) 

HJ 1-) 
~ and ~ are the incident and outgoing 

distorted waves of the 3He (subscript h) and 

deuteron (subscript dl, respectively, with wave 
n'llmber kh and kd and wi th reduced masses foh and 

~ .... ft d; rp a11d r dp are the coordinated of the 
transferred proton relative to the C.M. of the 
initial nucleus A, and relative to the C.M. of the 
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deuteron; MA' NB Mh and Md are the masses of the 

initial nucleus, final nucleus, 3He particle and 

deuteron; cfJ..,e,'HI.t (~) is the orbital part of the' single 

particle spin-orbi t wave function ~{~Of the 

captured proton in the final nucleus characterized 

by the orbi tal quantum numbers (n.t j); ~ ( ~" Id) 

and (/;d(!d) are the internaI wave functions of the 

3He and deuteron, wi th r d representing the 

relative coordinate of the n-p system forming a 

'virtual deuteron' in the 3He which eventually 

becomes the outgoing deuteron; Vdp(rdP) is the 

interaction of the transferring proton with the 

'virtual deuteron' forming the 3He ; :lCrll) and 
J;.4; 

1Tr (A"") are the initial and final nuclear state 
!t'~~ 

wave functions, each characterized by the isospin T 

and total spin J. S ( L, ,j) is the spectroscopie 

factor defined by MacFarlane and French (1960) and 

i s eq ual to (A + l ) the nucl eon numbers (or the 

equivalent nucleon numbers) of the final nucleus 

times the square of the corresponding fractional 

parentage coefficient; C = (Ti Tz1.' 1/2 -1/21 Tf Tzf ) 

is the Clebsh-Gordan coefficient for the coupling of 

the initial state isospin to the captured proton to 

form the isospin of the final nuclear state. 

To evaluate the amplitude B~l (equation 3.4-2), 

several simplifying assumptions must be made as sorne of the 
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quantities involved are not very well known. The 

interaction V dp and the internaI wave function tIh of 

3Re are not well known although the deuteron internal 

wave function ~d is better known (Bassel 1966). For the 

present calculation it has been assumed that the inter-

action has zero range. Renee, the factor in equation 

(3.4-2) may be written (Bassel ~ ~. 1962), 

where Do is a constant. The validity of the zero-range 

approximation has been discussed by Satch1er (1964) and he 

concluded that it is a fairly good approximation for 

light ion (A( 4) induced nucleon transfer reactions at -
incident energies substantia11y higher th an the Q-va1ues 

of the reactions and that finite range effects are 

important when the momentum tran.sfer in the reactlon ls 

large; The dlfferential cross sectlon of equation (3.4-1) 

can be reduced to 

where 

rltr {.' A .\ da ~// = (3.4-6 ) 

(3.4-7) 
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and N = (3/2) D~ x 10-4 = 4.42 is the norma1ization constant 

for the (3He ,d) reaction taken from the work of Bassel 

(1966). 

For even-even targets, as in the present study, 

the ground state spin Ji = 0, and therefore, the final 

state spin J f = j. Thus, equation (3.4-6) reduces to 

To eva1uate sfJi) it requires a detai1ed knowledge of the 

initial and final statenuc1ear wavefunctions which ls 

often not ava11ab1e. Moreover, ln a proton stripping 

reactlon, there are two possible values for the isospin 

Tf of the final states Tf = T>= Ti + 1/2 and T< = Tl -1/2. 

2 2 
For Tf = T> ,c> = 1/(N-Z+1), and for Tf =- T< ' c< = 
(N-Z)/{N-Z+1). It ls customary to extract an experlmenta1 

value for the C2 S{~ ,j) by computing the quantlty crDWBA 

(Jfj) in equation 3.4-9 for each transition 'and comparlng 

the resu1t with the experlmenta1 ~~ • For the low-1ylng 

states encountered in the present work, Tf ls most 

proper1y equal to T< • 

In making the ca1cu1ations for the present work 
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of (3He ,d) reaction on the even-even Mo isotopes, the 

d1storted waves ~d and ~h were generated from the 

Schodinger equation 

where 's' is for 3He (h) or deuteron (d). The Coulomb 

potent1al Uc was assumed to be due to a uniform charged 

sphere of radius Re CIl r cA 1/3 and has the form 

/J;= ·z & (en .,. ~ lè (3.4-l1) -e ,.. 
zZ é( ,.-) l' < 1ë - -- ~--- ~ "c ~ r: 

where z, Z denote the charge numbers of the pairs 

(3He , Mo) or (d, Tc), rc is c~lled the Coulomb radius 

parameter and A refers to the atom1c mass number of Mo or 

Tc. The opt1cal potential Uer} was taken to be 

. li ::: -Vf(~ ;",(11') -4 mf(~'Y,Q~) 

+,i 4~ IJ./)jf. f (1; Ij,~ a/») 

+ Vsd (/;)2 û.i -f Ir frl; t;DI~~) 
Il' 

(3.4-12) 

The f1rst term represents the real part of the \-lood-Saxon 

potential, and 1ts 1mag1nary part 1ncludes both the volume 

(subscr1pt V) and Surface potent1als (subscr1pt D) and the 
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1ast term is the spin-orbit potential. The function 

f(r,rx ' ax ) is the Wood-Saxon form factor with 'x' 

standing for the various subscripts, 
..L 

r -/XA!J -1 f (r, rx. Qx) = [ / -f .exp ( a-J()] (3.4-14) 

The quantities, V, Wv' Wn and Vso are cal1ed the potential 

depths of the Wood-Saxon we1l and the rx and a
x 

are the 

corresponding radius and diffuseness parameters. In the 

spin-orbit term'(~1.1tc) is the ~meson compton wavelength, 

~~ ~ ~ ~ 

and ~.~ is the usual spin~orbit interaction with S = cr /2. 

·In the present ana1ysis, however, on1y one imaginary 

potentia1, either the volume term or the surface term, was 

used. 

In the eva1uation of the distorted waves, 

appropriate optlcal parameters are needed. Since no 

detailed e1astic scattering data are avai1able, in the 

present work the values for the potentia1 parameters were 
3 

taken from those used in the other ( He,d) reactions on the 

neighboring nuclei at the same incident energy. The 

para~eters for both the He-3 and deuteron channels were 

taken from the work of Picard and Bassani (1969) in the 

3 88 90 90 
study of ( He,d) reactions on Sr, Zr and Mo. The 

3He optical parameters were originally used by Conjeau 

et~. (1968) to analyse the He-3 elastic scatterlng on Sn 
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isotopes. The spin-orbit potential in the deuteron 

channel used by Picard and Bassani has been dropped in the 

present analysis. It has been shown in this work that the 

inclusion of this spin-orbit potential produced insignif

icant changes both in shape and in magnitude in the angular 

distribution in the forward hemisphere. The parameters 

used in this work are listed in table 7. 

The stripped proton was assumed to be bound to 

the core (the target nucleus Mo) to form the final 

nucleus Tc. The bound state proton wavefunction was taken 

to be the eigenfunction of the Schrodinger equation 

(3.4-14) 

The Coulomb potential Uc is the same as that given by 

equation 3.4-11, and the average nuclear potentia.l Up is 

given by 

with the form factor f(r, r x ' ax } given by equation 3.4-13. 

The well depth V was adjusted to bind the proton to the 

orbital characterized by quantum numbers n,~, j, with 

energy equal to its experimental separation energy for 

each final state. The separation energy is given by 

Q(3He ,d) + 5.493 MeV, the reaction Q-valu.e for each final 
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state plus the binding energy difference between the 3He 

particle and deuteron. In the spin-orbit term,( Jt ) 
~~ 

is the Compton wave length of the proton, and /tso the 

spin orbit strength factor, which was set equal to 25 

for aIl the calculations. This value is commonly used 

for single nucleon form factor calculations (Kunz 1969). 

Geometrical parameters r so ' a so are taken as those in the 

central term, rr' a ro The proton parameters are given 

in table 7. 

The computation of the quantity GrDWBA(~j) in 

equation (3.4-9) were carried out using the computer code 

DWUCK (Kunz 1969), with the zero range approximation and no 

lower-cutoff limit for the radial integral. 

A computation has been performed for the theor

etical prediction on the shape of the angular distribution 

for different orbital angular momentum~transfer. The 

input data used for this computation were those pertaining 

to the ground. state transition of the lOOMo(3He ,d)lOlTc 

reaction, and the result .is shown in figure 14. It 

should be noted that the angular positions of the first 

maximum of these distrtbutions differ from each other by 

about 70 for each unit y change in the ~-transfer value. 

The positions of the first maximum and minimum in each 

distribution are important as they have a strong bearing 

on the determination of the ~-transfer value for an 

observed transition. 
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Before proceeding to the analysis of the 

var10us experimentally observed angular distributions, it 

1s useful to obtain a gUideline from an elementary 

consideration of the structure of the molydenum isotopes. 

Each of these 1sotopes has 42 protons. In its ground 

state, the 14 valence protons beyond the Z = 28 presumably 

f1ll the orbitals 2PJ/2' lfS/ 2 ' 2Pl/2 and 199/2' either 

fully or partially, and the orbitals 2d5/ 2 , 197/2' 

2dJ/ 2 ,Jsl / 2 an~ lhll/ 2 1n the major shell 50< Z ~ 82 are 

presumably vacant. In the proton stripping (JHe,d) 

reaction, the vacanc1es in these two sets of orbitals 

are available to the transferred proton. From the energy 

systematics of single particle orbitals, the excitation 

of low-lying states arises pr1marily from the 199/2 and 

2Pl/2 proton orbi tals wi th t CI 4 and 1 transfer, respec

tively. These states would be followed by those coming 

from orbitals 2pJ/2t 2d5/ 2 , lf7/ 2 , 197/2' 2dJ/ 2 and JS1/ 2 

w1th.t= l, 2, J, 4, 2, and 0 transfer. 

All observed angular distr1butions of the 

94,96,98,100Mo(3He,~) 9S,97,99,101Tc reactions l1sted 1n 

tables 2, 3, 4 and 5 (section 3.3 of th1s chapter) have 

been analysed. For each transition, the orbital angular 

momentum i transfer, the range of the most probable 

spin-parity Jnof the final state and the transition 

strength C2S(~tj) have been determined. The analysed 

angular distributions possessing def1nite ~ -transfer 
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assignments are shown in figures 15, 16, 17 and 18 and 

the extracted spectroscopie information given in tables 

8, .9, 10, and Il, for the four reactions. For the analysed 

distributions wi th no defini te t assignments ei ther 

because of insufficient data due to poor statistics or 

because of interferences from deuteron peaks arising from 

impurities in the targets, no angular distributions are 

shown but the extracted spectroscopie information is 

listed in parentheses in tables 8, 9, 10 and Il. For 

each transition witha g1Ven~Value, there are two 

possible J f values, 1 0 e. J f =ifl/2, except for ,t120. 
Binee the spectroscopie factor has a < 2 j + 1) d.ependence as 

weIl as the dependence of the proton wave function on 

the spin-orbit coupling potential, .the values for S(~,j) 

have been extracted for each possible j value. 

In the analysis of some unresolved doublets, the 

angular distributions have been fitted with the following 

equation 

( ;: ) = NC
2
S,fI,3;) o/w",,c,t,,;H NC3J'l.lz;;)f;j,&;;) ( ).4-16) 

bolllJlEr 

through least squares technique. In the fitting, aIl 

possible combinations of the shapes of ~l and ~2 

distributions were generated and a minimization of chi-

square value was carried out. The spectroscopie factors 

Siiljl) and sa< L 2 j 2) were then extracted from the chi-
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square flttlng results. 

In tables 8, 9, 10 and 11, the values in the 

columns labelled as normallzed C2S were obtalned from 

multlplying each correspondlng observed C2S by the 

ratl0 of the number of theoretlcal holes ln the shells 

below the Z = 50 shell closure to the number of observed 

holes ln these shells. 

It should be polnted out that ln the foregolng 

calculatlons, the spherlcal and local optical potentlals 

have been used to generate the dlstorted waves and the d-p 

lnteractlon has been assumed to have a zero range. The 

non-locallty and flnlte-range effects can be corrected for 

ln the DWBA calculatlons by the local energy approxlmation 

(Drlsko and Satchler 1964, Perey and Saxon 1964, Li and 

Mark 1969). These correctlons have the effect of damplng 

the contrlbutions from the nuclear lnterlor to the 

transltlon amplltude B~L (equatlon 4.2-2). Whl1e they 

have 11ttle effect on the shape of the angular dlstrlbutlons, 

thelr effect on the absolute magnltude of the differentlal 

cross sectlons ls slgnlflcant -- as much as 30%. However, 

the optical potentlal parameters used ln the present 

calculations were obtained from fitting the elastlc 

scatterlng data wlth the local potentials, hence they 

already absorbed ~:ome of the non-locall ty effects. Because 

of the lack of an approprlate set of opt1cal potentlals for 

the local energy approxlmat1on calculatlon, lt ls d1fflcult 
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to know the, exact contribution to the (3He ,d) reaction 

from the non-locality and finite-range effects. 

In the present DWBA calculations, it has also 

been noted that the differential cross section is partic

ularly sensitive to the radius parameter rr of the 

bound state proton potential (table 7). For certain 

proton orbital (~,j) the magnitude of the differential 

cross section changes by as much as 30% when rr varied 

from 1.2 to 1.25 fm; however, the shape of the angular 

distributions remained practically unchanged for a small 

variation in rre 

The spectroscopie information extracted from 

the present analysis as given in tables 8, 9, 10 and 11 

for the various levels of the four odd mass Tc isotopes 

1'1ill be discussed wi th respect to the properties of the 

target states in the following sections. 

(ii) Levels of 95Tc : 

95 The low-lying'states of Tc have been studied 

theoretically in different spherical nuclear models by 

Bhatt and BaIl (1965), Vervier (1966), Kisslinger and 

Sorensen (1963) and Goswami and Sherwood (1967). In the 

shell model calculations of Bhe,tt and BaIl (1965) and 

Vervier (1966), the nucleon-nucleon residual interactions 

were replaced by the effective interactions, and the 
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positive parity states in 95Tc were generated by allowing 

the 199/2 shell protons to interact with the 2d
5
/ 2 shell 

neutrons 0 Their calculations reproduced the low-lying 

positive parity states observed in beta-decay. In the 

scheme of pairing-plus-quadrupole interaction coupling 

model, Kisslinger and Sorensen (1963) performed a series 

of systematic calculations for a wide range of spherical 

nuclei. A fair agreement with experiment for both the 

positive and negative parity low-lying states in 95Tc 

was obtained. Sherwood and Goswami (1966) using the 

quasi-particle-phonon-coupling theory with the inclusion 

of correlation effects (so called extended-quasi-particle

phonon-coupling model) were able to obtain an improved 

agreement with experiment o However, when these cal cu

lations were performed, the amount of experimental data 

available on 95Tc was very scanty, consequently, it was 

difficult to obtain a relative merit of these theories. 

Experimental studies of the low-lying states of 

95Tc have been recent1y carried out by several workers. 

Riley et al. (1971) and Bommer et al. (1971) have inves

tigated these 1evels using the (d,n) reaction at incident 

deuteron energy 12 MeV by the former group, and 6.25 and 

7.0 MeV by the latter group. Measurements on the (p,n) 

reaction leading to 1evels in 95Tc were performed by Kim 

~ al. (1970, 1971), and the spin-parity assignments to 
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two levels were established from their studies of the 

neutron decay of analogue resonances. The data from-the 

study of the beta decay of 95Ru to 95Tc have been reported 

recently by Tucker and Hein (1970). The results of these 

various studies have been summarized and given together 

with those obtained from the present work in table 8 for 

comparison. 

The ground state and the 40 keV first excited 

state of- 95Tc have been well established as 9/2 + and 1/2-

states, respectively. Such assignments are consistent 

with the interpretation that these states are populated by 

the stripping of a proton into the 199/2 and 2Pl/2 

orbitals of the 94Mo target nucleus in the (3He ,d) and 

(d,n) reactions. The 0.3364 MeV, 7/2+ state observed 

by Tucker and Hein (1970) in the beta-decay of 96Ru and 

by Kim ~ al. (1970) in their (p,n) reaction work is not 

observed in the present (3He ,d) reaction study and in the 

two previous (d,n) reaction measurements. This state m1ght 

be interpreted as primarily a seniority three state of 

199/2 protons, and in which case i t l'lould not be populated 

in a one-step, single proton transfer reaction on a 
94 seniority zero Mo target state. 

The 0.629 MeV state, populated by an i=l 
transfer transition in the present (3He ,d) -reaction, has a 

spin-parity J~ assignment of 3/2- or 1/2-, a result which 

is consistent wfth those obtained from the (d,n) reaction 
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by Riley ~ al. (1971) and from the (p,n) reaction b~ Kim 

et~. (1971), but disagrees with the results from the 

(d,n) reaction obtained by BOlnmer ~ al. (1971) and the 

beta-decay studied by Tucker and· Hein (1970). According 

to the decay scheme proposed by Tucker and Hein (1970), 

the 0.628 MeV state in 95RU , with a log ft of 5.2, its 

J~ is most likely not 1/2- or 3/2-. In view of this 

result it is probable that there are two closely spaced 

energy levels in the vicinity of 0.630 MeV, and one of 

which 1s a 3/2- or 1/2- state excited by the direct 

reactions, while the other is a 5/2+ state populated by 

the beta decay. 

The 5/2- 0.651 MeV state observed in (p,n) 

react10n is not populated in the present (~e,d) reaction, 

indicating that the If
5
/

2 
orbital is full or nearly full 

in 94Mo isotope. As can be seen in table 8, the level 

density in 95Tc increases rapidly with the excitation 

energy. The set of levels above about 0.650 MeV observed 

in the stripping reactions may or may not have any 

sim11arity with those observed in the beta-decay and (p,n) 

react1on. For these higher lying levels, compar1son of 

the present results can only be made w1th those obta1ned 

from the (d,n) reactions studies. 

The 1.071 MeV state observed 1n the present 

exper1ment 1s presumably the same as the 1.10 MeV state 

observed in the (d,n) react10n by Riley et al. (1971). 
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Since this state is excited via an 1= 2 transfer, it 

