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THE 208pB(D,T)207pB REACTION WITH 
15 TO 25 MEV DEUTERONS

By Gerd Muehllehner

The purpose of the work described in the dissertation was to de­
termine experimentally the absolute differential cross-sections for 
the (d,t) reaction on 208pb corresponding to transitions to single par­
ticle levels in 207pb for incident deuterons in the energy range from 
15 to 25 MeV and to determine the set of parameters in the Distorted 
Wave Born Approximation (DWBA) calculations that give the best fit to 
the measured differential cross-sections. The reaction 208pb(d,t)207pb 
is well suited for this purpose in as much as 208pb has a closed shell 
in both protons and neutrons and therefore the low lying levels ex­
cited in the (d,t) reaction should correspond to pure single particle 
hole states. Given the set of parameters the method can then be used 
to extract spectroscopic information from measured differential cross­
sections for reactions in other nuclei in this mass region where other 
than single particle transitions are involved.

Deuterons from The University of Michigan 83-inch cyclotron were 
used to measure absolute differential cross-sections at 14.8 MeV, 
20.1 MeV and 24.8 MeV for six single particle levels in 207pb and for 
elastic scattering of deuterons on 208pb. The level at an excitation 
energy of 3.42 MeV was identified as the hg/2 single particle state. 
The reaction products were analyzed in energy with a magnetic spectro­
meter and recorded either with a sonic spark chamber or in nuclear 
emulsion or with a plastic scintillator and photomultiplier. The 
DWBA calculations were performed at the Oak Ridge National Laboratory 
with the aid of Dr. R. H. Bassel using the computer code called Julie.

The DWBA calculations were performed for several values of the 
bound neutron parameters a, Ro and X, several values of the triton 
distorted wave parameters Wq and Rq and different forms of the inter­
action.

It was found that the measured distributions could be matched 
well with the calculated distributions in shape as well as absolute 
cross-section. The only major discrepancy was found for the i^2 at 
the lower energies and at forward angles.

Changing the triton parameters Wo and Rq affects the shape of the 
distributions at the forward angles, particularly for the i^2' 
was necessary to vary Wo with energy in order to obtain equally good 
fits to the absolute cross-section at all three energies. The neutron 
parameters a and R^ were found to affect the absolute cross-section



only. Calculations which included corrections for finite range and non­
local effects did not improve the fit to the absolute cross-section.

Using the best set of parameters as determined in this investiga­
tion it was found that the shape of the calculated angular distribu­
tions agrees well with the measured distributions. The absolute diffe­
rential cross-sections differ by as much as 28 %. It is concluded there­
fore that the DWBA analysis will be useful in extracting ^-values and 
spectroscopic factors in the heavy mass region for deuterons of energy 
15 to 25 MeV.
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CHAPTER I 
INTRODUCTION

In the study of the structure of the nucleus, nuclear reactions 

have been and continue to be an important source of information. In 
attempting to account for the observable properties of nuclei models 

such as the Shell model have been constructed; nuclear reactions are 

then described in terms of these models. Such a description has been 

particularly successful for direct reactions, in which an incoming par 

tide interacts with the target nucleus and another particle is emit­

ted without the formation of an intermediate or compound nucleus. In 

this case the reaction proceeds with a minimum rearrangement taking 

place within the target nucleus. 
/

To date the most successful description of direct reactions is 

given by the Distorted Wave Born Approximation (DWBA) analysis, which 

permits the calculation of the differential cross-section for a transi 

tion from the ground state of the target nucleus to a state in the fi­

nal nucleus. In the DWBA analysis the transition amplitude is calcu­

lated; the relative motion of the interacting particles is described 

by distorted waves before and after the collision and the potential 

responsible for the interaction is simplified in order to facilitate 

the calculations. The DWBA analysis has proven to be useful in extrac­

ting from experimental data spectroscopic information such as the or­

bital angular momentum and transition probabilities, in the region 

where it has been tested. The method has not been tested however, be­

cause of a lack of data, in the region of the higher mass nuclei and 

at energies above the Coulomb barrier.