probably corresponds to the stripping of a proton into 

the 2d
5
/ 2 orbital of the 94Mo target. And the state at 

1.264 MeV observed here as due to an~= 2 transfer trans

ition, which contradicts the assignment of Af= 4 or~~ 1 

given by Riley ~ al. (1971). The~values obtained'for 

the 1.620 MeV state and 2.550 NeV state in the present 

work disagree with those given by Bommer ~ al. (1971) but 

~~~ consistent with assignments m~de by Riley ~ al. 

(1971). The spectroscopie information obtained for those 

levels which have been,observed in the present work as 

w,ell as in the (d,n) reaction 'Nork , _' '-': in general, agree 

fairly well with each other. However, the pr.esent (3He ,d) 

reaction has been observed to populate Many more states 

than those reported from the previous (d,n) reaction 

measurements. 

All the other states observed in this wor~ have 

e1 ther L= 0, 1 or 2 transfer eharacteristics, most 

probably they correspond to the stripping of a proton, into 

the 3s1/ 2 , 2Pl/2' :?P3/2' 2d 5/2 or 2d3/ 2 , respecti vely • For 

most of the levels "Iri th an.i::. 1 transfer lying above the 

0.040 HeV states, their excitation strengths most 1ike1y 

come from the 2P3/2 orbital because the 0.040 flleV sta te has 

almost eXhausted a11 the strength of the 2Pl/2 orbite 

This will be shown in subsection (vi) of this section by 

the remarkable agreement between the deduced occupationa1 

;,; i il ,;; ) . 4': 4;; " j p, . ,. 4 i..i. pt ; ; 
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probabilities of the 2Pl/2 and 2PJ/2 orbitals from 

the present (JHe,d) work and from the (d,JHe ) work 

(Ohnuma and Ynterna 1968), and the consistency between 

the deduced experimental center of gravit y energies 

of these two orbitals in the Tc isotopes and those 

in the Nb isotopes (Ohnuma and Yntema 1968, Cates 

~ al. 1969). 

In order to compare the spectroscopie factors 

deduced from the 94Mo (JHe,d)95Tc reaction systematically 

with those from the other Mo targets, the spectroscopie 

factors presently.obtained have been renormalized and 

listed in the fifth column of table 8. The renormali

zation is based on th~ following assumptions: (A) no 

appreeiable population of proton orbitals above Z = So 

shell closure in the even-mass moly~denum target ground 

state, (B) all the 2Pl/2 strength is eoncentrated in 

the first ~::= 1. state (0.040 MeV state in 9STe ) and the 

other ,e = 1 states are associated wi th the 2PJ/2 orbital 

and (C) all the 199/2 strength is'exhausted by the, 

transition to the ground state of the residual nucleus. 

Thus, the spectroscopie factors were normalized with 

. respect to the total number of 8 holes in the 199/2' 2Pl/2' 

2PJ
/ 2 , and lf

S
/ 2 

orbitals. This renormalization amounts 

to a reduction of the original spectroscopie factors by 

about 17% for the 94Mo(JHe,d)9STC reection. 
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The spectroscopic factor obtained from this 

reaction wlll be further analysed together with those from 

the Mo targets in subsectlons (vi) and (vil). 

(lil) Leve1sof 9'1Tc1 

Theoretical calculations for the low-lying states 

in 9'1Tc have been performed by Vervier (1966), Kisslinger 

and Sorensen (1963), and Goswami and Sherwood (1967) using 

the same approaches as those described in the preceding 

subsectlon for the 95Tc nucleus. The simple shell model 

calculation by Vervler (1966) dld not enjoy the same 

success ln thls nucleus as it dld ln 95Tc , probably due to 

the fact that 9'1Tc is farther away from the N = 50 closed 

shell, and the effect of the valence neutrons other than 

those ln the 2d5/ 2 orbltal needed to be lncluded in the 

calculation. The results obtained from the calculatlon 

of Kissllnger and Sorensen (1963) have the lével order of 

the 9/2 + ground state and the 1/2- first excl ted sta te 

lnverted. The calculation in the extended quasi-particle-. 

phonon-coupling model by Goswami and Sherwood (196'1) 

seems to obtain a better prediction for the low-lying 

sta.tes of 97 Tc al though 1 t predicts· a degenerated 

multiplet of 5/2~, 7/2+, 11/2+ and l3/2~ states at about 
+ + 0.35 MeV whereas only a ('1/2 ) 0.216 IvteV and a (5/2 ) 

o. 324 ~1eV states have been observed experlmentally (see 
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table 9). 

The levels of 97Tc have been studied by Riley 

et al. (1971) using the (d,n) reaction in connection with 

their study of the 93,95Tc nuc1ei, by Kim et a1œ (1970, 

1971) and Picone e~ al. (1972) with (p,n) reactions. The 

recent works on the decay of 97Ru to 97Tc have been 

reported by Phelps et al. (1971) and Cook et al. (1970). 

Ear1ier works on the leve1 scheme of 97Tc have been 

reviewed in the paper by Phelps et al. (1971). Table 9 

summarizes the results of the previous works a10ng with 

the spectroscopic information on the properties of the 

10w-lying states of 97Tc obtained from the present work 

for comparison. 

As in the case of 95Tc , the ground state and 

first excited state in'97Tc are known to be 9/2~ and 1/2-

(Phe1ps et al. 1972, Cook et al. 1970), which are 

consistent with the present observation and the resu1ts of 

the (d,n) reaction Of~~4 and 1 transitions, respective1y. 

These states probab1y correspond to the stripping of a 

proton into the 199/ 2 and 2P1/2 orbits of the 96Mo 

target. The weak1y excited 0 0 216 MeV state wlth an 

angu1ar pattern approximatlng an~=4 transition fa11s ln 

1ine with the 7/2~ assignment obtained from the decay of 

97Ru • Blnce this state is so 10w ln energy it ls not 

favorable for a 197/2 she11 transfer transition. 

An~=2 assignment to the 0.326 MeV state ls 

, r ' 



( 

-8?-

+ 
consistent with the established spin-parity of 5/2 by 

Phelps ~ al. It appears to correspond to a 2d
5
/ 2 

shell stripping. The 3/2- assignment to the 0.575 MeV 

state established in the (p,n) reacti,on work by Kim ~ al. 

(1971) may serve to exclude the possibility of 1/2- since 

1 t has been found to correspond to an"l == 1 transfer in 

both the (3He,d) and (d,n) react1on. This state most 

probably corresponds to a 2P3/2 orbital stripping. T~e 

~= 3 transfer observed here for the 0.655 MeV state is 

confirmed by the spin-parity 5/2- assignment from the 

(p,n) reaction measurement. This state 1s believed from 

the stripping of a proton into the lf5/2 orbit, 1ndicat1ng 

the incompleteness of the lf5/2 shell in 97Tc • This is to 

be contrasted with the 93Tc (Picard and Bassani 1969) 

and 95Tc (preceeding sUbsection) nuclei, in wh1ch cases 

the lf5/2 shell appears to be f~lly occupied. 

The~= 2 assignment to the 0 0 783 MeV state is 

consistent with most of the other experimental results 

given in table 9, except the tentative as~ignment given 

by Cook ~ al. This state may be attributed to the 2d5/ 2 

shell proton stripping. The tenta ti ve 1 ;: 2 assignment 

to the weakly excited 0.852 MeV state maàe on the basis of 
. + 

the present work is consistent with the tentative (5/2 , 

+ 7/2 ) assignment lllade by Phelps et al. but contradicts 

the suggestion. of (7/2-) by Cook et al. Probably, 
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thls state is a 5/2 + state resulting from a transfer of a 

proton into the 2d5/ 2 orbital in 96110 • The id 1 exci tatlon 

character of the 0.947 MeV state agrees with the results 

from (d,n) reaction, leading to a J~= 1/2- or 3/2- for 

the state o This state probably corresponds to the 0.940 

MeV state observed by Pic.one et al.· in their (p,n) 

measurements. The 1.053 MeV state, characterized by an 

~= 1 angular distribution ls not observed in the (d,n) 

experiment, but observed both by Kim et al. and Picone 

~ al. in the (p,n) reactions. The 1= 4, 1.316 MeV 

state and the~= 2, 1.374 MeV state observed in the present 

experiment are probably related to the doublet at 1.32 MeV 

state observed by Riley et al. (1971). Among the higher-

.lying states, the,;/assignments at the 1.951 MeV state and 

the 2.264 HeV state are found different to the (d,n) 

resu1ts. 

As ln the case of 95Tc , the (3He ,d) reaction 

populates a great Many more states in 97Tc than the (d,n) 

reaetion. In subseetlon (vi) it will be shown that ~he 

transitlons to the 9/2i- ground state and the 1/2~ first 

exeited state almost exhaust aIl spectro~eopic strengths 

associated with the 199/2 and 2Pl/2 shells of 96Mo , 

respectively. Therefore, lt might be assumed that all the 

other transitions with anAf=l are assoclated with the 

2P3
/2 shell. The spectroscopie factor for each transition 

glven in table 9 has been renor~~lized by the same 
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procedure as out1ined for the case of 95Tc (preceding 

subsection). This renorma1ization has the effect of 

reducing the observed values by about 11%. 

(iv) Leve1s of 99Tc : 

The nature of low-lying states in 99Tc has been 

studied theoretica11y by many workers: Vervier (1966), 

Kisslinger and Sorensen (1963), Goswami and Sherwood 

(1967). The approaches used in their ca1culations were 

more or less the same as those employed by them in the 

interpretation of the 95,97Tc . described in the pr.eceding 

subsect10ns. However, the agreement between their 

predictions and the experiment data for 99Tc ts not as 

successfu1 aS'in the case of 95Tc • 

The low-1ying states of 99Tc popu1ated in the 

beta decay of 99Mo have recent1y been investigated by 

Cook ~~. (1969) and severa1 states of this nucleus have 

a1so been observed in the Coulomb excitation of 99Tc with 

35C1 ions by Bond et al. (1972). Their resu1ts are shown, 

in table 10, a10ng with,the resu1ts obtained from t~e 

present (3He ,d) reaction. 

There are several~= L~ transitions observed in 

this study. The transition 1eading to the ground state 

'\'ri th a large transition strength is consistent wi th the 

estab1ished 9/2 + value (Cook ~ a1. 1969), corresponding 



-90-

to a 199/ 2 orbital stripping. For the transition of the 

0.142 MeV state, the angu1ar distribution exhibits main1y 

an:i=l character possib1y wi th a sma11 amount of l= 4 

admixture. This observation is consistent with the 

resu1ts of Cook et al. (1969) that this state is a doublet 

made up of a 7/2 + 0.14051 MeV state and a 1/2- 0.14263 1IleV 

state. The other~=4 transitions are the 0.625 MeV 

state and the 0.720 MeV state. The 0.720 I1eV state is 

probab1y equi valent to the 0.7263 llÏeV state observed in 

the Coulomb excitation measurements by Bond et al. (1972), 

who suggested a Jn.= 9/20\' or 7/2+ for the state. The 

00625 MeV state was not observed in the beta decay study 

by Cook ~ al. and was not estab1ished by Bond ~ al. 

However, in the gamma ray spectrum measured by Bond et al. 

fo11owing the Coulomb excitation, a broad peak at about 

621 keV region was noted, but its assignment to 99Tc was 

not determined. It is interesting to note that the number 

of low-1ying states associated with the~ .. 4 transitions 

in the Tc isotopes increase wi th mass: One in 95Tc , ,three in 

97Tc , four in 99Tc • Binee the-1g
7
/ 2 she11 presumab1y lies 

much higher in exci tatio'n energy, the observed 1= 4 

transitions probably arise from the 199/ 2 she11. The 

transition strength for the 9/2+ ground states of these 

nuc1ei is an order of magnitude 1arger than that for the 

other states associated with the~=4 transitions. It is 

r~asonable to assume that the former are basical1y single 
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proton states of the 199/2 shell and the latter are either 

mu1ti-particle states containing small components of 199/ 2 

or 197/2 single proton configuration or associatedwtth 

two-step processes. 

From the transition strength, the 0.142 MeV state 

appears to arise primari1y from the 2Pl /2 orbital stripping, 

7t /-agreeing with the J = 1 2 assignment deduced by Cook 

~ al. from beta decay. The 0.509 MeV sta te wi th an.J = 1 

transfer has been assigned a J~ = 3/2-, ~n accordance 

with the observation of Cook et al. It is arisen from a 

2P3/2 proton transfer. The other states at 1.203 MeV and 

2.321 MeV with an~=l .t~~nsfer are probably the result of 

smal1 fragments of the 2P3/; orbit coupled wlth the other 

higher-lying configurations 

The~= 3 transfer leadlng to the 0.672 MeV state 

ls consistent with the 5/2- assignment to the 0.6715 MeV 

state observed by Cook et al. As in the case of 97Tc , 

. the lf5/2 shell in 98Mo appears to be partially vacant. 

The large number of states associated with theA!= 2 ~nd 

~= 0 transfers observed in 99Tc resembles the observations 

for 95Tc and 99Tc. These ~ values for those states lying 

below 1 MeV excitation are consistent with the spln

parity assignments of Cook ~ al. In particu1ar, the 

value~=o for the 0.919 MeV state may be used to 

eliminate the pOBsi bili ty of a l' = 3/2 + , leaving a J~ 
+. 0 

1/2 for the state (see table 10). Moreover, the~= 2 
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character for the excitation of the 0.762 MeV state 
..,.. 

supports the 5/2 assignment for the state deduced from 
+ beta decay but disagrees with the suggestion of (7/2 , 

9/2 +) by Bond ~ Al. 

The transitions between the Iow-1ying states, the 
+ + 5/2 state at 181.1 keV, the 7/2 state at 140.5 keV and 

1 

the 9/2 + ground sta te, have been recent1y studied by 

McDona1d and Back1in (1971). From their measurements, 

the 5/2+ -? 9/2+ transition has a mul tipolari ty of E2 

and a rate which is enhanced more th an 50 times the 

Weisskopf estimate (Wilkinson 1960); and the 7/2+-+ 9/2+ 

transition is an Ml with a rate which is only weakly 

retarded (Normal Ml retardation in this MaSS region is 

about .several hundred ) by a factor of 23. Based on the 

shell model, if the 5/2 +, 7/2 + and 9/2 + states are 

considered to be the members of a pure 199/~ multiplet 

in 99Tc, the E2 transitions among them would have normal 

rates and the Ml transitions would be forbidden (deShalit 

and Talmi 1963). Because of their observation, McDonald 

and Backlin (1971) suggested a deformed nuclear structure 

for 99Tc and deduced the wavefunctions for the low-lying 

states using Nilsson Modele The 9/2~ ground state 

wavefunction as suggested by them is made of,..., 65% 9/2 

[404] , - 25% 7/2 [413J and N 10% 5/2 [422] (N11sson 

orbits labelled by K [N nzA]). However, this ground state 

wavefunction can not explain the strong transition of the 



-93-

~= 4 with a strength of C2s 'W 0.57 observed in the 

present (3He ,d) react~on measurement. Also, the recent 

experiment of Coulomb excitation by Bond et ~. (1972) 

indicated that this nucleus is not as deformed as suggested 

by McDonald and Backlin (197l)~ 

Again, the transition strengths for the various 

states deduced from the present (3~e,d) reaction and listed 

in table 10 have also been renormalized. The renormali-

zation factor for this nucleus has been found, in contrast 

with the two previous cases, to increase the absolute 

spectroscopic factor by about 17%. The spectroscopic 

strength of the individual single particle orbital will be 

analysed further in subsection (vi) and (vii). 

(v) Levels of 101Tc, 

The beta decay of 101Mo to 101Tc has recently 

been studied by Cook and Johns (1972). The results of 

present (3He ,d) reaction work and the results of the 

beta decay study up to the 1.7753 MeV state are tabulated 

in table 11. In the internal conversion measurements, 

Cook et al. (1972) observed several low energy transitions 

and from which they 

levels at 9.317 and 

respectively, lying 

were able to establish closely spaced 

15.601 keV wi th J -rr: = 7/2 + and 5/2 +, 
+ above the 9/2 ground state. In the 

present measurement only one deuteron peak wlth an angular 
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distribution corresponding to an~=4 pattern were observed. 

This peak was 1arge1y the resu1t of the excitation 'of the 

9/2 +, because excitation of the 7/2 + and 5/2 + states is 

an order of magnitude weaker than that of the ground state, 

as has been the case for 95,97,99Tc • 

The~=l transfer for the transition to the 0.207 

MeV state is consistent wi th the. J-n; = 1/2- assignment 

deduced in beta decay. The 0.288 MeV state with an~=J. 

transfer concurs with the results of Cook and Johns (1972) 

that its J7Ir= 3/2- with a possibility of 1/2-~ Most 

probably its excitation is the result -of a 2P3/2 orbital 

transfert If this indeed is the case, it would be inter

esting to note the excitation energy of the low-lying 3/2-

states in the Tc isotopes. In 95Tc such astate occurs at 

0.629 f.1eV, in 97Tc at 0.576 MeV, in 99Tc at 0.509 MeV and 

in 101Tc at 0.288 MeV. Also, apart from the one in 99Tc , 

the exci ta tion strength of such a sta te increases \'li th the 

mass. 

The L= 3 transfer for the excitation of the 

: ... 0.394 MeV and 0.670 MeV states agrees wi th the Jn = 5/2-

assignment to both states by Cook and Johns (1972). Of 

the four Tc isotopes studied in this work, th1s nucleus 

is the only one w1 th two L = 3 transitions. From 'the 

strength wi th r"lhich these states are being exci ted, i t 

appears that the If5/2 shell becomes more accessible to 

stripping. 
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The 0.515 I1eV state wi th an l = 2 1imi ts the spin

pari ty of this state to 5/2 + when the range of J'fl, deduced 

by Cook and Johns (1972) is taken into consideration. The 

~= 1 transfer for the 0.620 MeV state may be corre1ated 

to the 0.62215 MeV state from beta decay, e1iminating 

the possibi1ity of 5/2- assignment given by Cook and Johns, 

and limiting its J~ to 1/2- or 3/2-. The 0.890 MeV state 

does not have a unique confident fitting to its angular 

distribution in the present ana1ysis. The possibi1ities 

of ,e. = 4 and t = 2 have been proposed, both fi ttings have 

been shown for eomparison in fig. 18. From the.,e values 

obtained in this work for the 1.197 MeV state and 1.319 

MeV state they may be used to ru1e out the possibilities 

of 5/2- and 1/2 + J n; assignments to the states, 

respectively, dedueed from the beta deeay work. 

As in the cases of the Tc isotopes, severa1 i = 2 

transitions have been observed, but on1y one ~= 0 trans-
101 ition obs~rved in Tc. In aIl four Tc isotopes studied 

here, the 2d5/ 2 and/or 2d
3
/ 2 orbits appear to be severa11y 

fragmented; and in 97,99,101Tc , there 'is no single strong , 

.L:;;:: 2 transition being observed. 

The structure of 101Te has been studied theor

etica11y by Kiss1inger and Sorensen (1963) and Gosl'lami and 

Sherwood (J.967) using the simi1ar methods they emp10yed for 

the other Tc isotopes described previous1y. The agreement 
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between their calculations and the experiments in energy 

spectra appears to deteriorate more and more from 95Tc to 

101Tc. This seems to confirm the suspicion expressed 

ab ove that the complexity in the structure of the Tc 

nuclei increases with the "number of neutrons beyond the 

N = 50 closed shell. 

The transition strengths for the various levels 

observed in this work have been renormalized according to 

the procedure outlined previously for the other Tc 

isotopes. These renormalized strengths are also given in 

table 11, and they will analysed further in the next two 

subsections. The renormalization has the effect of 

reducing the observed values by about 36% • 
. : • t 

(vi) Spectroscopie Analysis of Proton Orbitals in 

28 < z <. 50 Shellc 
" -

The spectroscopie factors obtained from the present 

study of prb~on stripping reàctions may be used to extract 

information about the distribution. of proton holes in the 

ground state of the even mass Mo nuclei. In a stripping 

reaction, the number of holes, nh(~ ,j) in orbit (~,j) of 

an even-even target, is given by the summation of all the 

transition strengths, (2j+l)C2S(-t,j), corresponding to 

the same ~,j(Riley ~ al. 1971): 
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n.f..t/)= 2 (zi-l-,) cl,4; (ft) <:3.4-17) 
~.. f q oF f"r~' P~/Nt;-

and the fractional emptiness (unoccupation probability) 

U2~,jiS related to nh(~,j) by 

In a pick-up reaction, the number of particles, 

~(.t,j), in orbit (,i.,j) of an even-even targ~t, 1s given 

by the summation of all the spectroscopie strengths, 

C2S(~,j), eorresponding to the same ~,j: 

1'11/1,;) = ;3 C3~(.t/-) 
f r ?'elr-uP 

and the occupation probability V~j is related to np(~j) by· 

(3.4-20) 

2 For a consistent analysis, the sum of UJ?,j determined 
2 from stripping reaction and V~tj from pick-up reaction for 

a given ~,j in the same target should be unity. 

The proton configurations of the molydenum 

isotopes, as discussed previously, may be considered as 

composing an inert core (56N:i.) plus 14 valence protons 
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distributed among the 199/2' 2Pl/2' 2PJ/2 and lf
5
/ 2 orbits. 

The fractional emptinesses U2 corresponding to these four 
orbits determined from the (3He ,d) reactions and the 

, , 

occupation probabilitie~V2 determined from the '(d,3He ) . 
reactions, and the suros, U2~ v2 , for the five stable even-
even Mo isotopes are summarized in table 12. The data 
used for the (3He ,d) in Mo-92 were taken from Picard and 
Bassani (1969) and those of the MO-94, 96, 98 and 100 were 
from the present work (tables 8 - 11). The (d,3He) data 
on MO-92, 94, 96 and 98 were taken from'the work of, 
Ohnuma and Yntema (1968). As can be seen in this table 
the sums ~ U2 + v2 , for the lf 5/2 orbital do not gi ve as 
consistent a value as the other orbitals in these nuclei 
This may be attributed to the severe fragmentation of the 
lfS/ 2 single proton state, and only a portion of its 
strength have been exhausted in the pick-up reaction 
measurements (Ohnuma and Yntema 1968). 

In spite of the inconsistency of the observed 
22 results for the ~fS/2 orbit, thesums, U -r V for the 

other three orbits,are generally fairly consistent, 
although in the ~ase of M~-96, the sum for 199/2 orbit 
is about 25% below those for the 2p shells. However, 
this may be due to the statistical variation in exper
imental data and the fluctuations in the DWBA treatments. 
Since the occupation number V2 from (d,~e) reactions has 
not been renormalized, the value of the sum, u2~ V2 , 

. ; . Ai, i ; >. f . f 
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for each orbit, is net necessary equal te one. 

It can be seen in table 12, the observed 

,fractional emptinesses u2 for the four orbitals exhibit 

some remarkable systematic characteristics in the Mo 

nuclei; the 1[59/2 proton orbitals in these nuclei are 

about 60-70% empty and have a slightly larger occupation 

probability in the higher mass nuclei (more neutrons). 

Conversely, the number of proton holes in the 2Pl/2' 

2P3/2 and lfS/ 2 orbits have an increasing tendency as the 

number of lleutrons in these nuclei increases from SO to 
98 ,58. In the Ho isotope, there are six valence neutrons 

~utside the N = ,50 shell closure and they may form a 
. 6 
(2d,5/2) closed subshell. This nucleus exhibits a proton 

hole distribution among .the four orbits similar to that 

of the single closed shell nucleus 92Mo • 

The major proton configurations for the greund 

state of each even-even molybdenum isotope may be written 

in the form 

Ct [ (.8'.1.): (1;.1l] + C2.[ (2fit('!tll 
~ ~ 

Cil [ (z'-l5: ( 1 (-/):] 
[ -z 14] 

+ + Ct;. (1/t;)D (I!J.)D 
a z 

. (3.4-21) 

which consists'of proton particle and/or hole pairs in 

the orbital 199/2~ 2Pl/2' 2P3/2 and lfS/ 2 as expected 

intuitively. The first term of this proton wave function 

• q , • , , n' (: (41 t il ,.Pf" •. Ft; ,: " ~ .' 'G", % 
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describes the ground state configuration of two Ig9/2 

protons while the other orbits are aIl filled. The other 

three terms of the wavefunction are the configurations for 

two 199/2 protons coupled to a pair of proton holes 

arising from each of the 2Pl/2' 2P3/2 and lf5/ 2 shells. 

The coefficients of this wave function for each target 

can be deduced from the experimental fractional emptinesses 

U.e.; j (table 12). 

blood. 1971) 

They are related by (Kozub and Young-

.e 
= (21+ 1) U.Ll 

?t~ (,t;) 
(3.4-22) 

where n~(l, j) is the number of' proton holes in the orbi t 

~,j in the i th term of the wave function, In the present 
222 analysis, the coefficients C2 ' c 3 ' and c4 are calculated 

directly from the observed spectroscopie information for 

the 2Pl/2' 2P3/2 and If5/ 2 orbits, and ci is obtalned from 

the normalization ~ ci = l relationship, 

Table 13 lists the deduced ci coefficients of 

the target proton l'Tavefunctions. The fractlonal emptiness 

values for the calculations a.re those listed in table 12. 

From t.he table 13, itcan be seen that the (lg9/2)2 

component is slightly less than 50,% in 92r10 and drops 

drastically as the numb~r of neutrons increases o Sinee aIl 

the five odd-even Tc isotopes have a 9/2~ ground state that 

lS associated. wi th an L =L~ transfer, the t'lave functions for 
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their ground states are primarily comprising a Ig9!2 

proton coupled to the corresponding even mass I10 isotopes. 

Allowing certai11 amount of fluctuations in the resul ts 

shown in table 13, due to errors in both the experimental 

and theoretical (DWBA) uncertainties, the results of the 

present analysis may be taken to i~ply that the ground 

states of' 93,95,97,99,101Tc contain an appreciable 

compo11ent of (lg9!2) ~!2 proton c~nfigUration in their wave 

functions, and in the case of 101Tc such a configuration 

dominates the ground state wave function. 

From the results of (3He ,d) reactions measurements, 

the center of gravit y energy of each single proton orbital 

in the final nucleus can be determined from the relation 

f C~ S; (,el) ~ 

'Z C~ ~(.e11 
f .r. 

(3.4-23) 

where Ef ls the excitation energy in the final nucleus and 

the summation is carried over aIl the final states arising 

from the same transferring orbit~,j. In nuclear pairing 

theory (Yoshida 1961) the observed center of gravit y 

energies from the (3He ,d) reactions on even-even Mo 

isotopes, are the energies of the single proton quasi

particle states relative to the ground state in the odd 

mass Tc isotopes. These single proton quasi-particle 

energies are related to the single proton occupation 

probabilities in the corresponding target nu.cleus. Table 
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14 presents the observed center of gravit y energies in 

93,9S,97,99,101Tc from the (3He ,d) reactions at 18 MeV 

incident energy, comparing them with the theoretical 

values. The experimental values for 93Tc were deduced 

from the work of Picard and Bassani (1969) and for 

9S,97,99,lOlTc were from the 'present work. The theoretical 

values are the calculated single proton quasi-particle 

energies relative to the 199/2 state, obtained by 

Kisslinger and Sorensen (1960, 1963). The agreement 
• 

between the tJ:1,eory and experiment is in general poor except, 

perhaps for 93Tc • 

The experimentally determined Ë(15
S
/ 2 ) May be less 

certain because of the relati vely lO1'T cross sections for 

the ~tates associated with the lfS/ 2 orbital. The 

experimental values show a relatively small energy spacing 

between the Ë(2Pl/2) and Ë(lg9/2)' while the experimental 

values for Ë(2P3/2) in these nuclei decrease drastically 

as neutron number increases from SO to S8, while the 

theoretical values vary only by a small amount. 

In the foregoing analyses in this subsection, it 

has been assumed that the transition strength in the (3He,d) 

reactions for the 2P1/2 orbit in aIl the Mo target~ is 

completely concentrated in the transition leading to the 

lowest-lying state in the Tc nuclei wi th an L= 1 transfer. 

The strengths for the other tra.nsi tions wi th an 1:::'1 
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transfer have been attributed to the 2P3
/2 orbite This 

assumption is supported by the consistency in their 

respecti ve u2 + V2 surns of the hm orbi ts in comparing 

wlth the values deduced from the (d,~e) reactions as 

Sh01ffi in table 12. It is also substantiated by the 

consistent values of Ë(2P3
/2) - Ë( ZPl/2) observed in the 

adjacent Nb isotopes. In the odd mass 91 ,93,95,97Nb 

(with neutron numbers 50, 52, 54 and 56), the observed 

Ë(2P3/2)- Ë(2Pl/2) are 1.42, 1.04, 0.80 and 0.50 from the 

(d,3He ) reactlons (Ohnuma and Yntema 1968), and are 1.49, 

0.95, 0.60 and 0.55 from the (3He ,d) measurements (Gates 

et al o 1969), respecti vely. In the fi ve odd-mass Tc 

isootpes, Tc-93,95,97,99 and 101, the observed values 

(table 14) are: 1.22,1.06,0.65,0.50 and 0,2·6, respec:" 

tively. 

Figure 19 shows the distributions of,{= 1 

transfer transition strengths in 93,95,97,99,101Tc as a 

function of excitation energy, obtained from the (3He ,d) 

reactions. In the figure, the first 1/2- state in each 

nucleus is denoted by a_dotted line; and the other states 

associated with the ~=l transitions are denoted by solid 

lines, and of these states only a few of the stronger 
1Ç' 

exci ted levels are known to have a J = 3/2- (see tables 

8 to Il). The center of gravit y energy of the 2P3
/2 orbit 

in each nu.cleus and i ts corresponding lüdth of the 
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distribution is denoted in the figure by a crossed circle 

with a horizontal bar, by taking aIl the solid lines into 

account. AlI these odd-mass Tc nuclei are characterized by 

a strong L-- J+ transition to their ground states in the 

(3He ,d) reactions.And in ~he excited state, no other 

strong transition corresponding to ~= 3 transfer was 

observed. It is obvious that these nuclei exhibit no 

evidence for a weIl developed rota tion-lilŒ, deformed 

shape structure in their low-Iying states. However, 

there are remarkable chanc;es in their nuclear systematics 

and the clegree of fragmentation of the single particle 

orbita1s, indicating a substantial configuration mixing 

in the ground sta te wave functiol1s of the l10 nuc1ei as 

the number of neutrons increased from N = 50. These 

probab1y are due to the effects of the correlat1.ons 

between the protons and neutrons in these nuc1ei, as their 

neutron number devia tes from the N = 50 neutron c10sed 

she11. 

(vii) Spectroscopie Ana1ysis of Proton OrbitaIs l.n 

50 < Z ~ 82 She1l: 

Proton orbits in the 50 < Z ~ 82 major she11 

comprise the 2d5/ 2 , 197/2' 3s1/ 2 , 2d3/ 2 and 1h11/ 2 • In 

contrast with the orbita1s in 28 < Z ~ 50 shell, these 
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orbits are most likely completely vacant 1n the ground 

state of the evel1-lTIass molydenum targets, therefore, a large 

amount of transition strength from these orbits 1s expected. 

As discussed 1n the part (i) of this section, the excited 

states resulting from the (3He ,d) reactions may have two 

different final isospins, T> and T<. Since the 

valence neutrons in even-mass molydenlw isotopes are also 

in th1s major she11 9 50 < N S 82, the T > states 

populated from the proton stripping reactions are the 

isobaric analogue states of the odd-mass f10 j.sotopes. 

Such unbound tsobaric analogue states have been studied 

recently by McGrath et al. (1970) in (3He,d) react10n and 

are not remeasured in the present work. Most of the 

transition strengths observed 1n the present experiment 

will then be concentrated in the T < states and they 

distribute over a wide range of excitation energies in 

the odd-mass Tc nuclei. 

Figure 20 shows the observed transitions strengths 

( 2J + 1) c2s for the low-lying exci ted leve1s in Tc-93, 95, 

97,99 and 101, corr.esponding to t~e transitions with an 

J:: 2 transfer. The data for 93Tc are talrel1 from Riley 

et ,ê:l. (1971) and the others are from the present work. 

In 93Tc , nine~= 2 levels have been located apparently 

separated 1nto two groups wi th a distance of about 2 flJeV 

between the1r centroids. The 101'1er energy group comprises 
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t'tovo weak transitions leading to states at excitation 

energies 2.59 and 3.17 I1eV and a strong transition to a 

statè at 3.36 MeV. Based on the predictions of the shell 

model, these states have most probably aris~n from the 2d5/ 2 , ~ + 
orbital transfer, hence have J = 5/2 • The upper energy 

group has six rather weak ,e = 2 transitions to levels 

lying bet't'1een 4.76 and 5 G 78 MeV. Their excitation may be 

attribu.ted to the transitions to the 2d
3
/ 2 orbit, giving a 

J1C= 3/2 + for these states. In 95Tc , 15 levels have 

been ident:lfied wi th.,t = 2 transitions (those of tenta ti ve 

~ assignments are shoi'Tn in parentheses in fig. 20). 

Although a strong transition appears at 2.816 11eV, but no 

obvious grouping occurs in the distribution of these 

states. No definite spin assignments for these states can 

be made in general, hOiovever, the 2.816 MeV state and most 

of the other states lying belol'T it with an L= 2' 

probably are associated with the 2d
5
/ 2 orbital. In Tc-

1 

97,99 and 101, excited states with.t= 2 transition occur 

even below 1 NeV excitation energy. There are 16, 17 

and 9 such levels below 3.1, 2.6 and l, 8 r1~V excitation 

energies in Tc-97,99 and 101, respectively. No single 

strong ~= 2 transition was observed deviating from the 
93 95 

observations in Tc and Tc. In fig, 15, the transition 

strengths for the,i:::2 states j.n 95,97,99,101Tc are shown 

by those values associated with the 2d
5
/ 2 orbite 
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The present measurements on the four even-mass 

Mo isotopes, did not exhaust the theoretically possible 

transition strength associated with the 2dS
/ 2 or the 

2d
3
/ 2 orbite The total observed transition strengths for 

l=zorbit in 9S,97,99,10~Tc are only 3.36 (Tc-9S), 

2.S2 (Tc-97), 2.82 (Tc-99) and 2.34 (Tc-lOI), if aIl the 

observed~=2 states arise from thé 2dS/ 2 orbital. From 

. the sum rules for T < states (Schiffer 1969), the total 

transition strength for a given shell model orbit~,j is 

gi vel1 by 

2JZfr')C; ~f.t,')= 11ft .(,,) - 1 ~.M 
f " 1 27;-1>' 1 (3 .L~-24) 

where N~~j(p) and NL,j{n) are the numbers of proton holes 

and neutron holes in orbit t,l-in the corresponding even

even target nucleus, whose isospin equals To ' For the Mo 

nuclei li the number of proton holes is 2 j + l, and the 

number of neutron holes can be obtained from the neutron 

stripping and pick-up measurements by Hjorth et al. (1964) 

and Diehl ~ al. (1970). Using their results, the maximum 

theore~ical' spectroscopic strengths for the 2d S/ 2 orbit 

in these nuclei are about: S.S8 (Tc-9S), S.76 (Tc-97), 

S.88 (Tc-99) and S.88 (Tc-lOI) for the 2dS/ 2 orbit, and 

about 3.68 (Tc-9S), 3.72 (Tc-97), 3.80 (Tc-99) and 3.84 

(Tc-lOI). These values are substantially hlgher than the 

experimental values quoted above. 
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Figure 21 shows the,t = 0 transition strength 

distribution as a function of excitation energy in 

93,95,97,99,101Tc. Similar to the case of fisure 20, 

the data for 93Tc are taken from Riley et al. (1971) and 

the others are from present measurements. Since in 101Tc 

only angular distributions for states up to 1.703 MeV 

excitation energy were analysed, a lone state with an~= 0 

transfer in this energy region has been observed. The 

total spectroscopie strength (2 j + 1) c2s observed in the 

present measu~ements are 0.38 (Tc-95), 0.45 (Tc-97), 

0.30 (Tc-99) and 0.06 (Tc-lOI) while the expected full 

strength (equation 3.4-24) for t~e T( states should be 

about 0.92 (Tc~95), 0.94 (Tc-97), 0.94 (Tc-99) and 
, , 

0.97 (Tc-10l). 

Besides the strong t = 4 transitions to the ground 

states of the odd mass Tc nuclei, there are only three Af= 4 

transitions observed in the present measurements, namely 

the 1.316 MeV state in Tc-97 and the 0.625 and 0.720 11eV 

states in 99Tc • Since the J~ assi~nments for these states 

are not uniquely defined, it i8 not, certain whether these 

states' are due to proton stripping to the 197/2' orbi t,or to 

the 199/2 orbite The odd-m~ss Tc isotopes are also 
~ .... 

characterized by a low-lying 7/2 state, above thelr 

9/2 + ground states (Cook ~ al. 1972). The excitation of 

most of them are too weak to be 6bserved in the present 

measurements, except the weakly excited state at 0.216 MeV 
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in 97Tc • The present results lend strong support to the 

contention that they are belonging to the 199/2 shell higher. 

seniority states. A weak transition to these states implies 

that they may contain a small component of the single 

particle configuration in their wave functions, or their 

excitations are due to a two-step process in the (3He ,d) 

reactions. For instance, this transition May proceed via 

core excitation to a one phonon state, fo1lowed by 

stripping a proton to the orbit of 199/ 2 • 

No ~:= 5 transition has been identified in the 

present work. A °detàiled study on the .L = }+ and 5 

transfer to the excited states of these nuclei May be 

accomp1ished by the use of tpe reactions such as (O<,t), 

(160 ,15N) in which high values of .,e -transfer are more 

favorable. 

The high degree of fragmentation of the strengths 

associated wi th the ~ = 2 and L = 0 transitions may be 

attributed to the spreading of the antiana10gue states 

due to the core po1arization mixing (French 1964). This 

phenomenon has been recent1y discussed by Vourvopoulos 

et al. (1969) in conjunctiorl lÜ th the reaction of 89y 

(3He,d)90Zr, and they obtained a fairly good prediction 

for the number of observed T < states. From t he present 

work and those of Hjorth et al. (1964) and Diehl et al. 

(1970), it is known that the even-mass Mo isotopes have a 

significant mixed configurational structure for bath the 
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protons and the neutrons. The Jo ~ 0 core polarization 

states (Vourvopoulos et al. 1969) may arise froln a large 

number of different orbits and cause an extremely com-

plicated mixture of different configurations to the anti

analogue states. In addition, according to the core 

polarization mixing, states with larger spin values are 

more fragmented. This property, plus the unfavored 

cross sections for high ~ transitions in the (3He ,d) 

reactions, perhaps, explains the scanty information about 

the distribution of the Ig7/2 strength in the present 

measurements. 
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FIGURE 7 

Comparison of the Experimental Elast1c 
. . 

Cross Section with Optical Model Calcu-

lat10ns for 18 MeV 3He on a 94Mo Target. 
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FIGURE 8 

Deuteron Spectrum Obtained from 94Mo(3He,d)95TC Reaction 

Deuteron peaks are labelled by their corresponding level 

excitation energies (in MeV) in 95Tc • 
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TABLE 2 

Excitation Energies and DifferentiaI Cross Sections of 

the Various Levels in 95Tc Obtained from the 941~O( 3He ,d) 

95Tc Reaction, 

The differential cross sections are given in the C.M. 

system. The total relative errors for aIl measurements 

are given directly under their respective mean values 

with the significance of their digits having a one-to-

one correspondence with those in the me an values. The 

total systematic error of aIl differential cross section 