1
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The purpose of the work described in this dissertation was to de­

termine experimentally the absolute differential cross-sections for the 
208(d,t) reaction on Pb corresponding to transitions to single particle 

207 levels in Pb for incident deuterons in the energy range from 15 to 
25 MeV and to determine the set of parameters in the DWBA calculations 

that give the best fit to the measured differential cross-sections. The 
208 207 208reaction Pb(d,t) Pb is well suited for this purpose, as Pb has 

a closed shell in both protons and neutrons and therefore the low lying 

levels excited in the (d,t) reaction should correspond to pure single 

particle hole states. Given the set of parameters the method can then 

be used to extract spectroscopic information from measured differential 
cross-sections for reactions in other nuclei in this mass region where 

other than single particle transitions are involved.

Deuterons from The University of Michigan 83-inch cyclotron were

used to measure absolute differential cross-sections at 14.8 MeV, 20.1 
207MeV, and 24.8 MeV for six single particle levels in Pb and for elas- 

208 tic scattering of deuterons on Pb. The reaction products were ana­

lysed in energy with a magnetic spectrometer and recorded either with 

a sonic spark chamber or in nuclear emulsions or with a plastic scin­

tillator and photomultiplier. The DWBA calculations were performed at 

the Oak Ridge National Laboratory with the aid of Dr. R. H. BasseI '

using the computer program called Julie.

It was found that in general the shapes of the calculated and mea­

sured angular distributions were in good agreement for a wide range of 

parameters for all levels except the i ^OT this level the shape was 
not matched well at the forward angles at 14.8 MeV ; it was however,
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in better agreement at 20.1 MeV, and improved still further at 24.8 MeV*  

The best set of parameters gave rather good agreement with the measured 
absolute differential cross-sections, the largest difference being 28 %.



CHAPTER II
EXPERIMENT

1. THÉ CYCLOTRON

The general features of the 83-inch cyclotron of The University 
of Michigan have been described previously [1]; only a short summary 

is given here. The cyclotron is a variable energy sector-focused ma­

chine designed to produce beams of protons, deuterons and alpha par­

ticles of maximum energies of 35 MeV, 40 MeV and 80 MeV respectively. 

The beam extracted from the cyclotron is passed through a beam prepa­
ration system consisting of two 110° double focusing magnets, which 

have a combined dispersion of 5 kev/mm at 40 MeV. The energy spread 

of the beam in the scattering chamber is determined by slits located 

midway between the two focusing magnets and in the scattering chamber. 

The reaction products analysis system consists of three magnets, each 
of wedge angle 180°, n = -(R/B) (dB/dR) ■ and a radius of curva- 

t> - 
ture of 133 cm. The first of the three magnets covers a momentum 
range of 6 % with one current setting and with a 1 mm slit in the 

scattering chamber provides an ion-optical resolution of E/AE = 
32,67 x 10 . The analysis system can be rotated about an axis through 

the center of the scattering chamber to any angle from -10° to + 125° 

and further with slight modifications. A floor plan of the facilities 
is shown in Figure 1.

2. TARGETS

All of the targets used in these measurements were prepared using

4
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lead in metal form enriched in mass 208 and obtained from the Oak Ridge
National Laboratory. The isotopic composition is listed in Table 1.

TABLE I
Isotopic Composition of Target Material

Isotope Atomic Percent Precision

204 < 0.05 - -

206 0.19 + 0.05

207 0.52 + 0.05

208 99.3 + 0.05

The lead was evaporated using an electron gun evaporator onto a 

glass slide thinly coated with a weak soap solution. The glass slide was 
attached to a water-cooled cooper plate approximately three inches above 

the crucible. The lead film was then floated off the glass slide by 

slowly submerging the slide into water and letting the soap dissolve. 

The film was then picked up on a cooper frame.

The thickness of the targets was determined by measuring the ener- 
241 gy loss of a-particles passing through the targets. An Am source 

which emits particles of 5.48 MeV was mounted in a small vacuum 
chamber below a rotating target holder on which the lead targets were 

placed. The energy of the o-particles was determined with a silicon 

surface barrier detector and pulse height analyzer.
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To determine experimentally the relation between the thickness 

of lead films and the energy loss of the a-particles, the thickness 

of several natural lead films was determined by weighing small por­

tions of known area on a microbalance. The measured energy loss was 

then plotted as a function of target thickness. The graph shown in 

Figure 4 is in good agreement with the results of theoretical calcula­
tions [3].

3. PARTICLE DETECTION SYSTEMS

Three types of detectors were used to locate and count the par­

ticles arriving at the focal surface of the reaction products magnet. 