measurements was ± 20% (see section 3.2 for details). 

Ble.nk entries indicate that no reliable data could be 

extracted (see text). 



Excitation DifferentiaI Cross-Sections (~b/sr) 

enerf 
(MeV 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65° 70° 80° 

Ground 169.1 371.4 263.1 248.4 237.3 256.8 219·3 210.7 158.6 110·9 118.9 

state 9·2 29.2 26.7 25·0 12.8 15·9 46.0 11.8 7.4 7.8 5.4 

0.040 140.0 113.0 107.9 135.8 157.1 114.0 108.7 93·7 76.5 102·5 55.5 58.1 24.7 

2 33·4 16.4 8.0 25.5 23.7 23·8 11·3 13·8 19·9 10.6 6.0 6.6 4.2 

0.629 127.4 94·6 65.4 32.0 117.5 101·3 87.1 66.6 56.4 65.5 41.9 37.9 22.6 

2 19.6 12·5 6.8 3.9 7.2 3·9 3·9 5·8 3·9 2.8 3.0 2.4 1.3 

1.071 30.0 34.6 27.9 16.8 65.6 35·6 25·5 28.0 15.8 20.5 15·0 Il.1 6.0 

3 4·5 5·7 4.6 3·9 4.4 2.7 2.2 3·5 1.9 1.6 2.0 1.7 0·9 

1.201 23·1 16.8 13·8 102.2 18.5 14.1 10.2 14.0 19·7 20.4 10.2 8·5 4.9 

4 4.0 4.6 4.6 6.4 2·9 3·6 2.0 2.9 2·5 1.8 2·3 2·5 0·9 

1.264 77.2 80.2 62.9 135.8 112.4 91.6 79·5 66.0 61.2 58.7 )4.9 31.6 19·6 

4 16.0 8.9 7.1 6.5 5·6 4.9 3·6 5.2 3.8 2.6 3.4 3·2 1·5 

1.416 77.0 118.0 112.6 99.1 144.8 140.8 114.8 105.7 77.9 94.1 59·1 46.3 32.2 

4 15~0 12.2 7.1 6.5 6.2 4.0 3·9 6.0 4.4 3·2 3·9 3.4 2.0 

1.620 102.6 83.1 82.2 21.1 72·5 98.4 80.6 86.1 44.6 46.9 36.6 19·1 16.8 

5 10.0 8.9 6.5 3.6 11.4 3·7 3·5 8.6 3·1 2·3 3·8 6.0 1·5 

1.733 44.4 33.7 15·7 21.7 23·4 17.4 21.0 17.9 12.5 Il.2 4·9 4.2 

5 4.0 4.9 2.2 3·8 2.2 2·3 7.0 2.3 1.5 1.8 2.0 0.9 

1.967 8.6 17.6 9.6 5·8 10.0 4.7 2.6 6.7 4.8 4.1 2.6 

5 5·0 7.0 2.2 1.8 2·9 2.1 1.2 1.5 2.0 L8 1.0 



Excitation DifferentiaI Cross Sections (~b/sr) 
enerf 
(MeV 15° 20° 25° 30° 35° 40° 45° 50° 55° ·60° 65° 70° 80° 

2.077 28.8 3°·0 21.4 32.9 32.6 25.7 22.2 10.6 18.2 15·0 9·7 6.5 
5 5.5 6.4 3·7 3·5 2.6 3·4 3·3 2.0 2.4 2.0 3·5 1.9 

2.2~ } .58.0 59.8 35·5 55·0 49.8 59.2 43·5 40.8 27.6 36.9 21.0 19.2 10.5 . 
10.0 7.1 11.0 8.0 3.4 5·1 6.4- 4.9 2.5 4.1 2.7 2.5 1.9 

2·3°8 
6 

2.454 14.4 25.6 24.2 34.5 19.7 1~.1 5·4- 4.1 2.6 6.8 3·7 3·8 
6 4.9 5.0 4.6 4.0 3·9 77.2 3·1 3.0 1.2 1.8 2.2 1.6 

2.550 53.0 52·3 45.9 60.5 38.2 39.4 44.6 36.6 22.0 33.5 .23·3 25.6 9.7 
7 14.0 6.8 5.2 5.1 4.1 8·5 4.7 3.3 3·4 2·9 3·7 13·5 1.8 

2.696 21.0 41.2 18.7 24.0 29·7 17.9 19.1 12.7 25·9 13·8 11.5 3·2 
7 7.2 14·3 8·9 9.1 4.9 10·3 5.4 3·2 2.0 4·3 5.6 1.9 

2.763 94.4 362.5 261.7 289.8 247.3 223·7 253·8 244.9 154.6 189.8 114.2 88·3 53·9 
7 15.0 32.2 19·1 16.2 13.9 18.1 13·1 11.8 8.7 4.8 7·5 7.4 4.1 

2.816 361.0 544.2 473.5 5.3.9 505.6 576.8 540.8 429.4 315.2 356.2 267.9 209.9 144.1 
8 140·3 39·3 22.4 21.2 19·7 21.8 23·0 14.9 12.7 5·8 11.6 12.4 6.4 

2.938 117.4 89·1 63·6 33.4 34·2 64·3 24·9 40.1 22.0 36.0 18.4 18·9 
8 22.2 9.5 8·9 7·3 4.7 . 7·3 5·0 8·3 2·3 4.4 3·4 2.3 

3.001 "·279·8 78.0 49.8 71.4 56.8 66.5 43·8 26.4 42.3 40.2 18.5 18.5 
9 26.4 9·2 10.2 9·3 6.0 7·3 6.6 4.5 2.8 5·7 3·6 2.7 



Excitatton DifferentiaI Cross-S~ctions (~b/sr) 

ener::ry 
CHeV) 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65° 700 80° 

3·119 12.0 34.5 103.4 62.1 49.3 34.9 34.3 37.0 30.6 36.0 29·5 13·0 9·5 

9 5·8 14.4 11.1 18.6 7.7 6.3 5·2 6.6 9·3 4.4 6.6 3·7 2.5 

3·197 39·2 123·3 197.6 155.8 142.4 14-3.1 134.0 163 .L~ 109.-7 110.6 73·4 43.6 37.4 

9 10.0 21.4 13.8 24·9 11.4 9.5 7·9 11.8 .13·9 6.6 7.1 8.8 4.7 

3·339 34.6 83.5 74.6 140.4 120.6 63.4 100.4 85.9 57·3 70.1 2l}.8 21.1 

9 14.6 18·9 15·1 24·9 14.1 11.6 13.0 8.7 9·1 6.3 5.4 /.j·.4 

3.4·01 44.4 35.7 76.7 57·9 85·2 51.7 80·9 63'.1 53·4 51.6 23.8 15.5 

10 8.1 12.0 .15·5 18.8 16.8 10.8 15.4 12.6 9·9 6.1 5.7 5·7 

3.481 75.5 109.1 161-J..4 165.9 84.1 151.4 114.2 73·9 91.0 63·6 42.7 35·4 

10 16.0 19.5 31.8 19.2 12.8 19.6 7.8 12.1 8.1 15·3 7.7 6.0 

3·616 164.2 229.6 175·2 157.4 90.8 118.5 118·9 91.1 70.1 43.7 

10 31-.0 21.4 18.2 39·2 7.8 13·5 10.2 17.8 13·9 6.0 

3·700 121.2 110.6 76.5 136.8 41.7 56.6 53·9 45.7 25.5 

Il 18.4 17·9 13.7 38.8 11.8 10.0 7.8 12.0 5·9 

3·800 199.4 216.6 196.5 183.4 115.6 102.6 119.7 69.7 66.5. 37.0 

Il 28.7 25.6 21.9 24.7 9·5 13.4 7.7 16.4 . 15.0 9·3 . 

3·9°5 135·4 114.1 114·.2 57.7 53·5 74.8 34.5 48.0 25·3 

Il 25·3 21.6 22.4' 8.7 12.7 6·9 13·3 15·3 7.9 

3·986 1~0.5 121.3 155·8 79·7 86.1 89·5 55.2 64.5 32.4 

12 30.6 23·2 27.0 12.6 14.0 7·9 16·3 18.5 9·1 



Excitation DifferentiaI Cross-Sections (~b/sr) 

enew 
(i'leV 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65° 70° 80° 

4.110 35.7 68.6 61.8 52.8 43.2 66.6 28.2 18·3 15.6 

12 12.5 26.5 6.4 12.6 11.9 8.2 9.8 4.5 4.0 

4.180 57.6 60.7 97.7 85.0 91·3 66.7 41.1 69.7 3°·8 27·5 17.6· 

12 24.6 12.0 18.0. 31.4 6·9 13.0 9·1 8.6 8.8 4.8 3.8 

4.254 115.6 107.2 13°.3 122·3 92,.8 91.3 62.8 1()4.·3 56.4 37.4 22.1 

12 3°·5 30.8 25.0 45.2 6.9 16.5 10.1 12.2 11.0 6.0 4.2 

4·381 } 12 46.1 62.5 52.1 46.2 36.S 27.5 58·2 19·6 8.8 9·5 
10.0 7·5 7.4 6.8 , Il.1 7·3 9·3 7.1 3·9 4.3 

4.428 
12 

4.489 } 
13 92.2 71·5 1()4..2 36.7 33.0 30.4 58.5 23·3 24.9 13·1 

40.0 31.5 30.4 6.8 9.5 7.0 9.4 6.5 4.4 5·4 

4.528 
13 

4.709 69.2 143·3 53·9 42.6 31.2 25. 0 Il.6 12.8 

13 30.1 35.4 10.1 8.7 7·5 10.8 4.1 2.8 
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FIGURE 9 

Deuteron Spectrum Obtained froru 96Mo(3He,d)97TC Reacti~n 

Deuteron peaks are labelled by their corresponding level 

excitation energies (in MeV) in 97Tc • 
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TABLE 3 

Excitation Energ1es and Different Cross sections of 

the Var10us Levels in 97 Tc Obta1ned from the 96
110 ( 3He ,d) 

97Tc Reaction 

The d1fferent1al cross sections are g1ven in the C.M. 

system. The total relative errors for aIl measurements 

are given d1rectly und.er the1r respective mean values 

with the s1gnificance of the1r digits having a one-to-one 

correspondence with those in the mean values. The total 

systematic error of aIl differential cross section 

measurements was f 20% (see section 3.2 for details). 

Blank entries indicate that no re11able data could be 

extracted. 



Excitation DifferentiaI Cross-Sections (~b/sr) 
enerf 
(MeV 15' 2d' 25' 3d' 35' 46' 45' 5cf 51' 6d' 65' 70

0 

71' .800 81' 9cf 

Ground 29.3 83.9 157.3 200.4 206.2 184.0 196.8 192.9 174.1 144.2 125.2 122.7 113.5 103.5 77.5 65.9 
state 7.7 8.6 15·3 8.0 8.5 6.4 9.3 8·5 6.0 6.2 6.0 6.2 6.0 10.8 3.0 12.1 

0.096 166.0 89.6 120.2 168.7 167.7 136.1 123.2 110.4 88.3 84.7 75.1 56.2 40.5 )7.0 30.0 25.) 
2 14.5 8.6 12.7 8.4 8.0 5.7 7.8 6.6 4·5 4.9 4.9 4.) )·5 6.0 2.1 15.0 

0.216 4.6 6.4 5.6 6.0 5·5 4·5 ).0 2.5 
6 1·9 3·8 2.4 ).0 ).0 2.0 1.7 0.6 

0.326 19.5 24.8 19.2 15.0 2).0 16.4 12.0 13·5 10.0 11.0 9·5 5·2 5.4 ).7 ).4 
) 5.0 5.5 4.6 3·1 5·5 4.4 4.0 5·0 2·5 2.5 2.7 1.2 1·5 1·3 1.5 

0.576 100.8 51.5 6).9 92.4 90.7 88.5 82.8 69.2 60.4 51.4 )8.6 )2.9 25.5 19. 0 19.5 14.0 
2 20.0 7·3 1).0 9·3 6.0 4.8 6~9 4.8 4.) 5. 0 ).5 2.7 2.4 2.5 ).4 7.7 

0.655 6.0 8.7 6.2 8.6 8.) 6.5 6.0 4.7 4.0 2.7 2.9 ).4 4.6 2.8 2.5 
6 2.4 2.1 ).0 ).4 ).0 1.6 2.) 1·5 1·5 1.6 1.5 1.) 1.9 1.2 1.2 

0.78) 1)6.2 7).6 94.0 107.0 95.4 85.9 74.4 66.7 55.1 49.2 31.4 27.1 24.1 24.1 20.0 
3 8.3 14.0 10.0 10.6 Il.0 9.2 6.5 5·5 5cO 4.9 ).9 3·0 ).2 4.0 9·2 

0.852 19.4 16.5 5·2 8.2 3·9 9.) 9·) 4.8 5·5 
6 10.0 8.0 2.2 4.0 1.9 4.2 4.2 1.0 2.5 

0.947 60.8 75.5 80.7 57.7 60.0 58.1 44.6 43.5 43. 0 25.4 25.6 17.1 10.0 9·5 
3 6.0 8.0 17.8 7.6 19.3 6.0 4.0 3·5 4.1 3. 0 ).5 )·5 3·4 3.0 

1.05) 13.5 17.0 17.8 12.4 8.6 8.4 9·7 10.2 10.5 9·1 5.8 5·7 ).2 3·2 
4 4.0 4.3 5·0 2.6 4.5 ).4 1.2 2·3 2.) 1.8 1.2 1.8 1.7 1.7 



,..--...., 

Excitation DifferentiaI Cross-Sections (p.b/ sr) 

enerr 0 0 0 0 0 0 0 0 0 80
0 0 90 0 

(MeV Ijl 20 25 30 35 40 45 50 55
0 60 0 

65
0 

70 75 85 

1.316 10.6 15·8 33.0 20·3 28.7 19.0 26.6 23.4 22.0 15.2 20.2 9.2 14.4 10.7 7.2 
4 3·5 2.8 6.0 3·5 5·0 5·0 3·5 3·5 ~.5 2.2 2.8 2 .. 6 4.6 1.8 2.0 

1.374 19.0 37.0 16.7 20.2 18·5 15·1 14·3 19·5 13.4 15.0 Il.0 12.0 4.7 5·2 5·2 
4 4.4 4·3 5·0 7.5 3·5 2·3 2.2 3·0 3.0 4.1 2.0 2.2 2.1 1.1 2,4 

1.537 10.6 24.5 14.4 18.3 16.2 8.0 t5·2 4.8 4.3 5.4 4.0 2.4 
1} 4.5 10.0 6.0 7.0 4.0 4.5 5·0 2.1 1.7 2.5 2.4 0.9 

1.599 38.0 50.4 30.4 33.5 37.0 30.6 21.2 4.4 27.0 25.5 16.0 22.0 12.6 6.9 
4 6.2 5.3 10.0 7.5 4.0 10.0 8.5 0.6 2·5 2·5 3.4 5.4 3·0 1.1 

1.649 44.2 51.1 76.2 50.1 52.0 47.8 40.0 34.3 23.5 16.4 Il.2 20.0 9·3 9.5 
7 6.6 8.0 14.5 10.0 9·0 7.0 8.0 4·5 4.1 4.5 4·3 5·0 4.7 2.0 

1.712 24.3 43.9 76.8 30.0 56.9 35.6 36.6 23·3 21.4 2~.4 14.8 12.4 7.7 7.2 
5 4.8 4.7 14.0 6.2 6.5 15.1 7.1 5·1 4·5 4.1 4.7 4.1 4.2 1.7 

1.847 49.7 99.3 118.8 82.9 115.1 122.7 124.9 100.3 69.0 64.3 39.3 43.5 34.1 26.0 25·2 
5 7.1 7.1 18.0 10.0 10.1 9.5 20.0 10.5 9.2 6.5 4.0 8.4 3·0 4.5 5·0 

1.951 105.3 138.5 77.2 79.6 162.2 138.2 104.3 111.6 113.3 97.5 65.0 57.1 43.9 27.1 29.3 21·3 
5 10·3 8.5 10.7 20.0 10.5 15.0 6.5 5.9 7.9 7.5 4.2 4.0 4.0 7.0 4.5 6.5 

2.013 36.5 45.4 38.3 35.5 41.7 34.0 25.2 17.6 8.8 16.0 13·7 11.6 8.5 5·5 
7 6.0 4.8 6.6 5.0 4.5 6.0 4.9 3. 0 3. 0 4·3 2.6 1.5 2.0 2.4 

2.111 . 25.4 22.3 20.6 19.0 19.0 24.5 20.5 14.4 16.3 14·5 9.6 8.5 8.3 
9 5·8 3·5 5.1 4.3 4.2 5.4 6.8 4.5 4.1 4.2 4.6 2.2 4.0 

2.151 10·3 15.0 19.5 24·3 24.5 28.8 25.5 27.1 17.0 12.5 8.0 7.1 6.0 6.0 
9 3·5 3·3 5·0 4.0 4.5 4.6 8.0 7·3 6.0 6.7 4.1 2.0 2.5 2.5 



,---..., 

Excitation DifferentiaI Cross-Sections (~b/sr) 

enerf 0 25
0 0 0 0 

45
0 

500 55
0 0 

65
0 70

0 75 0 88 
(t·1eV 15 200 

30 35 40 60 850 90 0 

2.264- 57.0 105·8 130.1 112.5 110.5 104.1 lOB.1 92.6 72.2 69.6 44.7 37.7 27.4 .22.0 13.5 

7 7.5 7·3 38.5 12.0 12.7 Il.0 10.3 8.5 8.0 15.0 6.5 5·0 4.0 8·3 9·3 

2.307 )8.1 55.0 47.0 40.0 52.0 59.J 30.4 23.4' 30.8 22.3 )4.2 15.7 14.4 11.5 

8 6.2 10.0 8.5 10.8 10.0 8.1 6.0 5.0 10.0 10.0 7.0 3·5 3.7 7.2 

2.653 87.6 174.3 247.5 162.2 162.5 184.6 183.6 136.7 107.1 74.5 81.8 68.9 60.0 43.7 27.1 

8 9.4 20.0 53.0 24.0 20.9 25.0 20.0 20.0 10.0 8.3 Il.0 88.0 20.0 26.0 6.5 

2.713 48.5 45.1 61.0 64.4 65.0 70.4 40.7 38.2 26.9 22.6 24.7 30.9 23·2 11·3 

8 6.9 9.3 20.8 16.7 12.0 22.3 8.4 10.0 6.8 3.9 8.4 9·5 5·3 4.0 

2.783 40.0 40.8 20.9 37.4 29.5 21.4 23.5 16.8 22.6 15·3 18~9 19·3 9.0 

8 10·5 13·4 9.5 12·9 9.3 4.8 8.8 5.5 9.5 5·5 5.0 10.4 2.6 

2.878 

} 9 93·4 102.0 10J.5 99.5 104.3 101.2 100.4 101.5 74.5 93.4 55.3 43.0 45.0 27·5 

9.6 7.3 18.0 10.3 10.0 8.1 7.8 8.3 6.9 7.5 6.1 4.3 4.5 3·2 

2·908 
9 

3. 018 49.0 70.0 48.1 46.3 31.5 35.2 35.6 34.5 46.0 24.0 18.0 12.5 9.8 

9 27·5 30•0 13.7 23.0 13.4 8.9 6.7 9·1 Il.0 5.5 8.2 3·8 16.3 

3·060 77.3 75.6 94.2 70.2 78.1 73.8 62.2 60.2 75.9 49.7 45.6 32.8 29.8 18·9 

9 30.0 35.2 33.2 30.5 17.5 Il.0 8.2 Il.0 25.0 7.3 Il.0 4.9 5.4 5.4 

3.145 106.2 145.8 214.9 180.7 141.9 150.3 121.8 130.8 105.0 97.5 76.2 52.048.8 38·9 

9 26·3 35.3 33.3 25.0 14.8 9.9 7.8 8.5 14.3 8.4 9.4 5.7 5·8 4.1 

3·214 45.8 43.5 101.0 107.5 81.4 55.7 54·4, 45.9 39.6 40.7 29.9 10.3 15.0 19·2 

9 16.6 20.0 42.4 25.0 11·3 7.9 . 6.2 7.8 10.8 6.9 6·3 3.6 3.6 3.3 
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FIGURE 10 

Deuteron Spectrum Obtained from 98Mo(3He,d)99TC Reaction 

at 18 MeV Incident Energy 

Deuteron peaks are 1abe11ed by their corresponding 

1evel excitation energies in 99Tc • 
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FIGURE 11 

Deuteron Spectrum Obtained from 98
,MO( 3He ,à) 99Tc Reaction 

at 24 MeV Incident Energy (Part 1) 

Spectrum covers the excitation energy, region below about 

1.6 MeV o All deuteron peaks are labelled by their 

corresponding excitation energies in 99Tc • 
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FIGURE 12 

Deuteron Spectrum Obtained from 98Mo(3He,d)99TC Reaction 

at 24 MeV Incident Energy (Part II) 

Speotrum oovers the excitation energy region from about 

1.6 MeV to 2.5 MeV. A11 peaks are 1abe11ed by their 

oorresponding exottation energies in 99Tc • 
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• 0" 

TABLE 4 

Level Excitation Energy in 99Tc and Differential Cross 

Sections for the 98Mo(3He,d)99TC Reaction 

Excitation energies were determined from the spectrum 

obtained at 24 MeV incident energy, and the differential 

cross sections are for the 18 MeV incident energy. The 

total relative errors are listed "directly under their 

respective mean values with the significance of their 

digits having a one-to-one correspondence with those in 

the mean values. The systematic error for the differ

ential cross sections is + 25%. No differential cross 

sections were extracted for the states above 2.7 MeV. 

The differential cross sections are given in the C.M. 

system. 



Excitation DifferentiaI Cross-Sections Cllb/s.r.) 

energy 0 0 0 0 0 0 0 0 0 0 0 0 0 

(z.leV) 8 . 12 16 20 25 )0 )5 40 45 50 55 60 70 

Ground 22.8 30•0 48.7 72.0 125·9 157.7 146.8 119.4 1)4.3 130.4 118.3 88.0 77.7 

state 2.6 3·1 ).9 4.7 6.0 6.6 5·8 6.0 6.5 6.0 6.0 5·2 4.9 

0.142 86.8 95.2 54-·0 56.7 55·9 77·3 58.3 50.6 58·1 43.2 44.6 38.7 19.4 

1 5·2 5·5 4.1 4.2 4.1 4.6 6.0 4.2 4·3 ).6 3·7 3·4 2.4 

0.181 1·9 4.2 7.1 7.0 4.8 4.9 4.0 4.5 5·2 )·3 1.8 2·3 

2 1.0 1.2 1·5 1.5 1.2 1.2 1.1 1.2 1.3 1.0 0.7 0.8 

0.509 72.1 82.7 57.7 34.4 40.8 55.9 52·5 46.2 43.3 39.0 )5·7 21.4 21.6 

1 4.7 5·1 4.2 ).) 3·6 4.0 4.0 ).8 4.7 3·5 3·3 2.6 2·5 

0.625 6.3 6.4 4.7 9·1 11·3 16.) 11·9 12.9 17·3 14.2 14.3 6.7 5·2 

1 1.4 1.4 1.3 1.7 1.9 2.) 1.9 2.0 2.4 2.1 2.1 1.5 1·3 

0.672 3·1 .5·6 4.7 4.7 6.6 5.6 6.6 3·2 6.8 6.0 5·1 3·5 1.6 

1 1.0 1.2 1.3 1.2 1.4 1.3 1.4 1.0 1.5 1.4 1.3 1.1 1.1 

0.720 1.0 1.6 1·3 6.0 4.8 5·7 4.4 6·3 5.4 4.8 4.2 1·3 

1 0.6 0.6 0.6 1.4 1.3 1.4 1.2 1.4 1·3 1·3 1.2 0.7 

0.762 39.6 46.5 56.2 59.1 4).6 48.6 52.8 44.0 37.6 34.6 31.2 2).7 17.7 

1 3.6 4.0 4.3 4.4 3·7 4.0 4.3 3·8 )·5 3·4 3·2 2.8 2.4 

0·919 8.1 1.6 4.4 6.9 5·0 ).1 7·9 5·0 4.4 2.8 1.6 1.6 

2 1.6 0.6 1.2 1·5 1.3 1.0 1.6 1.3 1.2 0.9 0.7 0.8 

1.020 4.0 5.4 6.0 10.2 4.7 10.1 8.2 6.6 6.6 5·0 4.1 2.6 2.9 

2 1.2 1.) 1.8 2.0 1.2 1.8 1.6 1.4 
J 

1.4 1·3 1.2 1.0 1.0 

_ w __ .~.~ ____ ~ .~ 
"." - ,._-~--_.~ •• _.,.-_._._-_.~.

_.-._.--- "---.--.--- --". 



Excitation DifferentiaI Cross-Sections (llb/s.r. ) 
ener,y 

8
0 0 

16
0 0 0 0 0 0 0 

50
0 

55
0 

60
0 

70
0 (MeV 12 20 25 )0 )5 40 45 

1.145 ).4 5·0 )).7 5.9 ).1 2.0 2.5 ).8 4.7 2.8 2·5 4.2 1.) 2 1.1 1.) 1.1 1.4 1.0 0.8 1.0 1.1 1.2 1.0 1.0 1.2 0.6 

1.203 2.8 5.9 6.2 2.2 ).0 6.7 4.7 4.1 4.7 4.4 4.4 1.) 1.0 2 1.0 1.4 1.4 1.0 1.0 1.4 1.) 1.2 1.2 1.2 1.2 0.6 0.7 
1.)21 10.6 10.6 15.6 4.1 8·5 8.7 9·1 4.7 8.1 )·5 ).8 ).8 ).2 2 1.8 1.8 2.2 1.2 1.6 1.6 1.7 1.2 1.6 1.1 1.1 1.1 1.1 
1.407 1.0 4 0.4 

1.4)5 15.) 18.1 19.1 24-.1 18.8 2).5 17.6 20.4 18·9 16·9 12.2 6.4 2 2.2 2.4 2.4 2.8 2.4 2.7 2.) 2·5 2.4 2.) ).0 1.4 
1.505 Il.2 7·5 7·5 5.6 56.5 10.0 9·1 6.) 5·1 1.2 1.9 2 1.9 1·5 1·5 1.) 1.4 1.8 1.7 1.4 1.) 0.6 0.8 
1.560 78~) )4.2 24.0 75.6 74.6 66.5 69.0 82.8 70.8 4).1 46.1 )).9 29.) ) 5.0 2.8 2.7 4.9 4.9 4.6 4.7- 5.2 4.9 ).7 )·9 ).) ).1 
1.679 9.4 24.4 20.9 14.2 21.6 16.9 Il.) 14.7 15.7 12.7 11.2 8.7 2 1.7 2.8 2.6 2.1 2.6 2.) 1.8 2.1 2.2 2.0 1.9 1.6 
1.760 8.4 9.7 14.0 16.9 14.6 . IL) 9.1 10.0 B.2 8.) 8.0 5.2 2 1.6 1.7 2.1 2.) 2.1 1·9 1.6 1.8 1.6 1.6 1.6 1.) 

1.8~ } 71.7 81.) 92·5 94.6 104.6 90.9 90.0 92.5 82.7 69.8 64.2 59·8 )1.6 4.8 5·1 5.5 5·5 6.0 5.4 5.4 5.4 5·1 4.8 4.7 4.4 )·5 1.825 
2 



Excitation DifferentiaI Cross-Sections (~b/s.r.) 
enerf 
(MeV 8 0 12 0 16 0 20 0 25 0 30 0 

35
0 40 0 45 0 50 0 55 0 60 0 70 0 

1.911 19.9 13.·8 22.2 19.7 10.7 14.7 13·2 8.5 8.4 5·7 7.7 3·2 
3 2·5 1.9 2.6 2·5 1.8 2.1 2.0 1.6 1.6 1.4 1.5 1.0 

1.98~ } 76.7 68.2 90·3 101.8 62.0 76.3 87.2 84.4 68.0 66.4 66.1 55.9 30.9 
4.9 4.7 5.4 6.2 4.5 4.9 5·3 5·2 4.9 4.6 4.6 4·3 3·2 

2.000 
3 

2.064 
5 

2.111 33·6 54.2 65·1 62.1 55·7 83·3 63.7 66.8 47.0 54.4 53·7 33·6 32·5 
5 3.3 4.2 4.6 4.5 4.2 5·1 4.5 4.6 3·9 4.2 4.2 3·3 3·2 

2.16~ } 54.8 28.0 46.7 59·9 51.7 67.0 55.5 50.8 50.1 44.0 36.6 32.3 20.0 
4.2 3.0 3·9 4.4 4.1 4.6 4.2 4.0 4.0 308- 3·5 3·2 2.5 

2.176 
4 

2.203 3·1 8.1 26.2 31.5 31.0 28.6 )4.8 29.8 26.9 24.6 20.4 15.3 ·48.3 
3 1.0 1.4 2.9 3·2 3·2 3.0 3·4 3.1 2·9 2.8 2·5 2.2 3·9 

2.281 87.2 57.9 52.9 67.1 78.3 71·5 67.1 60.8 58·2 48.1 47.7 37.4 21.6 
3 5·3 4·3 4.1 4.6 5.0 4.8 4.6 4.4 404 4.0 3·9 3·9 2.6 

\ 2.362 
5 



Excitation 
energy 
(MeV) 

2e39t } 

2.414 
4 

2.46~ } 

2.486 
5 

DifferentiaI Cross-Sections (~b/sr) 

8
0 

12
0 

16
0 o 0 0 0 0 0 o· 0 0 0 

20 25 30 35 40 45 50 55 60 70 

33.6 25.8' 30.0 39.9 32.6 25.2 37.9 36.1 33.2 25.8 21.3 15.7 6.4 

3·3 2·9 3.1 3.6 3.3 2.8 3.5 3.4 3.3 2.9 2.6 2.2 1.4 

81.9 42.3 44.8 72.1 58.2 46.0 43.9 45.1 43.2 37.7 34.0 24.6 19.0 

'5.1 3.7 3·8 4.8 4.4 3.9 3.8 3.8 3.7 3.5 3.3 2.8 2.4 

2·522 31.1 36.7 23.7 32.8 30. 0 47.2 26.6. 34.5 27.9 23.6 20.0 15.7 13.9 

5 3.2 3.3 2.8 3.2 3.1 3.9 2.9 3.4 3.0 2.7 2.5 2.2 2.1 

2.581 17.4 39.5 37.3 39.9 30.4 33.6 44.8 50.8 39.8 26.7 25.4 24.6 13.2 

5 2·3 3.6 3.5 3.6 3.1 3.3 3.8 4.1 3.6 2.9 2.9 2.8 2.0 

2.611 
6 

2.653 } 

.2.67~ 
5 ' 

_ 2~701 
5 

2.718 
5 

52.9 56·3 35.5 49.9 54.4 44.0 38.9 49.5 37.6 24.8 19.7 20.8 

4.2 4.3 3.4 4.0 4.2 3.8 3.6 4.0 3.5 2.8 2.5 2.6 

--"._----------



Excitation Excitation 
enew 
(MeV 

enerf 
(MeV 

2.7.51 3·127 
5 7 

2.774 3·196 
5 7 

2.807 3·216 
6 7 

2.858 3·259 
5 7 

2·921 3.285 
6 8 

2·953 3·333 
6 8 

3.008 3·375 
6 8 

3·075 3·421 
7 8 
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FIGURE 13 

Deuteron Spectrum Obtained from 100Mo(3He ,d)lOITc Reaction 

Deuteron peaks are labelled by their corresponding level 

excitation energies (in MeV) in 101Tc. 
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TABLE 5 

Excitation Energies and DifferentiaI Cross Sections of 

the Various Levels in 101Tc Obtained from the 100Mo· 

(3He ,d)101TC Reaction 

The differential cross sections are given in the C.M. 

system. The total relative errors for aIl measurem~nts 

are glven directly under their r~spective mean values 

with the significance of their digits having a one-to

one correspondence w1th those in the me an values. The 

total systemat1c error of aIl differential cross section 

measurements was ± 20%. Blank entries indicate that no 

reliable data could be extracted. 



Excitation ·Differentia1 Cross-Sections (~b/sr) 
energy 0 0 0 0 0 0 

40
0 

45
0 0 0 

60
0 

65
0 

70
0 

75
0 80 0 

85
0 (HeV) 10 15 20 25 -30 35 50 55 

Ground 44~9 72.7 166.7 172.2 156.1 150.2 162.5 148.4 108.9 102.7 89.4 103.3 73.0 86.4 63.6 
state 12.7 6.9 Il.0 8.9 13.2 17.0 13.5 10.0 10.0 7.0 8.1 9·5 5.1 7.7 7·5 

0.207 177.2 145.7 97.2 138.5 100.6 104.3 103.5 85.8 66.6 60.5 44.3 42.9 26.2 32.0 25.3 
2 27.0 12.7 9·1 8.2 10.8 10.5 12.4 8.1 11.2 5·5 6.0 6.4 3·2 5.4 2.6 

0.288 141.0 107.5 64·3 77.8 88.3 75.8 67.5 59.2 47.2 41.2 34.1 35.3 19.0 17.0 16.0 
3 30.0 18.3 7·3 6.4 10.8 9.0 9.8 6·5 9·3 4·5 5·5 5·8 3.0 3·5 1·9 

0.394 8.2 16.1 10.6 21.4 8.9 20.6 15.5 5.5 8.4 4.8 4.1 4.7 7.6 1.6 4.2 1.9 
5 4.1 4.0 3·3 6.4 2.8 5·9 4.5 4.0 3·0 3.0 2.0 2.6 2·9 1.0 2·3 1.0 

0.515 40.0 55.4 108.7 64.0 68.2 73.1 74.3 43.0 44.9 38.4 35.1 29.8 28.5 12.1 19.7 9·1 
4 12.5 13.8 32.0 14.0 6.0 9·8 9.0 7·5 5.5 8.3 4.0 4.7 5·5 2.7 3·~ 2.6 

0.620 72·3 50.9 51.1 39.2 54.3 49.5 59.4 60.0 37.5 36.1 34.1 34.5 16.7 19.1 20.8 15·3 
4 20.0 14.4 3·3 8.7 8.9 10.3 10.0 9·3 6.4 10.0 5·0 7·3 4.7 3·2 5. 0 1.9 

0.670 6.6 15.3 15·1 8.3 15·0 6.0 9·7 .8.6 Il.5 2·9 3·1 
7 3.4 3·3 7.8 4.4 5.5 3·0 6.0 3·0 5.1 2.0 2.0 

0.890 16.6 20.8 17·3 39.0 26.0 31.9 13.5 15.3 18.5 13.7 8.5 8.4 6.2 7.8 
5 8.9 2·9 5.0 6.7 15·2 6.5 6.2 4.3 6.6 3·5 3.4 2·5 2.7 2.6 

1.045 Il.6 6.2 99.1 9.2 3·9 7.2 5·0 7.0 2·5 2·3 2.2 2.0 
5 4.0 2.2 3.7 3·5 2.0 2.2 2.0· 3.0 1·5 1.4 1.0 1.0 

1.197 25.0 11.3 18.2 16.0 22.6 33.4 24.0 14.8 18.1 9·1 8.i ~.1 4.7 9·3 9·7 
5 6.6 2·9 5·5 3·2 8.0 6.6 5·7 4.2 7.8 3·4 3.4 3·7 1.6 3·5 2.6 



Excitation Differentiai Cross-Sections (~b/sr) 

enerf ° ° ° ° ° ° 40° 45° 50° 55° 60° 65° 70° 75° 80° 85° 
(MeV 10 15 20 25 30 35 

1.280 } 

1.31: 

38.7 49.9 28.7 31.5 36.3 40.0 37.0 29.0 22.3 17.4 16.0 1280 9.7 

7.8 5·5 7.8 6.7 4.8 4.5 13.1 4.8 3. 0 4.) 2·5 4.1 4.0 

7 

1.429 7).0 Il).0 97.5 80.1 101.9 102.2 78.~ 54.2 49.3 40.6 39.6 38.9 25.2 24.7 20.8 

6 13.0 7·3 15.1 6.7 14·3 10.0 6.5 7.0 5·3 6.0 6.8 5·8 3.2 5·4 3.6 

1.490 100.7 57.2 50.1 48.6 51.9 45.9 49.9 )9.4 30.4 27.9 20.0 24.0 18.0 15.0 9.4 