These are A) nuclear emulsions, B) a plastic scintillator with a pho­

tomultiplier tube, C) a sonic spark chamber. Each will be discussed 

in terms of their relative advantages and disadvantages.

A, Nuclear Emulsions: The emulsions used in these experiments 

were Ilford type K-2 nuclear track plates. These consists of an emul­

sion 100 microns thick on a glass substrate one inch wide by ten inches 

long. Three such plates are placed end to end to cover the full width 

of the focal surface illuminated by the reaction products magnet. Be­

cause the focal surface of the first magnet is tilted at an angle of 
49.7° with respect to the normal to the optic axis, the particles pass 

through approximately 155 microns of emulsion. To give continuous and 

dense tracks the tritons were slowed down by aluminium absorbers to 

approximately 12 MeV before entering the emulsion, deuterons were 

slowed down to about 7 MeV. The nuclear emulsion has the advantage that 
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every particle entering it is recorded ; it provides a permanent record 

with essentially no error in the recording of the particles. Many pro­

blems, however, arise in trying to obtain an accurate count of the num­

ber of tracks per unit length along the plate. This is normally done 

by counting individual tracks as seen under a microscope. Due to the 

fact that the focal surface is tilted with respect to the optic axis 

between 25 and 30 percent of all tracks are only partially visible in
/ 

the field of view of the microscope. In order to obtain an accurate 
count, partial and complete tracks were counted separately. Another 

difficulty arises from the fact that the human error in counting in­

creases at high track densities. The most severe limitation of nuclear 

emulsions, however, is the length of time necessary to extract the in­

formation.

B. Plastic Scintillator; This particle detector consists of a 

plastic scintillator mounted on a photomultiplier tube. A particle 

entering and stopping in the scintillator produces a light flash, which 

is converted into a voltage pulse in the photomultiplier tube. The 

amplitude of the pulse is proportional to the energy deposited in the 
scintillator by the particle. The output pulses from the photomulti­

plier are amplified and analysed in height with a multi-channel analy­

ser . Such detectors have the advantage that dead times are short and 

counting losses are of consequence only at very high counting rates. 
The principal disadvantage is the low energy resolution. When used with 

the magnetic spectrometer only one particle group can be counted at a 

time. For this reason the method was used only in measuring angular 

distributions of elastically scattered deuterons.
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C. Sonic Spark Chamber: The spark chamber, 30 inches long and 

six triches high, is identical in mechanical design to the one developed 
at the University of Rochester [2]. It consists of two sections, a pro­

portional counter and a spark gap. A particle arriving at the focal sur­

face of the spectrometer magnet first passes through the proportional 

counter and then into the spark gap. The proportional counter serves 

two functions ; first, it is used to identify the kind of particle to 

be detected while discriminating against all others, and second, the 

pulse from the counter is used to apply the high potential across the 

spark gap. At the time the high potential is applied a tlme-to-pulse- 

height converter is turned on. The particle having passed through the 

proportional counter enters the spade gap where it leaves an ionization 

trail. As a result, when the high potential is applied, a spark dis­

charge occurs in the region of the trail. The sonic waves associated 

with the spark travel down the spark gap to a transducer mounted at / 
one end. The signal from the transducer, after appropriate shaping, is 

used to turn off the time-to-pulse-height converter. The output pulses 

of the converter, the height of which is proportional to the distance 

from the transducer to the point at which the particle crossed the 

gap, are analyzed in height in a multi-channel analyzer. Figure 2 

shows a block diagram of the device with the associated electronics.

The proportional counter is 25 inches long and has a two mil thick 

aluminium entrance window, a three mil dlamter tungsten wire and a 

one mil thick aluminium exit window. The spark gap is three mm in depth. 

The transducer is acoustically isolated with respect to the walls. 

Both, the proportional counter and the spark gap are filled with a gas
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mixture of 10 % argon and 90 % neon at a pressure of approximately five 
pounds above atmospheric. The gas supply bottle is connected to the cham­

ber permanently to maintain constant pressure. Small leaks in the cham­

ber result in a slow steady flow of gas from the bottle through the cham­

ber , preventing a buildup of impurities.
The central wire of the proportional counter, operated at a posi­

tive pctential of 800 to 1000 volts, is coupled through a capacitance to 
a preamplifier and amplifier which has a lower level discriminator. The 

particles were slowed with the aid of aluminium absorbers in order to 
improve the signal-to-noise ratio. This has the added advantage that 
particles with the same magnetic rigidity but of different mass and/or 

charge either do not penetrate the absorber or produce pulses of lower 

amplitude and do not pass the discriminator. Typical spectra from the 

proportional counter for different particles all of energy 20.1 MeV are 

shown as a function of absorber in Figure 3. From the proportional coun­

ter spectrum the discriminator level is determined so as to ensure that 

every pulse caused by the type of particle to be counted passes the 

discriminator.
The discriminator output pulse is fed into a trigger circuit which 

fires a thyratron tube and applies the high voltage (approximately 

four kV) to the spark gap. After the high voltage is applied a gating 
circuit inhibits another pulse from reapplying the high voltage for a 

period of three milliseconds, which is slightly longer than the maxi­

mum time necessary to analyse a particle. Following the spark discharge 

the residual ions are swept out of the gap by a low (approximately four 
volts) clearing voltage. The transducer pulse is amplified and used to 

trigger a multivibrator, which produces a pulse whose shape is accept-
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able to the time-to-pulse-height (TPH) converter. The TPH converter is 

started by the differentiated leading edge of the three millisecond 
deadtime pulse, which occurs at the time of application of the high 

voltage. The output pulses of the TPH converter are then analysed accor­

ding to height in a multi-channel analyzer.

In using the spark chamber great care has to be taken to get an 

accurate count of the number of particles entering it. If the discrimi­
nator of the proportional counter amplifier is set with care then the 

number of pulses arriving at the trigger circuit will be equal to the 

number of particles entering the chamber plus the number of background 
pulses which are high enough to pass the discriminator. The number of 

applications of the high voltage without a subsequent spark, which 

corresponds to start pulses without stop pulses, gives an indication of 
the efficiency if the background pulses are taken into consideration. 

The correct settings for the high voltage and the clearing voltage, both 

of which affect the efficiency, are determined by observing their effect 

on the number of start pulses without corresponding stop pulses. It 

was found that the maximum efficiency obtainable was very nearly 100 %.

The advantage of such a device over plates or scintillator is ob­

vious . The results are immediately available on an oscilloscope dis­

play and can be plotted or typed out in numerical form. The spark cham­

ber, however, has several disadvantages. Counting rates must be kept 

low to ensure reliable operation. The resolution as used in this appli­

cation is poor. Because of the three mm depth of the chamber particles 

entering at a point result in a peak seven mm wide at half height. 

Further, even with paraffin shielding the background is such that it 

is not possible to measure levels of less than five Hb/str. at 20 MeV.
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However, of the three particle detection systems used the spark cham­

ber is the most suitable provided the resolution required is not less 

than approximately 55 kev.
A typical spectrum taken with the spark chamber is shown in Fi­

gure 8 together with the same spectrum taken with a nuclear emulsion. 

It is evident that the background is higher and thç resolution lower for 

the spark chamber. The counts in the low channels are due to noise ori­

ginating in the electronics and the counts at the left end of the spec­

trum are due to start pulses without corresponding stop pulses.

4. PROCEDURE

The differential cross-sections were measured every five degrees 

from a minimum angle of 10 degrees to a maximum angle of 100 degrees 

except at 15 MeV where they were taken every five degrees from 10 to 
50 degrees and every 10 degrees from 50 to 100 degrees. All angular 

distributions were taken both with nuclear emulsions and with the spark 
chamber.

The absolute solid angle of the magnetic spectrometer and the 

change of solid angle across the focal surface was determined as follows. 

First, a baffle whose opening was measured accurately was inserted in 

front of the spectrometer magnet. The opening of the baffle was small 

enough to ensure that all particles passing through it would reach 

the detection device and would not be stopped or scattered by the sur­

faces of the magnet gap. A spectrum was taken under these conditions. 

The same spectrum was repeated with the baffle removed and with diffe­
rent openings of the permanent horizontal slit located at the entrance 

of the magnet. Thus the solid angle was determined for different slit 

openings. To determine the change in solid angle across the focal sur- 
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face the spectrum was shifted in small steps across the surface. The 

results are shown in Figure 5a and 5b.