6 10.5 5.8 11.9 5.7 10.8 10.0 5.5 6.0 ,4.4 5. 0 4.7 4.7 ).0·4.6 2.6 

1.578 73.0 102.4 70.6 57.4 72.0 118.3 60.1 )8.8 34.0 14.9 40.4 20.7 14.3 19·1 

7 16.1 9.4 19.6 14.2 20.1 7.5 2)·5 9·3 10.2 10.2 13.8 4.6 8.1 7·5 

1.608 20.5 14.4 43.4 54.7 56.0 66.1 84.2 )4.5 24.7 16.3 2).0 20.7 9.) 19.7 

7 8.2 8.0 9.1 16.9 14.0 20.1 28.5 21·5 8.8 9·5 9.8 12.7 ).8 8.1 

1.70) 62.1 6).0 63.4 74.7 75.7 91.6 70.8 61.4 62.5 56.4 49.8 )).6 45.4 16.9 20.8 22:0 

7 16.0 9.4 6.2 16.4 7.8 13·2 8.0 6.5 7.0 5·7 6.5 8.5 6.2 ).2 5·0 3·6 
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1 

TABLE 6 

Q-Values for 94,96 ,98 ,lOOMo(3He ,d)9S,97,99,lOlTC 

Reactions 

( Energies in MeV ) 



REACTION Map1es et al. (1966) Wapstra and Gove 
(1971) 

Present Work 

94!10eHe, d)95Tc -0.561 ±. 0.021 -0.602 ±. 0.011 -0.55 ±. 0.02 

96r-lo(3He,d)97Tc 0.241 ±. 1,000 0.194 ±. 0.009 0.25 ±. 0.02 

98Ho(3He,d)99Tc 1.013 ±. 0.006 1.012 :!:. 0.005 1.01 + 0.02 

100r-ro( 3He ,d)101Tc 1.934 :!:. 0.025 1.935 ±. 0.025 1.93 ±. 0.02 



( 1 
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TABLE ? 

Optical Potent1al and Bound State Potential Parameters 

Used in the (3He ,d) Reaction Analys1s 



PARTICLE r V r a Wv }T 
b) b) 

À r. ai 
c r r D :L so 

(fm) (MeV) (fm) (fm) (r1eV) (MeV) (fm) (fm) 

He-) 1.4 170 1.14 0.75 20 1.6 0.8 

Deuteron 1.) 98- 1.1 0.85 18 1.4 0.7 

Proton a) 1.2 y 1.2 0.65 25 

a) The V was adjusted to reproduce the proton separation energy 

for each final state, and. r =r, a ... = a • 
so r 000' r 

b} r i = ry or rD and ax= aV or aD· 
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FIGURE 14 

DWBA Predictions for the Angular Distributions of the 

(3He ,d) Reaction for Different ~-Transfer Values, 
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FIGURE 15 

DWBA Analysis of Angular Distributions of the 94Mo(3He,d) 

95Tc Reaction 

Experimental numerical values are given in table 2. 

Angular distributions are identified by the excitation 

energies of the corresponding states in 95Tc • 



-L. 

~ 
oC .. -a 
~ 
b 

'tJ 

300 

200 

100 

50 

10 

o 

0.629 MezV 

1 = 1 

1.071 Mez V 

i .. 2 

SC.M. 

o 

1.620 MaV 

1 : 1 

30 

Il 

1.264 MezV 

1 • 2 

1.416 MezV 

1 = 2 

f 
60 

~ , 



-_ ... 

-L. 

~ ... -a 
~ 
'0 

1oo~--~ 

50 

10 

100 

50 

100 

o 

1.733M~V 

ri. 1 
11 f . 

~h 
't1~ 

1 l 1 

rty'Ir;:;~~·v 

l 

30 60 

100r---------

50 

10 

50 

10 

500 

100 

500 

SC.M.
O 

2.763 MaV 1 

t • 0 

2.816 MeV 

1 • 2 

30 60 



,~ -

3.119 MaV 1 l 1 
1 • = 0 100 

t~I 
50 

... 

rt 100 

r: 50 - 1 4.180 McN l l '- 3.197 MaV 

~ ~ = 0 
. le 2 l 

.0 J :L' 

y1~ l ...... 

I~lrl a 100· 1 l 100 
~ 1\ b 
"C 4.254MeV ~ 50 

, f~ 
50 

t" 2 l 
IrlL1 3.339 MeV l l l 'f'fi R = 0 

r\ 
rI l ! l 3.401 Mev! 

""2 

0 30 . 60 0 30 60 

9 C.M. 



-126-

..... ... 

FIGURE·16 

DWBA Analysis of Angular Distributions of the 96Mo(3He,d) 

97Tc Reaction II 

. Experimental numberical values are given in table 3. 

Angular distributions are identified by the excitation 

energies of the corresponding states in 97Tc, 
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FIGURE 17 

DWBA Analysis of Angular Distributions of the 98Mo ' 

{3He ,d)99Tc Reaction 

Experimental numerical values are given in table 4. 

Angular distributions are identified by the excitation 

energies of the corresponding states in 99Tc • 
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FIGURE 18 

DWBA Analysis of Angular Distribut~ons of the lOOMO 

(3He ,d)lOlTe Reaction 

Experimental numerical values are given in table 5. 

Angular distributions are identified by the excitation 

i f th di t t in lOlTe. 
energ es 0 e correspon ng s a es 
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TABLE 8 

Summary of Spectroscopie Properties of the Low-Lying 

States of 95Tc from the Present Work and Prev10us 

Measurements 



1tx 
(II.V) 

o. 
O.oAtO 

0.629 

1.071 

1.201 

1.264 

1.416 

1.620 

1.73) 

1.967 
2.017 

2.257 

2.)08 

2.454 
2.550 

2.696 

2.76, 

2.816 

2.9)8 
'.001 

).U9 
).191 )·m ,. 
,.41'11 

,.616 

3.700 
3.800 
3.905 
'.986 

4.110 
4.180 

4.254 

-

ftUatt Vork 

~(~.14)9"ro 

.l :rn c2s 

~ 9/Z! 0.82_ 
1 l/Z 0.)Z4 

)/z: 1 0.087 
l/Z 0.200 

S/2+ 2 0.021 
3/2+ 0.~1 

1 )/Z: 0.014 
1/2+ O·ru 

2 ~f O. 
0.097 

5/2+ 2 0.072 
3/2! 0.1)4 

1 )/2_ O.OSS 
1/2 0.127 

~: 1 0.017 
0.0)2 

(0) (1i2!) (0.009) 
2 ~~ 0.015 

0.029 
2 512+ 0.019 

)/2+ 0.0)8 
2 ~~ 0.007 

0.01) 
weü: 
1 )/2- 0.022 

1/Z- 0.050 
2 5/2+ 0.011 

3/2+ 0.022 
0 1/zt' 0.101 

2 5/2: 0.184 
)/2 0.)75 

(0) (1/2+) (0.021) 
(2) (5/z+) (0.022' 

()/z+") (0.045) 
0 l/tr 0.0211-
0 1/tt: o.~ 
0 1/zt" O. 1 
2 5/2+ 0.020 

31zt' 0.042 
2 51?!" 0.0)6 

31Z+ 0.017 
(2) (51?!") t 0.050) 

()/z-t) 0.105' 
1reak 

(0) . (1/2:' ( 0.069) 
(0) (1/2+) (0.042) 
(2) (5/2+' (0.045' 

()/2 ) (0.09J) 
(0) (1/2:' (0.020) 

2 5/2 0.020 
3/2+ 0.040 

2 5/2+ 0.027 
)/2+ 0.055 

CZs 
(lIoza.) 

0.68) 
0.269 

0.072 
0.166 

o.o~ 
0.0 
O.OlZ 
0.027 
0.041 
0.080 

0.060 
0.111 
0.046 
0.105 

0.014 
0.0)2 

(0.007) 
0.012 
0.024 
0.016 
0.0)2 
0.006 
0.011 

0.018 
0.041 
0.009 
0.018 
0.089 

0.15) 
0.)11 

( 0.022) 
( 0.018) 
(0.0)1) 
0.020 
0.048 
0.0)4 
0.011 
0.035 
0.030 
0.064 
(O.~U 
( 0.086) 

(0.051) 
(0.035) 
(0.037) 
(0.071) 
( 0.017) 
0.017 
0.0)) 
0.022 
0.046 

BUq et. al. (911) 

~1Io(4,Zl) 95TO 

1tx 
(II.V) -
O. 
O.~ 

0.6At 

1.10 

1.27 

1.45 

1.6, 

1.75 

2.29 

2.57 

2.8) 

'.21 

,.6, 

,.81 
'.92 '.99 

-1. 

At 
1 

1 

2 

f: 
2 

{~ 
1 

2 

1 

2 

0 

2 

0 
0 
2 

.i$ CZs 

9/Z+ 0.17 
1/2- 0.)2 

)/2- 0.11 
1/2- 0.24 

Sltl' 0.00) 

~r- o.gra 
O. 0 

1/2- 0.080 
5/z+" 0.028 

1/tl' 0.011 
)/2- 0.011 
1/2- 0.02) 
)/2- 0.018 
1/2- 0.0)5 

Sltl' 0.019 

)/2- 0.0)6 
1/2- 0.081 

5/tl' 0.21 

.' . 
1/2+ 0.016 

5/zt' 0.021 

1/2+ 0.029 
1/2+ 0.006 
5/2+ 0.009 
)/2+ 0.015 

Boaer.t al. (1971) 

9"wo( 4 ln) 95ro 

El[ 
(II.V) 

O. 
O.~ 

o.~ 

0.98 

1.30 

1.45 

1.66 

1.93 

2.56 

2.78 

2.8) 

).65 

,.81 

4.~ 

.l 
At 
1 

2 

-
-
2 

0 

. 
0 

0 

0 

2 

2 

0 

0 

:r~ 

9/Z+ 
1/2-

5/2+ 

5/2+ 

1/tl' 

1/tl' 

1/';" . 

1/zt' 

~~ 

~~ 
1/2+ 

1/2+ 

CZs 

0.49 
0.)5 

0.02 

0.03 

0.02 

0.02 

0.01 

O.~ 

0.1) 
0.22 

0.04 
0.06 

0.02 

O.~ 

hour .t . al. (1910) lia et al. (19'10) . (.n" 

b ,".V) 
o. 
0.0)89 
0.))64 
0.6268 

0.9278 
0.9901 
1.04~ 

1.1786 

1.4))2 

1.6763 
1.691' 

1.7470 
1.7852 
1.9785 
2.0860 

2.2519 

2.)245 

fJ-)'" Q5Mo(,..~)g~ 

:rte 

9/2+ 
1/2-
7/2+ 

(5/r) 

'512-.)/ri 
(7/r J5/r 
,)/r 

(7/tl' ,S/r) 

(5/2+ ,7/2+) 

(512+ .7/Z!' 
(5/r • 7/2 , 

(512+ ,7/2:' 
(S/Z: 17/2+' 
1~~f/2 ) 

(7/2+ .S/zt') 

(7/2+ .5/tl') 

. 

: 

b 
'".V) 
o. 
0.0(16 
0.)4 
0.6)1 
0.651 
0.67 
0.9~ 
0.9 
1.087 

1.178 
1.21) 
1.281 
1.332 

1.415 
1.4)5 
1.618 
1.6)6 

;r1ll 

)/2-
5/2-

, 
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TABLE 9 

Summa~y of Spectroscopie Properties of the Low-Lying 

States of 97Tc from the Present Work and Previous 

Measurements 



Pre_et Vork Bllq,et al. (1971) na et al. Phelpa et al. Cook et al. P100De et. al. 

9~o( 3xe,d) 97'.ro 96xo(d,D)97'.ro 
. (1970) (1971) (1970) (1972) ,. 

97Xo( p ,D) 97'.ro p-r j3-Î 97J1o(ptD t)97'.ro 

B: .t 11: CZs cZs B: .t J1r- CZs E2: J7C E2: J7f. E2: J" E2: J'" 
(lIeV) (lion.) (lIeV) (lfeV) (XeV) (XeV) (ReV) 

o. ~ 9/t" 0.691 0.626 o. 4 9/~ 0.415 o. o. 9/zt' o. 9/zt' 0.0 

I
9IT 0.096 1 11~ 0.471 0.426 0;097 1 112 0.Z31 0.101 0.0965 l/Z- 0.0964 112- 0.0965 1/2-

0.216 (4) (7/2 (0.051) (0.046) 0.213 0.21W 1/zt' 0.21~ (7/z+) 0.Z16 ('7/2 + 
0.3Z6 2 5/ 0.018 0.016 0.328 0.)2 9 5/z+ 0.)2 (5/z+) 0.324 (5/2+ 
0.516 1 3/2- 0.105 0.0~ 0.57 1 3/2: 0.056 0.515 3/2- 0.5142 (.)/2-) 0.514 (3/2 -

1/~ o.~ 0.2 1/2 0.138 
0.~5 3 5/2~ o. 0.0)6 

5/2+ 
0.662 5/Z- 0.6568Z (5/2-) (0.6567) - 0.657 (5/2)-

o. 3 2 51~+ o.OM o.on 0.71 2 0.011 0.185 0.18505 5/2+ 0.1851 C 5/2;1/2') 0.185 (512)· 
)/~ 0.1 0.1 

(1/2,5/2)~ 
0.807 

0.852 (2) (5/2 (0.008) (O.OOI) 0.854 0.85545 0.8554 (7/2-) (0.8))) 
(3/2 (0.016) (0.01 ) 

J/Z-
(0.850) 

(7/2,5/Z)+ '0.947 1 3/2 0.066 0.060 0.93 1 0.031 0.941 0.9465 (5/2,1/2~ 
0.855 1/2- 0.161 0.151 0.962 0.96979 0.9691 - 0.896 

1.053 1 312- 0.015 0.014 0.987 0.99469 3/2+ 0.9944 - 0.940 (J/Z,1/2)-
1.316 4 

1/~ 0.037 0.03) 
9/Z+ 

1.050 0.969 <5/2 Jl'2)+ 9/ z+ 0.075 0.068 1.32 {~ 0.031 1.1)4 0.994 (3/2 1/ 0.195 0.174 5/2+ 0~005 1.202 1.049 1.314 2 5/Z+ 0.016 0.01 1.234 1.127 J/z+ 0.031 0.028 1.268 1.141 1.537 0 1/zt' 0.016 0.014 1.~76 1.113 1.599 2 5/zt' 0.026 0.024 1. 01 1.200 
J/2! 0.054 0.049 

5/2,+ 0.019 
1.517 1.220 1.649 2 5/2+ 0.030 0.021 1.67 2 1.580 (1.240) 

3/2+ 0.059 0.053 1.277 
(9/2~512)+ 1.71Z 0 l.i2+ 0.0)9 0.035 1.311 

1.647 0 1/2+ 0.088 0.080 1.84 - 1.,80 1.951 2 512+ 0.013 0.066 1.94 1 31z- 0.061 (1. 10) 
3/2+ 0.1 2 0.129 1/2- 0.138 (1.51) 

2.013 2 5/2+ 0.019 0.017 1.523 
3/2+ 0.037 0.03) 1;580 

2.lU 2 5/2+ 0.012 0.011 
312+ 0.024 0.022 

2.151 0 112+ 0.018 0.016 
512+ 2.z64 0 1/Z+ 0.018 0.071 2.26 2 0.02' 

2.)07 2 512+ o.ou 0.02) 
312+ 0.0 0.043 2.48 

l/Z+ 2.653 0 112+ 0.121 0.110 2.64 0 0.050 
2.713 Z 512+ 0.025 0.023 2.13 

Jl2 0.049 0.043 
2.183 2 51z+ 0.016 0.015 

"Jl2+ 0.032 0.OZ9 
2.878 Z 5/2! . 0.028 0.025 2.89 

3/2+ 0.056 0.051 
2.908 2 512+ 0.024 0.022 

312+ 0.048 0.04) 
3.018 2 512+ 0.021 0.019 

31:'= O.~1 0.037 ,.060 Z 51tt' 0.032 O.O!' 3.05 Z 51zt' 0.009 
31 o.c~ 0.058 

3.14l 0 1/z+" 0.096 0.087 
3.21 0 112+ 0.039 0.035 
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TABLE 10 

Summary of Spectroscopie Properties of the Low-Lying 
States of 99Tc from the Present Work and Previous 
Measurements 



Present Work coor et )a1. Bond et a1.(1912) 
1969 

98Mo(3Be,d)99ro fJ--r 99ro(3SC1,35C1,~)99TO 

Ex t J'Tt C2S C2S Ex J" Ex J7C. 

(MeV) (»ora. ) (MeV) (MeV) 

O. 4 9/2 0. 542 0.668 o. 9/2+ O. 9/2 t" 

0.142 H4) (7/2' «0.0 6) «0.054) 0.14051 7/2 0.1404 1/2+ 
1/2~ 0.248 0.290 0.1426) 1/2-

5/2+ 0.181 2 5/2 0.006 0.007 0.18107 5/2T" 0.1817 
0.509 1 3/2~ 0.076 0.089 0.5091 3/2-
0.62.5 4 9/2... 0.051 0.067 0.5343 

0.672 
7/2 0.1~2 0.178 

~ .5/2~ 0.0 5 0.053 0.6715 5/2-
0.726) (7/2+.9/2+) 0.720 9/2..- 0.023 0.027 

0.762 
7/2-t 0.062 0.072 

0.7616 5/2: + 0.7618 (7/2+,9/2+) 2 .5/2 + 0.048· 0.OS6 
0.919 0 1/2 0.008 0.009 0.920S (3/2 ,1/2 ) 

S/2 of 
1.004 )/2-

1.020 2 0.007 0.008 
3/2+ 0.013 0.01.5 

.5/2-1.0729 

.1.145 
1.129) (1/2-,3/2-' 

"eak 1.142 )/2-
1.203 1 i~~: 0.005 0.006 1.199 (1/2-.)/2-) 

0.012 0.014 
1.)21 1 3/2- 0.010 0.012 

1/2- 0.026 0.030 
1.407 "eak 

S/2+ 1.43S 2 0.018 0.021 
3/2+ 0.033 0.039 

1.505 "eak.· 
1/2+ 1.560 0 0.071 0.08) 

1.679 2 5/2+ 0.017 0.020 
)/2'" 0.032 0.0)7 

1.760 2 S/2+ 0.011 0.013 
3/2"- 0.021 0.025 

1.80) 0 1/2·" 0.023 0.027 
1.825 2 S/2-t 0.055 0.064 

)/2+ 0.10S 0.12) 
1.911 2 5/2 t 0.011 0.01) 

)/2-t 0.021 0.0~ 
'.: 1·.982 2 5/2+ 0.0)8 0.0 

3/2+ 0.072 0.084 
2.000 2 5/2-t 0.026 0.0)0 

3/2+ 0.050 0.058 
2.064 "eak 
2.111 2 5/~ 0.047 O~'OSS 

)/2-1' 0.090 0.105 
2,160 2 5/2..- 0.019 0.023 

)/2..- 0.0)1 0.043 
2.176 0 1/2+ 0.022 0.026 
2.20) 2 5/2+ 0.019 0.022 

)/2+ 0.037 0.04) 
2.281 0 1/2 0.058 0.068 
2.)62 "eak' + 

0.010 0.012 2.)96 2 5/2+ 
3/2..- 0.020 0.02) 

2.414 2 5/2+ 0.011 O.Col) 
)/2+ 0.022 0.026 

2.466 0 1/2 ... 0.017 0.020 
2.486 0 1/2 0.026 0.0)0 
2.522 2 5/2"- 0.022 0.026 

3/2+ 0.042 0.0/.9 
2.581 2 5/2 .... 0.026 0.0)0 

)/2"- 0.050 0.058 
2.611 "eak 

1/2+ 0.024 2.653 0 0.028 
2.675 0 1/2 .... O.Oil 0.01) 
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TABLE 11 

Summary of Spectroscopie Properties of the Low-Lying 

States of 101Tc from the Present Work and Previous 

Measurement 



Present Work Cook (j\l1d Johns ( 1972) 

100Mo(3ae,d)101To f3-r 

Ex 1, J7t C2S c 2s Ex' J7t 
(MeV) (Norm. ) (MeV) 

O. 4 9/2+ 0.860 0.553 O. 9/2+ 
0.009317 7/2+ 

1/2- 0.637 0.410 
0.015601 5/2+ 

0.207 1 0.207,3 1/2 -
0.288 1 3/2- 0.195 0.126 0.288 5 3/2-(1/2-) 

0.394 
1/2- 0.471 0.308 

5/2-3 5/2- O •• 38 0.089 0.394~·0 

5/2T 0.047 
0.50045 (1/2; 3/2; 5/2:1::) 

0.515 2 0.073 0.51519 (5/2t 7/2i") 
3/2+ 0.183 0.118 

(5/2+ 7/21 0.53355 
0.60641 (1/2t 3/2 ) 
0.61620 (1/2, 3/2-

0.620 1 3/2: 0.011 0.007 0.62215 h/2; 3/2,- 5/2-) 
1/2 0.026 0.017 

0.670 j 5/2- 0.118 0,076 0.66945 (5/2~ 
0.71112 3/2, 

(2,4)(5/2): (0,030) 
0.74222 (5/2 -.l 

0.890 (0.019) 0.88665 (5/2f 7/2 +) 
(3/2)+ (0.057) ( 0.037) 1.02559 (1/2 t 3/2:J:) 
(9/2) ... (0.127) ( 0.081.) 
(7/2) (0 .33a) (0.214-) 

3/2+ 1.045 1 3/2 - 0.01 0.009 1.0219 
1/2 - 0.034 0.02C!. 1.1035 (1/2;- 3/2; 5/2 -) 

1.1415 (1/2; 3/2; 5/2-) 
1.18804 (1/2; 3/2-: 5/2.-) 

1.197 1 3/2- O.03~ 0.023 1.1973 (1/2; 3/2; 5/2-) 
1/2- 0.08 0.05t 

(1/2; )/2; 5/2-) 1.280 2 5/2+ 0.022 0.01 1.231) 
3/2"- 0.042 0.027 

(1/2: 3/2+) 1.319 2 5/2+ 0.021 0.014 1.31946 
3/2 + 0.041 0.026 

(1/2 -+- 3/2±) 1.429 2 5/2'" 0.104 0.067 1.449 
3/2+ 0.20) 0.131 1,56409 (1/2;' 3/2%) 

1.490 2 5/2+ 0.068 0.044- 1.59 39 (1/2i 3/2+) 
3/2+ 0.132 0.085 1.59894 1512 , 7/21 

1.578 2 5/2+ 0.087 ' 0.056 1.61466 1/2t 3/2'" 
3/2 + 0.167 0,107 1.6778 1/2: 3/2:J: ) 

1.608 0 1/2+ 0.083 0.O5~ 1.7753 (1/2: )/2 +) 
1.70) 2 5/2 + 0.092 0.059 

3/2 + 0.179 0.11S 



TABLE 12 

Occupation Probabi1ity of Proton Orbita1s Be10w the 

Z :::a 50 She11 C10sure 

) . 2 
The experimenta1 ( He,d) data for the ca1cu1ation of U 

were taken from the present work, except those for 92
Mo 

which were taken from Picard and Bassani (1969). The 

(d,)He) data for the ca1cu1ation of V2 were taken from 

Ohnuma and Yntema (1968). 



================================================================== 

NUCLEUS SUBSHELL 2 
U i.j ~j U2 + V2 

(3He ,d) (d,3He) 

================================================================== 

MO-92 199/ 2 0.67 0.27 0.94 

2P1/2 0·30 0.70 1.00 

2P3/ 2 0.10 0.85 0.95 

1f5/2 0.82 0.82 

Mo-94 199/ 2 0.68 0.29 0.97 

2P1/2 0.27 0.80 1.07 

2P3/2 0.14 0.78 0.92 

1f5/2 O • .58 0 • .58 

MO-96 199/ 2 0.63 0.29 0.92 

2~1/2 0.43 0.80 1.23 

2P3/2 0.17 1.05 1.22 

1f5/2 0.04 0.35 0.39 

MO-98 199/ 2 0.67 0.22 0.89 

2P1/2 0.29 0·55 0.84 

2P3/2 0.11 0.63 0.74 

1f5/2 0.05 0.42 0.47 

Mo-100 199/ 2 0·55 

2Pl/2 0.41 

2P3/2 0.16 

1f5/2 0.16 

=================================================================== 
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TABLE 13 

Coefficients of the Ground state Proton Wave,Function 

of 92,94,96,98,lOOMo deduced from (3He ,d) Reactions 

Values deduced from equations (3.4-21) and (3.4-22). 



====================================================== 

Mo 
====================================================== 

92 0.48 0·31 0.21 

9~. 0.44 0.27 0.29 

96 0.16 0.43 0.34 0.07 

98 0.34 0.29 0.21 0.16 

100a ) O. 0·33 0.27 0.40 

======================================================= 

a} Coefficients norma1ized by . ~ C~; 1. 
i=2 



TABLE 14 

Quasi-Partic1e Energies of 93,95,97,99,101Tc deduced 

from (3He ,d) Reactions 



=================================================================== 

NUCLEUS SUBSHELL Ë(.t,j) 
(exp.) 

Ë(.t,j) 
(theor. ) 

=================================================================== 

Tc-9) 199/ 2 O. O. 

2P1/2 0.)9 0.56 

2p)/2 1.61 1.60 

1f5/2 2.16 

Tc-95 199/ 2 o. O. 

2P1/2 . 0.04 0.47 

2P)/2 1.10 1.47 

If5/2 2.0S 

Tc-97 199/ 2 · O. O. 

2P1/2 0.10 0.45 

2p)/2 . 0.7S 1.42 

1f5/2. 0.66 2.01 

Tc-99 199/ 2 O. O. 

2P1/ 2 0.14 0.)7 

2P)/2 0.64 1.)1 

1fS/2 0.67 1.90 

Tc-lOI 199/ 2 O. O. 

2P1/2 0.21 0.00 

2p)/2 0.47 1.2) 

1fS/2 0.51 1.82 
------------------------------------------------------------------------------------------------------------------------



FIGURE 19 

Distribution of Transition strengths as a Function of 

Excitation Energy for Transitions with 

in Mo(3He ,d)Tc Reactions 

L = 1 Transfer 

The circ1e indicates the position of the center of 

gravit y energy of the 2P3/2 orbita 
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FIGURE 20 

Distribution of ~= 2 Tra~sition Strengths as a 
( 

Function of Excitation Energy from Proton Stripping 

Reactions on Mo Isotopes 

See text for details. 
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FIGURE 21 

Distributions of ~= 0 Transition Strengths as a 

Function of Excitation Energy from Proton Stripping 

Reactions on Mo Isotopes 

See text for detai1s. 
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CHAPTER IV 

THE (d,p) REACTIONS IN Br-79 AND 81 

4.1 Experimental Procedure and Data Reduction 

Measurements of the reactions 79,81Br(d,p) 

80,82Br were performed uSing the 12 MeV deuteron beam from 

the EN tandem Van de Graaff acce1erator at the University 

of Montreal. The preparation of the isotopica11y 

enriched Br targets and the experimenta1 techniques and 

apparatus for these measurements have been described in 

Chapter II. The experimenta1 procedures fo11owed were 

genera11y a10ng the same 1ines as those a1ready described 

in the preceding chapter for the 94,96 ,100Mo (JHe,d) 

95,97,101Tc reactions. Two detector te1escopes separated 

by 100 were used; the solid angle of the te1escope 

positioned at sma11er scattering angle was chosen to be 

0.156 m sr. subtended at the center of the bromine target, 

wh11e the solid angle of the other one at a 1arger scat

tering angle was chosen to be 0.324 m sr. The angu1ar 

acceptance of each detection system was sufficiently sma11 

to minimize the kinematic broadening in the proton peaks 

arising from induced reactions in the lighter e1ements, Na 

and C, in the targets 0 As already descri bed in section 2 .,? , 

the /J.E and E detectors used for this experiment were silicon 

detectors of thickness 2001" m and 2000 fk m, respecti vely. 
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The method used for incident particle beam allgnment, 

detector and electronics systems alignments and cali-

bration, and beam current monitoring were similar to 

those described in section 3.2. 

The charged particle identifiers were 'tuned' to 

provide an optimum separation for protons. However, 

because of the difference in the incident beam energy 

and the reaction Q-values for the present experiments as 

compared to those for the (3He,d) reacti~n experiments, 

the energy-vo1tage relation at the charged-particle 

identifier inputs were adjusted to about 20 MeV = 10 

volts. Apart from using the calibrated pulser for energy 

calibration, the energies of the proton groups in the 

spectrum were determined by using the known energies 
. 23 

of the proton peaks from the (d,p) reactions in Na and 

12C (Schiffer ~~. 19671 Maples ~ ~. 1966 and 

Daum 1963). 

Proton spectra from the reactions were measured 

over an angu1ar range from about 100 to 900 , and angular 

distributions for the various proton groups were 

evaluated according to equation (3.2-1). As in the 

ana1ysis of the (3He ,d) reaction, for closely spaced 

proton peaks in the spectra, a computer program, called 

GFITT (Zurstadt 1968), which performs Gaussian curve 

fitting, was used to effect their separation. 

The target thickness measurements for the 79Br 



-141-

and 81Br targets were made by means of 'on-1ine' 

deuteron e1astic scattering techniques. The energy of 

the deuteron beam from the tandem was reduced to 4 MeV, 

which is just be10w the deuteron Coulomb barrier 

heights of the bromine nuc1ei (about 4.5 MeV, for a 

nuc1ear radius parameter Ro = 1.2 fm). The forward angle 

elastic scattering events were, therefore, the resu1ts of 

Coulomb scatterings. The product of target thickness and 

solid angle of each detector te1escope was thus obtained 

by comparing the experimenta1 e1astic scattering dif-

ferentia1 cross section, measured at four scattering 

angles from 25 to 40 degrees, with the ca1cu1ated 

Rutherford scattering cross sections (Marion and Young 

1968). The target thicknesses thus obta1ned, using the 

measured 'a so11d angle values, were 90 JI; g/ cm2, and 82 

~ g/cm2 for the 79Br and 8~r targets, respective1y. 

As discussed in section 3.2 of the preceeding 