The beam current through the target was measured with a Faraday 

cup and current integrator. The Integrator was calibrated and a least­

squares analysis indicated a deviation from linearity of less than 0.6 %, 

systematic errors are estimated to be less than 1 %. For measurements 
at angles less than 10° the Faraday cup was removed and a silicon sur­

face barrier detector mounted at -45° to the incoming beam was used. The 

monitor counter was calibrated against the current integrator at angles 
above 10° and the two methods were found to agree with each other to 

better than 2 %. Whenever the spark chamber was used another Integra­

tor was employed which included a gating circuit. Current through the 

target was integrated only during the time the spark chamber was ready 

to analyse another particle by applying the three millisecond deadtime 

pulse of the chamber to the gating circuit of the integrator. The two 

integrators agreed with each other to within 0.3 %.

The energy of the incoming beam was determined in the following 

way: a small volume at the edge of the magnetic field of the first re­

action products magnet was shimmed to obtain an essentially uniform 

magnetic field. Two nuclear magnetic resonance probes were mounted in 

this volume. These probes are used to set the magnetic field in the 

magnet gap and due to the fact that a magnetic resonance device is 

used the absolute magnetic field can be measured accurately. The ra­

tio of the magnetic field in the shimmed volume to the magnetic field 

in the center of the gap was measured with the aid of a Hall effect de­

vice. From the magnetic fleId,necessary to center elastically scattered 

deuterons the energy of the incoming deuterons was calculated taking
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Into account the scattering angle and energy»losses in the target. 

Due to variations of the magnetic field along the path of the par­

ticles and because no attempt was made to take into account the 

fringe field at the entrance and exit of the magnet the method is an 
approximate one only. The resultant values are estimated to be accu­

rate to + 1 % only.

Recently a measurement was performed at this laboratory of the ex- 
12 citation function of elastically scattered protons on C for proton 

energies in the region of 14.230 MeV [24]. The resonance which is ob­

served at 14.233 MeV is very sharp - at most 2 kev wide - and allows 

a calibration of the magnetic field of the beam preparation magnet in 

terms of the energy of the incoming beam. The resonance has been mea­
sured previously [25] and the energy at which it occurs is known to 

within 10 kev. Thus, this measurement allows a more accurate determina­

tion of the energy of the incoming beam.
207 The excitation energies of the levels in Pb with the exception

of the h^^l^vel are known to better than I kev from the beta decay of 
207B1 [4]. In order to determine the Q-value of the ground state and 

the excitation energy of the the Q-values and hence the excitation 

energies of all levels were measured. The determination of the excita­

tion energies known from beta decay served as a check upon the method 

used. First, it was determined where the optic axis of the first re­

action products magnet crosses the spark chamber. Then each peak was 

shifted to this point on the spark chamber and the magnetic field set­

ting to center each peak was then used to' determine the Q-values and 

excitation energies. This was done at 15 MeV, where the position of a 
peak is most sensitive to a change in the magnetic field and the 

highest accuracy could therefore be obtained. The position of the peak 
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could be determined to 5 kev, but the uncertainty in the determination 

of the'absolute energy increased the uncertainty in the measurement to 

0.4 %.
The target angle to be used was determined by considering the 

energy losses of the deuterons and the tritons. The thickness of the 

target is an important factor in determining the resolution that can 
be obtained with a magnetic analysis system. By proper choice of tar­

get angle with respect to the deuteron beam a considerable improvement 

can be realized. This optimum angle is computed on the assumption that 
the target is uniform and subject to the condition that-the sum of the 

energy loss of the deuteron and the energy loss of the emerging triton 

is constant and independent of the position in the target at which the 
reaction occurs. This optimum angle is plotted as a function of 6, the 

angle of the emerging triton, in Figure 6. From the graph it is evi­
dent that a target angle of 50° is within 5° of the optimum angle for 

9 between 20° and 90°. The target was therefore set at this angle and 

was not changed during the measurement of an angular distribution.

5. DIFFERENTIAL CROSS-SECTION
The differential cross-section for a transition from the ground 

state of the target nucleus to a state of the final nucleus at an angle 

A in the laboratory system is

( dc (9 dN____ 
\ dD / = N n dD

where N is the number of deuterons incident, dN is the number of tri­

tons measured at the angle 9 in the solid angle dQ, and n is the
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. 208 2number of atoms of Pb /cm in the target. The relation between the

differential cross-section in the laboratory and center-of-mass sy­
stem is well-known [6] and is

i Aw*
p~ ' ------------ 2----------—7K3 + M2) % + M4)

where a = + Q(1 + M^/Mg)

M^, are the mass and energy of incoming particle, 

Mg is the mass of target nucleus,

Mg, Eg are the mass and energy of outgoing particle, 

M^ is the mass of residual nucleus.

For elastic scattering this simplifies to

%_______
(Mi + Mg)2 E3 \^1



CHAPTER III
THEORY '

1. SHELL MODEL
The Shell model [7] has been used successfully to explain many 

features of the nucleus. It treats the particles as moving in a cen­

tral potential well due to the average effect of the other nucleons 

and in a first approximation neglects all nucleon-nucleon .interactions. 

Two simple central potentials are the square well and the harmonic 

oscillator; for both the eigenfunctions and energy levels are well- 

known. Both potentials result in a grouping of energy levels, in the 

square well the higher angular momentum levels are depressed with re­

spect to the harmonic oscillator levels. The grouping for the harmonic 

oscillator potential is as follows: Is ; lp ; 2s,Id ; 2p,lf ; 3s ; 

2d,1g ; 3p,2f,lh ; 4s,3d,2g,11 . These levels are filled according to 

the Paull exclusion principle. The grouping leads to ,the "magic num­

bers" 2, 8, 20, 40, 70, 112, 168. This structure agrees with experi­

ments for the three lowest shells only, to overcome the discrepancy 
for the higher energy levels a spin-orbit coupling term has to be in­

troduced into the shell model Hamiltonian:

H = H o "so (1)

where

H o
Pi 
2M + V(r) (2)

21
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and 

' / 
"so - v,0<r> ■ - ■ - (3)

V(r) is the single particle potential, Vso(r) is an average potential, 

the strength of which is adjusted empirically. The spin-orbit term in­
troduces a level splitting depressing the levels with j = 4 + and 

raising the levels with j = To see this consider the product
(1 ’ £).

From

- g (4)

it follows that "

£ ’ 1 - % Cj(J + 1) - 4(4 + 1) - 3/4]. (5)

Substituting eq. (5) into eq. (3) results in the eigenvalues

E = “V80(+ 4) for j = 4 + (6)

E “ -V8Q[-(4 + 1)] for j “ 4 - (7)

It is seen that splitting increases with increasing 4 value. For the 

first 20 protons or neutrons this splitting does not disturb the le­

vels enough to change the shell structure ; above 20 however, some of
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the levels are depressed into the next1 shell and this fact causes the 

"magic numbers" to be changed to the experimentally observed set, 
namely 2, 8, 20, 50, 82, 126, 184. This level scheme is represented 

schematically in Figure 7.

2. 208pb(d,t)207pb AND THE SHELL MODEL
In 208Pb there are 82 protons and 126 neutrons, thus filling a 1 

shell for both the protons and the neutrons. In the (d.t) reaction on 
208pb a neutron is picked out of the highest filled shell. Since the 

20Rground state of Pb has an angular momentum of J = 0, the angular 

momentum transferred is simply that of the picked-up neutron. Thus the 

order of levels excited is expected to be: p^^, ^5/2’ P3/2’ ^13/2*  
f7/2’ h9/2’ corresponding to the excited levels in 207Pb. Presumably, 

all these levels can be well described as single particle hole states 

since no interference is to be expected from low-lying closed proton 

shells.

3. TRANSITION AMPLITUDE
Nuclear reactions are generally divided into two broad categories : 

direct reactions and compound reactions. In the compound reaction the 

incoming particle is absorbed by the target nucleus, the two form the 
compound nucleus and after a time long enough for the compound nucleus 

to"forget" how it was formed it decays into a residual nucleus and an 

outgoing particle. This system is difficult to describe quantum-mecha- 
nically. In the direct reactions Es, 11, 12] on the other hand, the 

transition from the incoming channel to the outgoing reaction channel 

takes place without the formation of a compound nucleus. The time of
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the nuclear event is comparable to the time that it takes the bom- 

barring particle to cross the nucleus. There is good overlap between 

the wave functions in the incoming and outgoing channels, so that the 
reaction may proceed with a minimum of rearrangement taking place with­

in the target nucleus.
The best example of a direct reaction is elastic scattering, where 

the wave functions in the incoming and outgoing channel are identical. 