chapters, there were two types of errors invo1ved in the 

differeritia1 cross section measurements: those of a 

systematic nature and those of a random nature. The 

systematic errors arise primari1y from the uncertainty in 

the target thickness and solid angle measurements and 

the accuracy of the beam current monitoring dev1ce. In 

the measurement of e1astic scattering of 4 MeV deuterons, 

it was the product, (ptHAll), of target thickness and 

solid angle wh1ch had been eva1uated. It 18 be1ieved 
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that the quantity pt~12was measured to better than ± 8% 

accuracy for both targets. The current monitoring 

system 1s believed to be calibrated to better than,± 4%. 

This gives a total systematic error of ± 12%. The random' 

errors arose mainly from the statistical fluctuation in 

the number of events in the peaks, the uncertainties in 

the peak area evaluation, back ground subtraction and 

electronics deadtime corrections. These various random 

errors will be added quadratically to obtain a total 

relative error to be given together with the results. 

4.2 Experimental Results 

Fourteen p~oton spectra were accumulated at 

scattering angles ranging from 100 to 900 for the 

79Br(d,p)80Br reaction and nineteen spectra from 12.50 

to 950 for the 8~r(d,p)82Br reaction. Proton groups 

from the bromine nuclei were distinguished from those 

originating in the Na and C nuclei by means of their 

kinemat1c shifts at different angles. Figures 22 and 

23 show the proton spectra of the 79Br(d,p)80Br reaction 

at a scattering angle of 150 , and of the 8~r~d,p)82Bl' 

reaction at 50°. The energy resolution for this exper

iment was about 40 keV at FWHM. During the measurements 

of the 81Br(d,p)82Br reaction, a maximum beam current of 

500 na was available from the tandem, therefore, each 
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spectrum for this reaction was accumulated for a total 

incident charge of about 2000 ~c to yield sufficiently 

good statistics. But in the runs for the, ?9Br(d,p)80Br 

reaction, only 30 na beam current was available from 

the tandem because the ion source was not working , 

properly, consequently, each spectrum for this reaction 

was collected for about 500 ~c of incident charge, 

giving relatively poor statistics. 

Proton groups corresponding to thirty-two 

levels of 80Br lYing below an excitation energy of 2.0 MeV, 
82 and twenty-one levels of Br lying below 2.2 MeV of 

excitation energy have been iden~ified and analysed. 

Above these excitation energies, strong proton groups 

from the carbon and sodium contaminants in the targets 

rendered the identification and data extraction of 

proton groups from the two bromine isotopes impossibly 

difficul t. Also, '\'leak proton groups from the bromine 

nuclei above 1 MeV excitation energy could have escaped 

observation because they may have been obscured by the 

contaminant proton groups in the forward angles and may 

have been too weak to be identified at the larger angles. 

It is evident from figures 22 and 23 that the proton 

groups from 23Na are much stronger than those from the 

bromine nuclei. 

The excitation energies for the various levels 

of 8~r and 82Br and their excitation differential cross 
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sections in the 1aboratory system are tabu1ated in table 

1-5 an~ 1.6 respecti vely. The uncertainties in the level 

energy determination and the total relati'V"e error in each 

ftifferential cross section measurement are also given in 

these tables. The uncertainties associated with the 

excitation energies arise from the peak position deter

mination and energy calibration. The relative errors 

associated with the differential cross sections are those 

from peak· extraction in each spectrum as discussed in 

the preceding s~ssion. The entry format adopted for these 

two tables is the same as that used for table 2. Graphs 

displaying the angular distributions for the various 

1evels in 80Br and 82Br will he sh~wn together with the 

resu1ts of the theoretical analysis in the next section. 

As can'be seen from figures 22 and 23 and tables 

15. and 16 the present measurements provide a set of 

reasonab1y good qua11ty data for transitions leading to 
.; 80 82 the low-lying states (~ 1 MeV) in Br and Br. 

However, because of the relatively high level density in 

these nuclei, much better energy reso1ution is required 

for the study of levels lying ubove 1 MeV excitation 

energy by means of (d,p) reaction. Ideally, the targets 

should also be free from contam1nants which might 

interfere with the measurements. 

The Q-values for the (d,p) react10ns in 79Br 

and 81Br have been detel'mined to be .5. 6L~ ± 0 0 02 MeV and 
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'/1., 

5.40 ± 0.02 MeV, respective1y. These values are in good 

agreement with the 5.6544 ± 0.0046 11eVand 5.3719 ± 
0.0071 MeV given by Map1es et al. (1966) and the 5.658 ± 

,0.004 MeV and 5.376 + 0.008 MeV given by Wapstra and 

Gove (1971). 

4.3 DWBA Analysis 

The (d,p) reaction be10ngs to the same c1ass of 

nuc1ear reactions, ca11ed the sing1e-nuc1eon transfer 

reaction, as the (3Re ,d) reaction; a neutron instead of a 

proton 1s transferred from'the incident projectile to 

the target nucleus. Historica11y, the (d,p) reactton 

was the first kind of nucleon-transfer reaction to be 

. studied, thoroughly, experimentally and theoretically. As 

early as two decades aga Burrow ~ al. (1950) and Rott 

et al. (1950) observed that in such reactions with an 

incident energy above a few MeV, the outgoing protons 

exhibited a pronounced d1ffractive pattern in their 

angular distributions which were general1y peaked in the 

fo~~ard direction o These observations led Butler {195Q,1951} 

to th~ interpretation of this reaction in terms of 

single-step processes in which the neutron in the incident 

projectile is captured by the'target nucleus into one of 

its vacant orbitaIs without forming any intermediate 

state between the incident and outgoing react10n channels. 
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This concept of nuc1ear reactions was subsequent1y evo1ved 

into a general theory of direct reactions with nuc1eon(s)-

transfer reactions forming a subclas~ (TôlJ6cman 191il, 

Austern 1963). 

The distorted wave Born approximation (DWBA) 

of the direct reaction theory for nucleon(s)-transfer 

reactions, as noted in the preceding chapter, will not 

be repeated here. In terms of physics, the nuclear 

spectroscopie information that is obtainab1e from a 

(d,p) reaction \s simi1ar to that from a (3He ,d) 

reaction; the former stud.ies the neutron single-partic1e 

states in the target nucleus whereas the latter probes 

the proton single-particle states. 

Apart from the structural differenc.es. in the 

incident and outgoing projectiles the DWBA formalism for 

the (d,p) reaction should have very similar appearanc~ to 

that g1ven in section 3.4 of Chapter III for the (3He ,d) 

reaction. Fo1low1ng the forma1ism g1ven by Glendenning 

(1963), the differential cross section for the A{d~p)B 

- reaction.may be written as, 
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(4.3-4) 

~ and ~~ are initial and final nuclear 
~~. :; ~ 

state wavefunctions characterized by total spin 

Ji' J f and the isospin Ti' Tf' ~ is the 
.c;.~ 

orbital part of the sp1n-orbit wave function ~~ 
1 

of the captured neutron in the potential field 
toi-> (-J 

of the target nucleus, ~ d and ~ p are the 

distorted l'laVeS of the incident and outgoing 
~ ~ 

particles with momenta ~ and ~p and with 

coordinates relative to the C.M. of the target 

nucleus and to that of the final nucleus, ~d is 

the internal wave function of the deuteron, Vnp 

is the n-p interaction in the process, S(~j) 

is the spectroscopie factor as defined in 

section 3.4 and gives the s'trength for the 

stripping of a neutron into the orbit ~,j of the 

target nucleus. 

As in the case of the (3He ,d) reaction, to 

evalu.ate the angular distribu:tion it is necessary to 

compute the transition amplitude ~~explicitly. This 

requires a detailed knol'Tledge of the incoming and outgoing 

distorted waves, and the bound state wave function of the 
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captured neutron, the 1nternal wave funct10n of the 

deuteron and the n-p 1nteract1on. In th1s calculat10n 

the deuteron :tnternal wave function s6d 't'Tas taken to be 
, 

the Hulthen funct1on, as usually the case (Glendenn1ng, 

1963), and the n-p 1nteract1on Vnp was assumed to be a 

zero-range 1nteract1ons 

-oIr -(Jt-
rA e -e 
'f';.j. ( /*) = k ,. (4.3-5) 

(4.3-6) 

where K = le.O<(3Crlt& , (J"'1Q( and G(.a 0.2317 fm-le The square of 
flÇ (ri1)'" ..,. .. 4 2 

the 1ntegral f ~,('P)~~dt; has a value ~ 1.5 x 10 fm 

MeV3 (Bassel et al. 1962)wh1ch 1s equ1valent to the 
2 quant1ty Do 1ntroduced 1n the equat10n (3.4-5) of the 

preced1ng chapter. 

The deuteron and proton channel d1storted waves 

were obta1ned by 1terat1ng the Schrod1nger equat10n 

glven as equat10n (3.4-10) 1n the preced1ng chapter 

w1th the opt1cal potent1als hav1ng the same form as 

that glven by equat10n (3.4-12). Aga1n, no spln-orbit 

potent1al was used for e1ther the deuteron or the proton 

channel as 1t has been shown that this potent1al affects 

the angular dlstrlbution ln the forward hemlsphere only 

sllghtly for (d,p) reactlons ln the energy range.of the 

present experlments. The optlcal parameters were llsted ln 
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table 17. Two sets of parameters were used: one 1'li th a 

volume absorption imaginary potentia1, ca11ed set l, 

and the other with a surface absorption imaginary 

potentia1, ca11ed set II, for both the deuteron and 

proton potentia1s. Set l was taken from Morton ~ al. 
84 86 (1971) who ,use the seme potentia1 to study the 'Sr 

(d,p)85 ,87sr reactions at 12 ~leV and set II,was origina11y 

taken from Forster·~ al. (1967) in their study of the 

90Zr (d,p)91Zr reaction at 12 MeV. In both parameter sets, 

the Coulomb potentia1 radius parameter was assumed to be 

equa1 to that of the rea1 potentia1. 

The bound state neutron wave function was 

obtained by computing ~he Schrodinger equation given in 

equation (3.4-14) with a potentia1 simi1ar in form to 

'that given by equation (3.4-15), except that the spin

orb1t term was def1ned s11ght1y d1fferent1y as fo11ows: 

(4.3-7) 

The sp1n-orb1t geometr1ca1 parameters, rso and a so ' 

were assumed to be the same as those, rr and a r , of the 

rea1 central neutron potent1a1. The values for rr' a r and 

V so 1'rere taken from the work of Scharp,ey -Schàfer (1968) , 

and the potent1a1 depth Vo was adjusted to give the 

transferred neutron a b1nd1ng energy of Q(d,p)+ 2.23 MeV 

li • .11 If. : 'fI 
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(conventional separation energy method). AlI neutron 

potential parameters are also given in table • 

The spectroscopie factor S(~,j) contains the 

nuclear structure information of the initial and final 

states. As in the case of the (3He ,d) reaction, it is 

convenient to extract an experimental value for S(~,j) 

by computing aIl the other quantit1es in equation (4.3~1) 

and then normalizing the calculated value to the 

experimental differential cross section (J~~) • , /dJ~ 'exp 

Therefore, equation (4.3-1) May be written 

(4.3-8) 

The computer pro gram used to calculate the quantity Gr
AW8A 

(J,,"),was written by Smith (1967) specifically for the 

analysis of (d,p) reaction. Since MOSt of the final 

states in both 80Br and 82Br have unknown spins J f , it 

was more convenient to extract experimental values for 

the quanti ty, 2-?ft' 1 • c2• s( L j), called the transition 
2.7,.:+ 1 

strength. Since Ti = Tzi ' the isospin Clebsh-Gordan 

coefficient squared, is unit y, i.e. C2 = l, for 

neutron stripping reaction. Thus, in aIl SUbsequent 

discussion on the transition strength the C2 is dropped 

from the expression. 

Figure 24 shows the predicted angular distri

butions from the DWBA calculations for different orbital 
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angu1ar momentum, .,e -transfer values, of the transferred 

neutron using the optica1 potential parameter set I. 

The positions of the first maxima of these angular 

distribution patterns differ by approximately 100 as the 

transferred angu1ar momentum values changed by one. This· 

is an important feature to be used in the identification 

of different ~-values for the various observed angu1ar 

distributions. Both potentia1s defined by parameter set l 

and set II gave similar angu1ar distributions, except 

in the region of smal1 scattering angles (S 150 ). 

However, the abso1ute differential cross section, 

predicted by the two potentials and thus the deduced 

spectroscopie strength, may differ by as much as 20%. 

The angular distributions of the various observed 

proton groups t~gether with the results of their DWBA 

analysis are presented in fig. 25 and 26 for the 

reactions 79Br(d,p)80Br and 81Br(d,p}82Br , respectively. 

Both sets of potential parameters gave good fits to the 

experimental angu1ar distributions. The solid curves in 

the figures refer to the set l parameters and the dashed 

curves refer to the set II parameters o The deduced 

(J7& ) 
spectroscopie information and the spin. parity 

ass:tgnments from the DWBA analysis are listed in table 18 

and 19 for the two reactions studied. 

As can be seen from figures 25 and 26 , the 

angular distributions for states with excitation energies 
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below l MeV in both nuclei have a unique fitting with 

respect to the ~-transfer values in the DWBA predictions; 

four. states in 80Br and five states in 82Br have been 

identified to be the result of an ~=4 transfer, and eight 

levels in 80Br and three levels in 82Br have been 

identified to be due to an ~ = 1 transfer. Only the 

distributions corresponding to the 314 keV and 547 keV 

states in 80Br and the 377 keV state in 82Br have been 

fi tted wi th combined DWBA prediptions of an .1= 1 and -t = 4 

transfer. It is likely that the proton groups corresponding 

to these excitation energies contained contributions from 

more than one state. As will be seen later, more than one 

state at these·energies in the ~wo nuclei have been 

observed. This could very weIl explain the multiple 

~-value fittings ta the distributions of these proton 

groups. 

As shown in tables 15 and 16, most of the proton 

groups corresponding to excitation energy higher than 1 MeV 

in both 80Br and 82Br were obscured by the strong proton 

peaks from the Na contaminant, particularly in the small 

scattering angles region where the~-valu~ identification 

is very crucial in the DWBA analysis. In addition, the 

high level density in these odd-odd bromine isotopes made 

the peak extraction from the present results difficult and 

highly uncertain. As a result, only the 1.201 MeV and 

1.748 f1eV states in 80Br and the 1.650 MeV and 1.807 MeV 
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82 
states in Br have been analysed and their angular 

distributions have been fitted with~= 2 patterns. 

As listed in tables 18 and 19 , there are other 

states in 80Br and 82Br which have been observed in the 

two reactions but have not been analysed or have been only 

partially analysed ~or reasons of weakness in transition 

strength and/or interferences from the Na contaminant in 

the targets. The partially analysed transitions have 

each been assigned a tentative most probable ~-value, 

based on the position of the'maximum differential cross 

section in its angular distribution. AlI tentative 

values are shown in parentheses in the tables. 

Because of the use of a spin-orbit potential for 

the bound state neu;ron wave function, it is necessa!y to 

know the total angular momentum j of the orbital into 

which the neutron is being captured. Therefore, in the 

above analyses, the following assumptions have been made: 

for angular distributions with an~=4 transfer, the neutron 

orbit used was 199/2 and for~=3 and 2 transfer, the 

neutron orbit used were IfS/2 and 2d5/2' respectively. 

For 1=1 transfers, the states at 0, 266 and 314 keV in 

80Br and at 78 and 377 keV in 82Br were assumed to be of 

the 2Pl/2 type, and the other states were taken to be 

formed from the 2P3/2 orbite The reasons for these 

assumptions will be given in the next section. 
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It is interesting to note that most of the 

angu~ar distributions corresponding to states below 1 MeV 

in both nuclei exhibited either an.t~ 1 or ant=~pattern. 

This can be understood easily in terms of the simple 

shell model. The 79Br and 81Br with their 44 and 46 

neutrons have six holes and four holes in the shells 

immedia tely below the N = 50 closed shell. In a (d, p) 

reaction, when the neutron ls c~ptured into one of these 

holes it will generate a series of low-lying states in 

the residual nucleus. Therefore it is expected that the 

'low-lying states of 80Br and 82Br are the results of the 

coupling of a 199!2 or a 2Pl!2 n,eutron wi th a 2P3!2 

proton. The information obtained from this analysis will 

be discussed in relatlon to the structure of the states 

in the Br isotopes involved in the following section. 

4.4 Discussion 

(i) The 79Br(d,p)80Reaction: 

The results of the DWBA analysis of the angular 

distributions of this reaction have been presented in 

table 18 ; the last four éolumns in the table summarized 

the orbital angular momentum transfer, the transition 

strengths obtained with two different sets of optical 
n 

potential parameters and the deduced most probable J 
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values. The 79Br nucleus has 35 protons and 44 neutrons. 

The sp1n-par1ty of 1ts ground state 1s 3/2-, wh1ch was 

determ1ned from atom1c beam and magnet1c moment measure-

ments (Artna 1966), 1nd1cat1ng that th1s 1s aar(2P3/2) 

state ( 7t = proton, V = neutron). Assum1ng that the· 

ground state of th1s target nucleus has six neutron holes 

in the N = 50 major closed shell and the valence neutrons 

(N >28) occupy primar1ly the orb1tals lying in the 

reg10n N = 28-50. The set of low-ly1ng states populated 

by an.,t= 4 transfer in the (d,p) reaction can be attributed 

to the results of the coupling'of a 2PJ/2 proton to a 

199/2 neutron. This.coupl1ng yields a multiplet of four 

-n; 
states with J - 3.-,4-,5- and 6-. The 84 keV metastable 

state 1~ 80Br is known to be 5- (Artna 1966) and is 

presumably the 5- member of th1s multiplet. The other 

members of this multiplet may be tentatively identified 

from the present results as the states lying at 368 keV 

(6)-, 314 keV (4)-, and 547 keV (3)- by virtue of the 

(2J+l) dependence of their d1fferential cross sections. 

Although some dev1ations from the 2J+l dependence are 

observed, these may be attributed to configuration 

mixing. Configurations such as [V{d5/ 2 ) x 79Brg •S .]3:4-
and coupling of a neutron to the low-lying exc1ted 

states of 79Br might be admixed w1th the configuration 

r y( g9/2) x 79Br g. s J . These states presumably 

~ 3-,4-,5-,6-
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ar1se from the coup11ng of a 2Pl!2 or a 2P3
!2 neutron 

w1th a 2P3!2 proton. From the f1ll1ng sequence of the shell 

model orb1tals as observed 1n ne1ghbour1ng nucle1, the 

2Pl!2 neutron orb1t is expected to be lowest. Thus the 

three low-ly1ng states (the ground state, 266 keVand 

314 keV states) wou1d be expected to be assoc1ated w1th 

the coup11ng of the 2Pl!2 neutrons wh1le other states of 