The elastic scattering reaction is frequently described by the opti­

cal model, in which the interaction potential is assumed to consist 

of the coulomb potential and a Wood-Saxon type nuclear potential. The 

Schroedinger equation describing the interaction is solved by using a 

partial wave expansion in the wave function. The solution is a "dis­

torted wave" consisting of an incoming wave and an outgoing wave due 

to the nuclear and coulomb potential.
In the analysis of a rearrangement collision the optical model so­

lution is used as a first approximation and perturbations are intro­

duced which account for the inelastic events. These perturbations are 
introduced through an Interaction potential. The target nucleus is 

usually regarded as consisting of a core and a nuclide in a bound 

state. The potential considered responsible for the inelastic or re­

arrangement event is the one between the bombarding nucleus and the 
target nuclide, all other potentials are considered to be negligible. 

This approach is used in the distorted wave Born approximation 

(DWBA) in which the relative motion of the nuclei involved in the 

interaction before and after the collision is described by distorted 

waves.
It should always be kept in mind that this is an oversimplifies- 
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tion of the reàl process and a model only. However, it has proven 

useful in nuclear spectroscopy./
In a direct reaction of the form A(a,b) B the Hamiltonian may

be written as

» = % + Ya + ?» <8)

‘ «B + Vp + Tb <9)

where a and 0 stand for the system before and after the collision.

The SchroedInger equation for the whole system is

(E - H) Y = 0 (10)

and for the internal states of each pair the following relations hold

% - V5 - °- (Ee * Vb ■ 0 (11)

E . Eo are related to E by or y

E " % + 2^7 =Ee>+ 2^~

where A gives the relative momentum of a with respect to A and m^ 

is the reduced mass in channel a.
The transition amplitude is given exactly by L12]
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T = < |vp| ^+) > (13)

where Y& represents an incoming wave in channel a' and outgoing waves 

in all channels. Only the post-interact ion form is given and it will 

be used from now on; the prior-interact ion form could be used as well, 

it would lead to a different - but .equally valid - approximation.
The problem that arises is to find a form of Y# that makes it 

possible to calculate the transition amplitude without making unrea­
sonable assumptions. In the DWB approximation the fact that the elas­

tic scattering is the most important process in most cases is made .
■ i

use of and contributions to the transition amplitude arising from parts 

in other than the elastic, such as the inelastic scattering and 

rearrangement contributions, are neglected. This assumption does not 
cause any problems in the regions which are far from the target nucleus. 

In the regions where the projectile and the target interact strongly, 

and particularly inside the nucleus there is no guarantee that this 

choice of the wave function is reasonable. The uncertainty intro­

duced depends upon the relative contributions to the matrix element 

from the interior and exterior region; the closer to the surface the 

interaction takes place, the better the agreement should be with ex­

periment.

In detail the transition amplitude in the DWB approximation has 

the form
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1 - J J d£ . / drb <k b- £ b> e 4 * * * B- b lvmtl A- a *

4. DISTORTED WAVES
The distorted waves are obtained from optical model analysis [8,

10]. A charged incident particle is scattered by the nuclear potential,

U, and the coulomb potential Vc which differs from a point charge po­

tential at close distances. The Schroedinger equation in this case is

• x<+) (k a, r e) (14)

and r and r, are the distances of a from A and of b from B re­a b
spectively. X*  and are the optical model distorted waves, obtained 

from elastic scattering data, and B, b, A, and a refer to the inter­

nal states. J is the Jacobian of the transformation to the relative co­

ordinates r and r &. (For a derivation of this expression see Refe­

rence 11). The Transition amplitude Is the integral of the interaction 

potential, Vint, taken between wave function describing the system be­

fore the collision and the wave function describing the system after 

the collision. Either wave function consists of a product of the wave 

functions describing 1) the internal motion of the target or residual 

nucleus, A or B, and 2) the internal motion of the projectile, a or b, 

and 3) the relative motion of the projectile with respect to the tar­

get, namely, the distorted waves, X^ and X^.
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+ U(r) + Vc(r)J X = E X , (15)

The partial wave expansion of x is

x-^2 i4.”* W CIO

The partial waves r) must satisfy the radial equation

F 2I - + 1) " (U(r) + V (r)) 9» (k, r) "
L dr2 r A2 C J

k2 cpt(k, r) (17)