~~ 1 transfer would be associated w1th the coup11ng of a 

2P3!2 neutron. As stated 1n the preced1ng sect10n the 

spectroscop1c strengths shown 1n table 18 were calculated 

accord1ng to these j-transfer values. The states 

resulting from the configurations of [~(2Pl/2)X 79Brg<.s.] 

and [r(2P3!2)X 79Brg •s .] w1ll carry a range of J~= 
+ + (1,2) and (0,1,2,3) , respect1vely, except the ground 

+ state, wh1ch 1s known to be 1 • 

The total neutron trans1t1on strength of each 

orb1t (~,j) 1n the target nucleus, observed 1n the (d,p) 

react1on, g1ves 1nformat1on about its unoccupation 

probab1l1ty (fract1onal empt1ness) ~~. Th1s 1s g1ven by 

the sum rule (Sch1ffer 1968), that 

and the average number of neutron holes in a g1ven 

orbital~j in the target 1s g1ven by 

4.4-1 
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4.4-2 

A sum rule analysis for some N = 44nucle1 is shown in 

table 20. The average number of neutron holes in 199/2 

and 2Pl/2 orbits obtained from the ,present results are 

compared with those from the reaction of 7Bse{d,p)79se 

(Lin 1965). It is seen that a reasonab1e agreement is 

obtained. The values obtained from the optical potential 

parameter set l seern to give a better agreement than those 

from set II. 

Transitions to the high~r-lying states in BOBr 

may be ascribed to the stripping of a neutron into the 

N = 50-82 shells as well as in the N = 28-50 shells. 

In these states strong admixture of the various config

urations resulting from the coupling these available 

neutron orbitals to the ground state or to the low-lying 

states of 79Br can be expected. Two angular distributions 

have been fi tted to the patterns of an L= 2 transfer in 

figure 25. Consequently, the states associated with 

these distributions most probably contain a fragmented 

2d5/2 neutron state. 

The results of the present work together with 

those obtained in (p,n) re.act1on studies (Finckh et al. 

1970) and from the gamma decay studies (Artna 19~6) are 
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shown in table 21. The measurements of the (p,n) 

reaction obtained at incident proton energy about 4 MeV, 

is predominated by compound nucleus reaction. This 

reaction has produced many more loy-lying states and ,some, 

of them overlap with the results of the present more 

selective direct reaction measureménts. The 37 keV state 

of spin parity 2-, observed in both gamma decay and (p,n) 

reaction studies, is not observed in the present (d,p) 

reaction. This observation is consistent with the 

assumption that the neutron component of the wave function 

for this state is a seniority three configuration of 

V(lg9/2)5. This is deduced from 'the fact that the N = 45 

isotones, the ground states of both the Kr-81 and 8e-79, 
,7(; + 

have J ;:: 7/2 ,which is unexpected from simple shell 

model considerations. Moreover, in the work of Lin (Lin 
------

1965), the ground state of 798e was not populated in the 

788e(d,p)79Se reaction and he attributed a configuration 
5 -r 

of~(lg9/2)7/2 to this state. Similarly, the 7/2 state 
85 

at 0.231 MeV excl'tation in Sr was not populated in the 

84Sr(d,p)85sr reaction (r~orton et al. 1971), and the 7/2+ 
81 state at 0.10) MeV excitation in Se was on1y weakly 

excited byi=4 transfer in the 80Se(d,p)81se reaction 

(Lin 1966). On the basis of the above observations, 

that the seniority three states occur at relative low 

energy, it is, therefore, likely that the 10l'1-lying 2-

state in 80Br is a result of the coupling of the 2P3
/2 
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proton to the Y(lg9/2)5 7/2 state. Although the remaining 

members of the [7lt( 2P3/2) x Y.(lg9/2)~/2J J multiplet of 

n 
J = .5-,4-,3- are not identified from the results shown in 

table 21. Sorne of the states observed in the (p,n) 

reaction but not in the (d,p) reaction may belong to this 

-
multiplet. It should be noted that the low-ly1ng 5 state 

at 85 keV observed in the (d,p) reaction is not associated 

with this multipl~t for the reasons given above. Further

more, this 5- state was not obs~rved in 80Se(d,p)81Br 

reaction. This might be due to the hinderance on high 

~-partial waves in the formation of this compount 

. nuclear reaction (Finch ~ al. 1970). 

(ii) The 81Br(d,p)82Br Reaction 

As tabulated in table 19, the results of the 

DWBA analysis of the angular distributions of the proton 

groups in this reaction reveal that, of the states 

populated in 82Br , five of them are populated by .t== 4 

transfer and three by,t::;. 1 transfer transitions. The 

target, 81Br has 35 protons and 46 neutrons. Based 

on the same arguments used in 79Br , the low-lying states 

in 82Br associated with~=4 transfer transitions may 

. arise from the coupling of 2P3
/2 proton to 199/2 

neutron. However, only a multiplet of four states can be 

generated by th1 s conf 19ura tion & ( 2P3/2) x V ( ]g 9/2 ~ 
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J =)- ,4- ,5- ,6-. Consequent1y, a slight fragmentation has 

oooured. A sum ru1e ana1ysis shows that the avai1ab1e 

strength for transitions to these states is equiva1ent to 

that pf other N= 46 nuolei (Morton et al. 1971, Lin 1965, -- . 
Beroaw and Warner 1970). The resu1ts of this ana1ysis 

are 1isted in table 22. 

The two low~lying leve1s, 78 keV and )77 keV, 

popu1ated by~. l transfers are probab1y assoolated with 

the oonfiguration (;( 2p)/2) x)l"( 2P1/2 il . This is sup

ported by the resu1ts of the sum rule ana1ysis (table 22). 

The other states in 82Br popu1ated viaL= 1 transitions 

are most like1y the resu1ts of coup1ing of a 2p)/2 proton 

-to the 2p)/2 transferred neutron. 

Fina11y as in the oase in 80Br , the two states 

1ying above 1 MeV p~pu1ated by~=2 transitions probab1y 

be10ng to a 2d5/ 2 neutron oonfiguration. 
82 

Except for the ground state of Br, whioh is 

obvious1y known to be a 5- state (Artna 1966), no 
'TC definite J assignments for most of the observed states 

oan be made. It is possible to deduce a range of most 

probable J 7t. for these states and i t has been summarized 

in table 19. The range of J 7t; arising from the various 
~ + 

configurations are gi ven be1ow: J =' (1,2) for the 

oonfiguration of [7t(2P)/2) X Y(2 Pl / 2 il ' (0,1,2,)+ 

for the oonfiguration [7&(2P)/2) XV'O.g9/2)] and (1,2,),4)-



( , 

-161-

for the configuration [1&( 2P3
/ 2) x li'< 2dS/ 2)] • 

A comparison of the available information 

concerning the level structure of 82Br is presented in 

table 23, which contains the results from the (p,n) 

reaction {Finckh et al. 1970~, the present (d,p) reaction 

and the gamma d.ecay studies (Artna 1966). In contrast 

to the resu1ts observed for 80Br , the density of leve1s 

in B2Br popu1ated by the (d,pl reaction ls lower, and the 

data de~uced from the (d,p) reaction over1ap with those 

from the (p,n) reaction to a greater degree. 

The (p,n) reaction does not populate the ground 

7C -sta te, 't,~hich has a J ::::r 5 , most probably because of high 

spin value. A broad neutron group corresponding to 70 

keV excitation energy has been observed in the (p,n) 

reaction. This group probably contains contribut1ons 

from trans1tions to the 2- exc1ted state at 46 keV as 

weIl as to another level et 78 keV observed in the 

present work. Since the low-lying 2- state 1s not 

populated 1n the present (d,p) reaction, it has probably 

the same or1gin as the 2- state at 37 keV 1n BOBr and, 

therefore, it may be ass1gned a conf1guration of 

[ 1&' ( 2P3!2) x y( 199!2) 772] 2-' 

(iii) Systemat1csi 

Figure 27 shows the fractional emptiness (~1) of 
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79 81 . 
the 199/ 2 neutron orbit in Br and Br (from the 

present measurements) as well as in the neighboring 

. nuc1ei (obtained from neutron stripping or pick-up 

measurements). See the figure captiQn-for references. In 

the preparation of this figure, the following procedure 

has been adopted. The valence neutrons (N > 28) in each 

case were assumed to occupy the orbitals 2p3/2' lf5
/ 2 , 

2Pl/2' and 199/2. The experimental values nij(average 

number of holes in thejj orbit) are first added up to 

obtain the total number of observed neutron holes in 

these orbits. Then the'average fraction of observed 

holes'is obtained by diyiding this sum by the theoretical 

total number of holes in these orbits. The normalized 

~3 for the 199/2 orbit is then obtained by multiplying 

the experimental value by the'average fraction of 

observed holes'. This procedure has the advantage of 

minim1zing the systematic errors in the var10us exper

iments. However, because of the lack of complete 

. experimental information on the n~/values for the 79Br 

and 81Br , the unnormalized experimental ~j values have 

been used (potentia1 parameter set I). 

It is seen that the fractional emptiness values 

(unoccupation probabilities) of the 199/2 neutron orbit 

decrease gradually as the number of neutrons in the 

nucleus increases from 30 to 50. The 199/2 neutron orb1t 

is almost empty at N = 30 and 32 and becomes slightly 
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f111ed in the reg10n from N = 34 to 40, 1ndicating the 

1fS/ 2 and 2p subshe11s are be1ng fi11ed preferentia11y. 

For N > 40, the 199/ 2 she11 1s being fi11ed rapid1y, and 

is comp1ete1y full at N = 50. 

From the present resu1ts, the center of gravit y 

of the exc,i tat10ns corresponding to the 2P1/2 neutron 

orb1t ls lower than that of the 19
9
/ 2 orbit in both 

80Br and 82Br • The energy dlfferences, È(lg9/2) -

Ë(2P1/2)' are about 0.14 and 0.10 MeV for 80Br and 82Br • 

The 2P1/2 neutron orbit has been shown (table 20 and 22 ) 

to be a1most ha1f empty in 79Br and about 70% full in 81Br • 

These resu1ts are consistent w1th the values obtained for 

the neighboring nuc1ei. 

Fina11y, the systematlcs of the low-1ying states 

of the odd-odd bromine isotopes in this reglon is shown in 

fig. 28, The data for the other Br 1sotopes are taken 

from Houdayer (1972), Lederer ~~, (1967), Artna (1966) 

and Aub1e (1971). From the present measurements, the low-

1ying 2- state in both the 80Br and 82Br nuc1ei 1s be1ng 

tentat1ve1y ass1gned w1th a neutron configuration of 

senlority three 1n the 199
/ 2 she11. By systematics, th1s 

character may be extended to the other 2- states which 

appear as the ground state in 84Br and probab1y the 

32 keV state in 78Br and the 45 keV state in 76Br , 

+ Sim11ar1y, the 1 low-1ying states of these nuc1ei may 

belong to the same dominant configuration [7Ç (2P3
/2) x 
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V<2Pl /2)] , as discussed in the two preceding subsections. 

However~ the 5- states assigned to the [~(2P3/2) x 

~(lg9/2)] configuration in 80Br and 82Br have no observed 

counterpart in the other Br isotopes. 

A paper based on the present work of the (d,p) 

reaction in 79Br and. 81Br has been published in the 

Nuclear Physics Journal and a reprint of the article is 

given in Appendix. 
.~ 
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.. 
FIGURE 22 

The Proton Spectrum from the 79Br(d,p)80Br Reaction 

Obtained at Qlab == 150 
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FIGURE 23 

81 82 
. The Proton Spectrum from the .Br(d,p) Br Reaction 

Obta1ned at Q1ab = 500 

.. 
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TABLE 15 

Excitation Energies of Levels in 80Br and their 

Excitation Differential Cross Section~ Observed in 

the 79Br(d,p)80Br Reaction at 12 MeV. 

Differential cross sections are given in the labor

atory system. The total relative error of each 

differential cross section value and the uncertainty 

in each level energy are also given in this table and 

are being placed directly under their respective mean 

values with the significance of their digits having 

a one-to-one' correspondence with those in the mean 

values. The total sY'stematic error in the differ

ential cross sections is ± 12%. Blank entries or 

'Na' entries means data could not be extracted reliably 

or data were obscured by 'proton groups from the Na 

contaminant. 

; 



Excitation Differentia1 cross section (~b/sr) 

Group ener~ 10° 15° ° ° 300 0 40
0 

45° 
0 '0 60° 

0 80° 90° 
No. (keV 20 25 35 50 . 55 70 

0 g.s. 490 7xg 572 306 132 117. 158 206 135 80 33 63 35 34 
- 55 35 32 22 30 23 . 16 10 9 12 6 5 23 

1 84 35 48 60 li 75 83 63 80 51 15 20 37 25 13 
4 14 13 12 15 12 12 12 9 5 5 12 6 3 

-. .. 
2 266 443 514 405 215 199 209 167 168 114 70 76 30 53 25 

2 '.58 22 51 25 21 28 7 19 16 18 10 1Q S 

3 314 308 366 312 228 119 Z99 202 172 103 84 64 30 40 32. 
2 40 37 45 33 24 24 32 34 21 17 21 10 10 S-

. 

4 368 90 110 160 19 215- 278 359 342 216 147 113 119 107 79· 
4 17 18 27 27 21' 36 34- 22 18 19 24 17 . 9 

.. 

5 461 556 744 683 li 379. 249 285 24-5 244 188 . 126 . 75 66 36 
3 72 47 41 38 36 40 29 22 7 25 15 9 6 

6 547 35 55 59 ta .48. 67 69 23 33 15 13 27 13 6 
4 10 14 16 21 13 17 10 11 17 7 10 7 4 

7 653 '405 ,5lI4 .369 223 62 123 127 110 82 45 21 8. 
r. 

72 15 
4 53 50 45 'jO 22 20 21 17 20 Il 15 10 1 5 

8 691 204 200 148 122 96 89 44 67 74 59 
4 24 24 22 ·18 15 16 10 14 Il 10 

9 '722 295 195 148 117 117 137 108 114 40 33 22 '. 

4 29 23 21 18 17 18 16 15 . 8 '7 6' 
, ,". .. . , 

10 759 466 598 401 302 55 97 135 134 97 93 45 26 21 , 28 

,::,4 . ,50 57, '. 45 33 20 16 - 24, 25 15 14 7 7 7 10 
. . 

.. 
. .... "' : .' ~ :". _.~ . 

'.-
.. : -- :._ ........ ... . .. -

. . . . :.:.' - ' . - ., :.~. -. : .. '~ .. '. ' - - . . ' . ., . 

- ........ 



Group 
Bo. 

-11 

·12 

13 

14 

., 
15 

.16 

17 

18 

19 

20 

21 

Excitation 
ene~ 

(keY)· 

810 
S 

835 
5 

.974 
6 

1024 
6 

10f1.8 
6 

1070 
6 

1116 
6 

1139 
7 

1174 
7 

1201 
7 

1244 
7 

:-:: ... 

. Di.fferanti~l cross section (llb/ sr) 
o 

10
0 

15
0 o 0 . 0 0 0 0 0 

30 35 40 45 50 55 60 70 20
0 o 

25 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ U 
13 10 7 9 8 8 7 8 7 66 5 

80· 110 82 63 23 19 29 15 26 15 111 

22 18 15 13. 8 7 8 7 7 . 5 4 

Ba Na: Na. 36 27-
; 10 8 

- .- Na Na. Na. IBO 99 
25 15 

30 50 47 
9· 12 9 

80 63 55 
14 13 10 

30 !)O 
7 7 

70 53 
11 9 

6 
4 

6 
4 

20 
6 

50 
9 

Na. Na. Na. 450 340' 324 2)0 200 180 140 64 

38 29 2B 29 l' 17 15 - 9 

240 Na. Na. Na..· .50 42 70 41 62 35 41 

26 11 10 14 9 IB 7 . 8 

231 240 Na. Na. 110 63· 53 83 44 30 24 

.. 25 26 16 13 10 12 8 7 6 

m ~ Ba Na. Na. Ba ~ œ ~ ~ ~ 

27 20 17 11 11 ·7 6 

Na. ~a. 90 68 70 30 
13 10 Il 7 

1 

.... ··~7!~è~;fi~ifl~,~!;'~. 
o 0 

80 90 

7 
4 

3 
2 

Il 
5 

3 
2 

S35 549 640 494 378 Na. Na. 84 210 150 107 94 20 18 

~ ~ ~ ~ 44 W ~ ~ 12 8 4 4 

250 120 110 94 93 Na. Na. 71 82 S9 30 44 
~ lB U 16 .~ ~. a w 7· 9 



',~:-;:~~~~i:3:~x::)}:;·~'~~~::·'·' -,~ "--' - " 

-. .:--:- ~~:~ 

. - -. -" -: . ..;-'~-~ ; . ...:..< .~.: 

" 

-'. ~: ~ 

,.4 .......... _. 

._~-'. "":-'-_.·:"'ExCitation 
Group· . , 'Ene~ 0 0 

No., (keV) 10 15 

-. -': :.: :-~ ::~, &fe.rentia1 Cross' Seètion' -( ~~; sr) 

o 0 0_ - 0 0 0 0 0 

30 35 40 45 50' 55 60 70 o _ 0 

-22, 1301 
7 

23 1401 
8 

24 1594 
8 

25 1637 
8 

26- 1665 
8 

?:I 1702 
8 

2B 1746 
- ,. ·8 

29 1857 
, - 8 

30 1880 
-8 

31 1953 
8 

20 25 

250 1~0 2)0 150 
26 23 2S 21 

Ha 273 400 ,543 
30. _ 38 ·38 

Ha. Na Na Na 

350 Na Na Na 
441 

130 Ha 
18 

671 270 
40 29 

300 278 
47 37 

Na Na 

Na. 54 48 35 70 
10 9 8 10 

156 Na - Na 77 59 
25 11 9 

140 211 255 Ha Na 
19 27 34 

200 183 Na Na Na 

-- 27 23-

, 3 saNa. Na Na . Na . ~ -Na. 215 167 Na Na Ha 

·50, ~ ~ 

200 '200 258 NaNa Na Na 70 82 Na Na 

24 2J 26 11 14 

405 718 ~822 765 ~ '425 . --Na - Na Na 278 283 152 Na 

51 70 ~80 

400 .378 
133 132 

132 150 
39 40 

250 253 
136 102 

85 - 43 . -. . _' - 30 

450 251 
135 106 

150 135 
36 24 

300 310 
128 113 

35 19 

80
0 

900 

20 
5-

32 41 
10 12 
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TABLE 16 

Excitation Energies of Levels in 82B~ and Their 

Excitation Differential Cross Sections Observed in 

the 81Br(d,p)82Br Reaction at 12 MeV. 

Differential cross sections are given in the labor

atory system. The total relative error of each 

differential cross section value and the uncertainty 

in each level energy are also given in this table and 

are being placed directly under their respective 

me an values with the significance of their digits 

having a one-to-one correspondence with those in 

the mean values. The total systematic error in the 

differential cross sections is ±12%. Blank entries or 

'Na' entries means data could not be extracted 

reliably or data were obscured by proton groups from 

the Na contaminant. 



(-----

Excitation Cross section (~b/sr) 

Group enert) 0 o 0 0 0 :0 0 0 0 
45' 

0 
55

0 60
0 

65
0 0 0 aoo a5' 0 

No. (keV 12.5 15 17.5 22.5 25 27.5 30 35 40 50 70 75 95 

0 g.s. 13 38 29 26 20 40 29 48 53 31 30 5 7 6 18 22 10 10 4 

10 12 13 12 10 13 5 8 Il 10 5 3 3 3 4 3 2 3 1. 

1 78 538 518 430 266 217 57 102 110 125 146 102 37 35 44 20 25 20 23 14 

4 50 25 35 50 20 17 8 Il 20 20 10 10 10 6 4 4 3 4 2 

2 293 77 52 29 71 48 .58 ao 91 110 10) 87 41 31 34 40 39 28 37 18 

4 5 12 14 28 12 15 15 15 20 20 10 7 5 7 6 4 5 4 3 

3 377 586 575 415 373 302 138 232 264 299 346 281 157 116 110 103 119 92 97 50 

·4 60 55 35 30 30 23 30 30 30 30 30 12 16 10 10 7 20 6 4 

4 476 45 34 108 67 49 51 61 72 81 75 63 28 27 27 27 39 34 30 17 

4 20 15 20 21 13 20 12 15 17 17 20- 8 6 5 6 4 4 4 3 

5 638 Na Na Na Na 80 60 54 60 75 82 80 38 50 25 21 24 15 10 7 

4 15 15 25 25 12 10 8 7 10 6 4 4 5 5 5 

6 771 377 463 447 Na Ua Na N'a 57 84 113 116 84- 37 76 38 19 27 43 10 

4 60 100 43 30 30 12 10 10 8 10 4 4 5 6 6 

7 845 53 89 91 Na Na Na Na Na 80 36 32 30 20 26 6 21 17 14 Il 

5 22 30 30 27 9 5 10 7 7 4 7 7 5 5 

8 9.59 Na Na 44 Na 70 Na Na Na Na Na 26 21 16 26 29 12 9 13 8 

7 22 17 5 5 7 7 10 5 3 4 3 

9 1138 Na Na Na Na Na Na Na 60 78 116 Na Na Na 56 38 46 19 33 16 

7 
36 40 50 30 19 22 10 17 8 

10 1180 Na Na Na Na Na Na Na 86 40 92 Na Na Na Na 17 27 30 24 Il 

8 40 30 40 8 10 10 10 6 



~.-"""':':-.' .: ... ~ :-

, : ... - . :"::'- _:~:. -: . 

·?·:.t{'it:4~sê~~l.~~ (j,bj sr) . , ':,< ~~,' -~ EXcitation .' , 

Group energy 
No. (keV) 

000 0 
12.5 15 17.5 22.5 

o 0 
25 27.5 

o 
30 

0' 0 0 0 0 0 0 0 0' 0 '0' ~ ,.:,~ , 

35 40 45 50, 55 60 65 7P 75 80 85 95 

Il 1246 Na Na. Na Na Na Na Na Nà. '39 55 Na Na Na Na Na Na 16, 15 6 

8 ,19 ?:l 8 7/ 3 

12 1386 1.54 164 150 Na. Na. Na Na. Na Na 44 64 20 22 31 Na Na 21 26 6 

7 25 29 22 , .' 14 15 7 5 15 10 12 3 

13 1491 1628 -1581 1180 1387 1502 830 J.622 1140 Na Na Na 317, 269 361 216 Na Na 141 54 

8m~~~~~~m """~ ~ll 

14 1650 1)42 1428 1324 1,582 1595 1396 901 392 483 Ira Na Na 376 186 Na Na 116 83 

8 _ 94 145 227 162 133 251 100 66 49 47 41 38 39 

15 ,1743 515 376 .58 .58 223 346" 99 147, Na Na Na 40 Na Na Na Na· 

8 85 -60' 15 15 38 171 )0 - 40 22 
'; :~ 

16 1807 374 413 469 432 528.:. - 551- ~ 292 219 207 _ 260 Na Na Na 92 Na 55 36 41 

, - 8 ,71 69 := ~ 7J : : 68 70 ~~: 71, 64 35 38 30 21 10 13 
.; , 

17 1955 660 763611 655' 1221 0'- 1168 486 276 40) _ 440 240' 151 320 Na Na 110 128 55 

8 --1)8 110 157 146 250 230 128 60 39 45 29 32 45 37 33 30 

:,:-,; 

18 2026:' ~ :-~:_~,-:- J44 235 10) 118 89 95 '. 

, 9 ',: ,:, ~ 97 - '85 25 35 )0 32 
: . .' ~. -.. : '..;' .. - "~" .. " 

19 2112 , , ' ',!, '9566 50 18 10 

9,'" 31 24 21 10 5 

20 2212 ' 254 104 85 26 42 

9 10) 48 39 13 20 

.. 
.": ~, - .' -: 

~ . "" . 
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TABLE 17 

Potentla1 Parameters Used ln the DWBA Ca1cu1atlons 

for the 79,SlBr(d,p)SO,82Br Reactlons 



,r __ . 

Particle V r a \fV 
W 

b) b) V 
ri a. 

r r D l. so 

(NeV) (fm) (fm) (rtie V) (MeV) (fm) (fm) (MeV) 

Deuteron (Set I) 83.9 1·35 0.57 12.7 1·30 1.0 

(Set II) 89.95 1.23 0.73 14.65 1.25 0.79 

Proton (Set I) 47.7 1.27 0.55 10.0 1.27 0·55 

(Set II) 51.72 1.17 0.63 8.035 1.31 0.65 

Neutron (Bound state)a) y 1.20 .0.682 
7.0 

a) The potentia1 depth V of the bound state was adjusted to reproduce the separation energy for 

each final state. r = r ,a = a • 
50 r 50 r 

b) r i= r y , ai= ay in Set l, and ri: rD' a i = aD in Set II. 
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FIGURE 24 

Predicted Angular Distributions in the (d,p) 

Reactions Given by th~ DWBA for Different,t-Transfer 

Values 
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FIGURE 25 

Proton Angular Distributions Observed in the 79Br 

(d,p)81Br Reaction and Their DWBA Analysis 

The solid. curves refer to potential parameter set l 

and the dashed curves refer to set II of table 17 • 

The numbers in the upper right corner represent 

the level number, ~ -transfer values and excitation 
80 energies in Br. 
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( , 

FIGURE 26 

Proton Angular Distributions Observed in the 81Br 

(d,p)82Br Reaotion and Their DWBA Analysis 

The sblid ourves refer to potential parame ter set l 

and the dashed ourves refer to set II of table 17. 

'The numbers in the upper right oorners represent the 

1eve1 number, .t -transfer values and exoi tatiol1 

energies in 82Br , 
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TABLE 18 

Spectroscopie Information Obtained from the DWBA 

Analysis of the 79Br(d,p)80Br Reaction 



LEVEL EXCITATION 2J
f 

+ 1 

ENERGY 2J
i 

+ 1 S i" 
(keV) SET l SET II 

0 0 1 0.26 0.32 1+ 
1 84 4 0.49 0·39 5 + 
2 '266 1 0.16 0.20 !i'~~+ 3 314 1 0.40 0.49 

4 0.7.5 0.60 4~-
4 368 4 1.98 1.59 (6 - + 
5 461 1 0.25 0·30 (O,l,2,3~+ 
6 547 1 0.01 0.01 ,~O,l,2,3 

4 0.36 0.29 3)- + 
7 653 1 0.14 0.17 (0,1,2,3) 
8 691 (2) ~ 0.10~ ~0.09~ 
9 722 (1) 0.09 0.11 + 10 759 1 0.15 0.18 (0,1,2,3) , 
Il 810 + 12 835 1 ' 0.03 0.04 (0,1,2,3) 
13 974 
14 1024 
15 1048 
16 1070 -
17 1116 (1~2) 
18 1139 (1 (0.07) (0.09) 

, 19 1174 
(1,2,3,4)-20 1201 2 0.30 0.28 

21 1244 (1,2) 
22 1301 (1,2) 
23 1401 
24 1594 
25 1637 
26 166, -
27 1702 (2) (0.11) (0.09) 
28 1746 2 0.39 0.33 (L,2,3,4)-
29 1857 (1,2) 

(0.13 ) (0.13 ) 30 1880 (2) 
31 1953 

'" 
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TABLE 19 

Spectroscopie Information Obtained from the DHBA 

Ana1ysis of the 81Br(d,p)82Br Reaction 



( 

LEVEL EXCITATION 
ENERGY 
(keV) 

o 
1 

2 

3 

4 

5 
6 

7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 

o 
78 

293 
377 

476 
638 
771 
845 

959 
1138 
1180 
1246 
1386 
1497 
1650 
1743 
1807 

1955 

18 2026 

19 2112 

20 2212 

2J
f 

+ 1 

2J + 1 S 
SET l i SET II 

4 0.30 

1 0.16 

4 0.63 

1 0.40 

4 0.22 

4 0.59 

4 0.55 

1 0.13 

(1.2) 

(3,4) 

0.24 
0.20 

0·52 
0.50 
0.18 
0.49 
0.46 
0.16 

(0.06 ) 

(0.68) 
(1) 

(2) 

2 

(0) 

0.69 0.66 

2 

(2) 

( o. 09) (0.09 ) 

0.24 
(0.51) 

5-
(1.2)+ 

(3,4.5,6)
(1,2)+ 

(3,4,5,6f 

(:3,4,5,6f 

(3,4,5,6f 
+ 

(0,1,2,3) 

(1,2.3,4)

(1,2)

(1,2,3,4f 
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TABLE 20 

Sum Rule Analys1s for Sorne N = 44 Nucle1 

" 
'\.- .. 



c'! 

====================--============= 
NmmEn OF NEUTRON 

~-_. HOLES IN 

REACTION __________ 

78Se(d,p)79Se a) 

79nr(d,p)80Br b) 

Maximum number of ho1es 

4.10 

3.581) 

2.8711) 

6 

0.82 

0.821) 

1.10i1) 

2 

===============--============== 

1) Set l opt1cal parameters 

11) Set II opt1cal parameters 

a) Taken f~~m Lin (1965) 

b) P.resent work 
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) 

TABLE 21 

80 
A Comparison of states in Br below 2 MeV of 

Excitation Observed in Different Works 

References:- a) Finckh et al. 1970 

b) present work 

c) Artna 1966 

(~\ 



" :' 

. ;'" " 

: ' ~. .' ,', 

" 

:" ",;: .. 
.' ,.", ':: . 

, "1:' 

. ".' <' :',\ 'i"" 

;':- " 

'i"', , 

" , 

.. " 

,1 " 

;. \ 

\' ':. 

: l, ' 

, ' 

.===============================" . 

" 
, Ex (keV) 

"=====- -=--
o 

, 35 

.. 253 
, 269 
, 310 

, , 326 
" : 366 
,,'381 

465 
,490 

",546 
·582 ' 

,': 610 
,:': '655 
" 684 

722 
" ." 733 
"760 

808 
824 

: 849 
, 878 

907 
, ' .. 

" 

" \ . " 

, \ 

. ' 

Ex (keV) 

o 

84 

266 
, 314 

368 

461 

547 

653 ' 
691 
722 

759 
810 

974 
1024 
1048 
1070 
1116 
1139 
1174 
1201 
1244-
1301 
1401 
1594 
1637 
1665 
1'702 
1746 
1857 
1880 
1953 

'NUCLEAR DATA c) " 

le Ex (keV) , i" " 
:====~=- =' 

+ (1,2,3) 

(3)-. (O,l.2.3t 

, + 
(0,1.2.3) 

. ' 

l,: . " 

o 
37' 
85' 

250: 

840 

1210 

" 

" , 

',,1 

." " 

'\ .. /' 

; " :;'. ";; 
.~ " 

. :. '. 
f .,:',. 

. .' '. 

,i " , 

.... , .. , 
" '." 

}o ••••• 

'============== :===-==:;======== 
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TABLE 22 

Sum Rule Analysis for Some N = 46 Nuclei 

, 



Cl 

============================:== 
NUMBEH OF NEUTRON 

~IN 
REACTION 

l g9/2 2 Pl/2 

80se(d,p)81se a) 2.83 0.60 

84Sr(d,p)85Sr b) 3.061) 0.401) 

2.2311) 0.4911) 

84sr(d.p)85Sr c) 2.09 0.54 

81Br(d,p)82Br d) 2.271) 0.561) 

1.7011) 0.7011) 

Maximum number of holes I.j. 2 

==================--============== 

1) Set l opt1cal parameters 

11} Set II optical parameters 

Ref.a- a} Lin (1965) 

b) Morton ~ al. (1971) 

c} Bercaw ,and Warner (1970) 

d) Present work. 
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TABLE 23 

A Comparison of States in 82Br Be10w 2 MeV Excitation 

Energy Observed in Different Horks 

References:- a) Finckh et~. (1970) 

b) present worl{ 

c) Artna (1966) 



=:::===================================== 

828 ( )82B a) e p,n r 

Ex (keV) Ex (keV) 

NUCLEAR DATAC) 

J7t Ex (keV) 
._-.-============================= 

0 5 - 0 5: 
+ 46 2 

70 78 ~112) 
295 293 ~,4 ~,6)- 300 
368 377 1,2~,(3,4,5,6)-
425 
477 476 (3,4,5,6)-
548 

(3,4,5,6'-646 638 
692 
772 771 (9,1,2,3) + 

830 
856 845 
934 
975 959 950 
993 

1027 
1062 
1082 
1116 
1159 1138 
1190 1180 
1243 1246 
1284 
1374 1386 
1391 
1440 
1486 
1497 1497 1.540 
1543 
1556 

(1,2.3.4f 1637 1650 
1686 
1729 1743 
1758 
1782 

(1,2,3,4f 1815 1807 
1838 
1874 
1905 
1924 
1950 1955 

==================================================================== 
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FIGURE 27 

Fractiona1 Emptiness of the 19 9
/ 2 .Neutron Orblt in 

Nuclei wi th 30 ~ N ~ 50 

References:- a) Cosman et al. (1966'.1967) 

b) Turiewicz ~ al. (1970) 

c) Von Ehrenstein and Schiffer (1970) 

d) Go1dman (1968) 

e) Fournier et al. (1972) 

f) Lin (1965) 

g) present work 

h) Bercaw and Warner (1970) 
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FIGURE 28 

Systematics of Low-lying states in the Odd-Odd Br 

Isotopes 

Referel1cess- a) Houdayer (1972) 

b) Lederer et al. (1967) 

c) Artna (1966); present worl{ 

d) Auble (1971) 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

The (3He ,d) proton stripping reactions on 

1'10-94,96,98 and 100 and the (d.,p) neutron strippin~ 

reactions on Br-79 and 81 have been studied. The 

1 measurements on the 94,96 ,lOOMo(3He ,d)9S,97,101Tc 

reactions and 79,81Br (d,p)80,82Br reactions were performed 

with the 18 MeV helium-3 beam and the 12 MeV deuteron 

beam, l"espect:i.vely, from the EN tandem Van de Graaff 

accelerator at the Untversity of JVIontreal; the measure

ments on the 98
Mo (3He ,d)99Tc r~actlon were carried out 

using the helium-3 beam from the FN tandem Van de Graaff 

accelerator at HcMaster University at an incident eriergy 

of 18 MeV. In the set up for the measurements conducted 

a t the Uni versi ty of 110ntreal, two silicon detector ~ E-E 

telescopes were employed. simultaneously in the detection 

of the outgoing deuterons and protons from these t1'l"O 

types of reactions. Each telescope was co~pled to a 

complete electronics system for charged parti cIe 

identification and data accumulation. Two' rS.nge-

energy· type electronic charged parti cIe identifiers have 

been constructed and found to perform very l'1011 in 

differentiating signaIs from various kinds of charged 

l'articles. 
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In the measurements performed at HcI1aster 

Univers:" ty the outgoing deuterons were anaJ.ysed by an 

Enge split-pole broan range ma.gnetic spectrograph and 

recorded in nuclear emulsion plates. The isotopically 

enriched molyibC1tmum and bromine targets of thickness of 

about 100}l g/ cm2 each, used in the experiments were 

fabricated usine; techniques of high vacuum evaporation 

on thin carbon· foil bacldngs. 

Spectra for each of these six reaction 
• 

experim8nts 't'lere taken at different sca,tterine; angles in 

the for't'lard hemisphere, and the peaks corresponding 'to 

, different particle groups in the spectra Here extracted 

using a Gaussian-curve.-fi tti'ng computer program. In total, 

198 states in 9S,97,99,101Tc and· 80 ,82Br have been 

" identified" and most of them are observed for the first 

time. Angular distributions of the transitions to these 

states were analysed with the theoretical calculations 

using the distorted wave Born approximation, 't'1hich lecl to 

a determinat'i'on of 127 orbi tal anESu~àr momentum transfer 

values, and in many èases led to un~que spin-parity J7t 

assignments for the levels. 

The properties of low-Iying states in the odd

mass Tc isotopes have been studied systematically using 

the (3He,d) ,reactions. From the prese~t work, thirty

eight levels below 4.8 r1eV exci ta tion el1~rgy 'in 9 STC, 

thirty-two levels beIol'1 3.3 ItleV excitation energy ln 97Tc , 

, P •. • la; J » 

Il 

.1. 
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fifty-eight levels below 3.S MeV excitation energy in 

99Tc and seventeen levels belo\'T 1.8 MeV exci tatlon energy 

in 101Tc have been identified. The transferred proton 

orbital angular momenta and spectroscopie factors for 

these transi tio11S have been obtained from the DvlBA analysis 

of the deuteron angular distributions. It has been found 

that in each case the stripped proton occupies one of the 

follol/iing single particle orbital: Ig9i2' 2Pl / 2 , 2P3/2 

and IfS/ 2 in the major shell 28 < Z ~ SO; 2dS/ 2 ' Ig7/2' 

2cl3/ 2 and 3s1/2 in the major shell SO < z ~ 82. The 

ded.uced spin-parity and other spectroscopie information on 

each level have been compared "'7ith other previously 

obtained experimental results from the studies of beta

gamma spectroscopy, Coulomb excitation, (p,n), (p,nl) and 

(d, n) reactiQl1s (Rj.ley et al.. 197.1, Bommer et al. 1971, 

Tucker et al. 1970, Kim et al. 1970 and 1971, Phelps et al. 

1971, Cook et al. 1969, 1970 and 1972, Picone et al. 1972, 

Bond et al. 1972) in these nuclei. 

In 9STc , the transitions to the ground state and 

the 0 0 04 MeV state characterized by ~= 4 and 1, are 

consistent with the previously determined spin-parity 

values 9/2+ and 1/2-, ±:espectively. For the higher lying 

levels, the spin-parity values estab11.shed from the present 

work, are: (3/2, 1/2)- for the states at 0.629, 1.201, 

1.620, 1.733 and 2.550 MeV excitation energies, The 

underl1.l1ed value represents the most probable spin. 
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+ 
(5/2, 3/2) for the states at 1.071, 1.264, 1.416, 

2.077, 2.257, 2,308, 2.696, 2.816, 3.401, 3.481, 4.180 

d l. 254 M V . t t"' j and, 1/2 + for the t t 
aD~. e eXCl a ~on energ.es; _ s a es 

at 2.763, 3.119, 3.197 and 3.339 excitation energies. 

Among them, some strongly excited states were found in 

good agreement with the results obtained from the previous 

work using (d,n) reactions o Levels with questionable 

assignments are given in praenthèses in table 8. 

In Tc-97, the ~ -transfer values for the ground 

state, 0.096, 0.326, 0.576, 0.655 and 0.783 HeV excited 

states from the present work, are consistent wj.th 

previously determined J 7t. values of 9/2 + " 1/2-, 5/2 + , 

3/2-, 5/2- and 5/2+ for these levels. For the other 

states, the J7C values established, are: 

(JLg" 1/2) - for the 0.91.1-7, 1.053 f1eV states; 

(..2L.g" 3/2)+ for the 1.37L~, 1.599, 1.649, 1.951, 2.013, 

2.111, 2.307, 2.713, 2.783, 2.878, 2.908, 

3.018, 3.060 MeV states; 
+ <1il, 9/2) for the 1.316 !1eV etate; 

1/2 + for the 1.537 t 1.712, 1.847, 2.151~ 2.264, 2.653, 

3 .1}~'5 and 3.214- I\1eV states. 

The spin-parity assignments for the strongly excited leve1s 

agree weIl wi th the resul ts from the correSpOl1.CU.ng (d, n) 

reaction. Leve1s with doubtful assignments are B;iven in 

parentheses in table 9. 

In Tc-99, the .i -transfer values for the ground 
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state, 0.142, 0.181, 0.509, 0.672, 0.762 MeV states are 

consistent with the previously determined J~ values of 

9/2 +, 1/2-, 5/2 +, 3/2-, 5/2- and 5/2+ for these levels. 

For the other states, the spin-parity values estab1ished 

from the present reaction are: 

(JLg, 1/2)- for the states at 1.203 and 1.,321 l'1eV exci-

tatiol1 enere;ies; 

+ 
(7/2, 9/2) for the states at 0.625 and 0.720 ~leV 

excitation energies; 

+ 
(2Lg, 3/2) for the states at 1.020, 1.435, 1.679, 1.760, 

1.825, 1.911, 1.982, 2.000, 2.111, 2.160, 

2.176, 2.203, 2.396, 2.4·14·, 2.522 and 2.581 IJieV 

excitation energies; 

1/2+ for the states at 0.919, 1.560, 1.803, 2.176, 2.281, 

2.466, 2.486, 2.653 and 2.675 MeV excitation energies. 

Other levels with doubtfu1 assignments are given in 

parentheses in table,10. 

In Tc-10l, the transitions to the ground state, 

0.207, 0.39L~ and 0.670 MeV states characterized by ~= 4, 

l, 3 and 3 transfers, are consistent with the previously 

determined spin-parity values of 9/2~ 1/2-, 5/2- and 

5/2- for these 1eyels. The 1= 2 tre.nsi tions for the 

0.515 MeV and 1.319 JlleV states restricted the J'IT: values 

for, these levels to 5/2 + and 3/2 + , respectively, by 

taking into cOl1sj.deration the tentat1 ve J 1& assignments of 

(5/2+ » 7/2+ ) and (1/2 + , 3/2+) to these leve1s by Cook 
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and Johns (1972). For the other states, the J7C. values 

established from the present work are: 

+ 
(2L1, 3/2) for 1 0 280, 1.L~29, 1.l~90, 1.578 , 1.703 ~1eV 

states; 

1/2+ for the 1.608 MeV state; 

(JLg, 1/2)- for the 0.288, 0 0 620 al?-d 1.0~·5 l'leV states. 

Other levels wj.th doubtfu1 assignments are given in 

parentheses in table 11 •. 

These four reactions, 94,96 ,98 ,100II0(3He ,d) 

95,97,99,101Tc,are characterlzed by El strong i= l~ and 

a strong"e == 1 transitions to the ground state and the 

lowest-lying 1/2- excited state of the odd-mass Tc 

isotopes, and by a large number of excited states 

resu~ting from varying degree of fragmentation of the 

,s,ingle proton 2P3
/2' 2d and 3s orbi tals. No obvious 

evidence pointing to a deformed equilibrium shape for 

these odd-mass Tc isotopes has been observed, although 

their structural properties may be strongly influenced by 

the collective effects. The low-lying 7/2 + and 5/2"1-

states in these nuclei were not populated, or l'rere only' 

weakly excited in the (3He,d) 1'eactions, vrhich is 

consistent with the contention that they are associated 

with pho~on states or three quasi-particle states (for 

example, Cook et .91. 1972). The distributions of proton 

holes in the target nuclei 1,10-92,94,96,98 and 100 were 

deduced, the results were found to be in good agreement 
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with the results obtained from proton pick-up' (d,3He ) 

reactions. The systematics of the major proton config

urations in the 92,9J~·,96,98,1001"l0 ground states were 

obtatned in the form of A (g9/2)2 + B (g9/2)4(P1/2)o+ 

C(g9/2)4(P3/2)-2 + D(g9/2)4(f5/ 2 )-2 from the spectro

scopie resu1 ts of the present measurements afld those of 

Picard and Bassain (1969) for 92Mo • The proton 

configuration thus deduced for the 9/2 + ground states of 

the odd-mass Tc nuclei was shown to be dominated by the 

(g9/2)5 component o 

It has been found from these reactions that as 

the number of neutrons in the tareet increases from 50 to 

58, ,the transi t:J.on strengths corresponding to the 2p and 

1f shells are generally enhanceà., and the spacing 

,bet't'1een the center of gravi ty anergies of the 189/2 and 

~he 2p proton orbits decreases rapld1y. These properties 

appear to be characteristic of nuclei whose neutron number 

deviates more and more from a magic number. 

No single strong transition has been observed 

for ei ther t= 2 or 0 transfer in the reactions studied, 

except for the 9 J.111 0 ( 3He ,d) 95Tc reaction in which a strong 

~= 2 transition seems to be evident. Such high frag

mentation in these single partic1e orbits may arise from 

the spreaà.ing of the antiana10gue states due to the effects 

of core-po1arizations - as seen in the study of 90zr(3He,d) 

89y (Vourvopoulos et al. 1969). 
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88· 
The low-1ying states in °Br and 2Br have 

been studied via the reactions 79,81Br(d,p)80,82Br at 

incident ene:rgy 12 JVleV. Thirty-two levels below 200 T1eV 

excitation energy have been identifled in 80Br and 

twenty-one leve1s be10w 2.2 MeV excitation energy have 

been identified in 82Br • The r~sults have been compared 

with those obtained from gamma decay (Artna 1966) and 

(p,n) reactions (Finckh et gl. 1971). The orbital 

angular momenta transferred and the other spectroscopie 

information have been deduced from the DWBA analysis of 

the observed proton angular distributions. Four f= L~, 

eight.1= 1 and twol::::~ tTansittons in the 79Br(d,p)80Br , 

reaction and fi ve .t =: 4, three ~'#t 1 and.' ti'10 L= z, transi tions 

in the 8IBr(d,p)82Br 'reaction have been identified. 

Besides the J 7fi. values of the ground s'tate and 84 keV 

80 ' 8 
exci ted. sta te in Br and the ground state in 2Br ,,~hich 

were previous1y determined (Artna 1966), the other states 

whose J 7t values are identified in this w·orkare given 

below: 80Br : (1,2t, 266 keVj (1+,2+;4-),314 keV; (6)-, 

+ + + + + -
368 keV; (0,1,2,3) , 461 keV; (0 ,l, 2 ,3 ; 3 ), 547 keV; 

+ '+ + 
(0,1,2,3) ,653 keV; (0,1,2,3) ,759 keV, (0,1.2.3) 835 

}{eV; (1,2,3, L~) -, 1201 keV; (1,2,3,4) -, 1746 keV; and, 

82Br : (1,2)+, 78 keV; (3,J~,5,6)-, 293 keV; 

(1+,~+;3-,4-,5-,6-), 377 keV~ (3,4,5,6)-, 476 keV, . 

(3,4,5,6)-, 638 ~eV; (0,1,2,3)+ , 771 keV; (1,2,3,4)-, 
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1650 lŒV; (1,2,3,L~)-, 1807 keV. 

From the present resu1ts, it :l.S suggested that 

the low-lying states in 80Br and 82Br may arise from the 

coupling of a 2P3!2 proton with the stripped neutron 

captured in either the 199!2 or the 2P1!2 orbite From 

the 2J + 1 depend,ence of the cross sectj.ons, the ordering 

of the states from the coup1ing of' the [11: ( 2P3!2) x )t 

(lg
9!2)] J in 80Er was found, in the order of increasing 

exci tation, J 7C = 5- ,L~- ,6- and 3-. For both nuclei, the 

first exctted .$tate of J n = 2-, was not excited in the 

present reaction, 1'1hich is consistent 1'Ti th the cOl1tention 

that they are assoc:lated \Vith seniority three 199!2 

neutrons coupled to a 2P3!2 proton. 'rhé existence of 

such states was observed in other nuclei in this mass 

reglon o From a sum rule analysis, the average numbers of 

neutron holes of the 199!2 and 2Pl!2 orbits in the target 

nuc1ei Br-79 'and 81 have been deduced, and agree very weIl 

with the previous experimental results obtained for the 

other N = 44 and 46 isotones. 
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ERRATA 

80 82 . 
"Low:-Lying states of 'Br froIn (d,p) Reactions" by 

Cheung et al., Nucle. Phys.·&21 (1972) 225:-

Page 231, line 21: [(2P3/2F (lg~/2' v:::: J = 7/2~vJ J 

shou1d be [( 2P3/2)7C (1e;~/2' v:= 3, .J =:: 7/2) v_J J fi 

Page 234, table 6: W Entries in the co1umn 'J t of the 

(d,p) reaction, 
. + + 

(1,2) shou1d be (1,2) ,(3,,4,5,6), for]~ := 
X 

377 keV; 
+ (6,5,4,3) shou1d b(~ (0,1,2,3) ,for Ex= 771 keV; 

(1,2)+ should be de1eted for Ex= 845 keV o 