The solution to this equation must reduce to the familiar form of 

pure coulomb scattering when the potentials are reduced to a coulomb 

point charge potential. In the asymptotic form cp^ becomes

cp^ ~ ^(7|, kr) + kr) + i kr)] (18)

19,
= sin 6^ + C^e (19)

where
9, = kr - *0  In 2kr - tn/2 + a., (20)
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is the usual coulomb phase shift and T] the coulomb parameter. The 

first term in eq. (19) is the asymptotic form of F^, the regular 

coulomb function; the second term represents the contribution of the 

nuclear potential in the outgoing wave.
In the optical model analysis eq. (17) is integrated numerically 

and the wave function is matched to eq. (19) at a radius where the 

nuclear potential is negligible. For each partial wave a is calcu­

lated, which is related to the nuclear phaseshift by

e (21)

After substituting eq. (19) into the distorted wave equation (16) 

the asymptotic form of the distorted waves can be written in the form

„ 2la. i(kr-^ "tn 2kr)
x ” fc * + 1) e % (cos 9) • ---------------
£

(22)

where f is the coulomb scattering wave function which is the solu- c
tion to the Schroedinger equation

2 2- -L V 2 f + 5312- f = Ef (23)
2n c r c c

Thus the distorted wave has been divided into an incoming wave with 

the normal coulomb scattering effect included and an outgoing wave 
which is due to the nuclear potential and also includes non-local 

effects of the coulomb potential.
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1 The nuclear potential used is of the Woods-Saxon shape and has 

a real part, V, and an imaginary part, W, i.e.,

-1V(r) = -VQ(1 + eV * * * * X) (24)

V and W are respectively the real and imaginary part of the nuclear o o .
potential, Rq is the nuclear radius constant and a and a' are the 
diffuseness parameters. The second term in W(r) is the derivative of 

the Wpods-Saxon potential and this term is responsible for the sur­

face absorption.
For the coulomb potential uniform charge distribution is assumed 

inside the nucleus

Vc = (ZZ’e2/2Rc) (3 - r2/R2) for r < Rc (28)

= ZZ’ e2/r for r > Rc (29)

5. NUCLEAR MATRIX ELEMENT
The important factor in the transition amplitude is the matrix

x’ x« x« ”2 '
W(r) = -W^(l + e ) - W^e (1 + e ) (25)

where . ,
x = (r - RQA^^)/a (26)

x* - (r - R'Al/3)/a' (27)
o —
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element [9] of the interaction potential taken between the internal 

states of the nuclei involved in the collision, namely

< B, b |vinJ A, a > . (30)

This matrix element contains all the information about nuclear struc­

ture and about the reaction considered; it represents the interaction 

for the transition from one elastic scattering state, X*,  to another, 

Xb’
In discussing the nuclear matrix, only stripping reactions in 

which the transferred particle is a neutron will be considered; pick­

up reactions such as the (d,t) are just the inverse process and are 
related to the stripping reaction by the theorem of detailed balance 

which will be discussed in a later section. In a reaction of the form 
A(a,b) B it is assumed that a is made up of two parts, namely, b 

and the transferred particle n, i.e., a = b + n. The angular momentum 

transferred in the reaction is j, consisting of orbital momentum £ 

and a spin part s. The angular momentum of the target and residual 

nucleus is and respectively, the bombarding particle has spin 

Sa the emitted particle spin s^. Between these quantities the 
following relations hold

J “ J A - J B> 8 s £ a - s b. i = £+ 8 (31)

In determing the form V it is useful to think of the residual 
nucleus B as made up of the target nucleus plus a bound neutron. The 

major potential is , which becomes particularly obvious when one
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considers the inverse, namely the pick-up of n by b. The two potentials

V. B and V. A ark also part of V DD DA Luu but their contribution to the matrix

is generally thought to be small. Furthermore, their contributions 

should cancel out to a large degree. It thus seems to be a good approxi­

mation to neglect all potentials except V^. This allows us to rewrite 

equation (30) in the following manner

<B, b Iv^lA, a > = < B |A >< b|v^| a >. (32)

As we said before, the nucleus B is considered as consisting of nucleus 
A with a bound neutron, therefore, the wave function of B, tg, can be 

written as the wave function for the bound neutron, 0^, coupled to the 

wave function of A,

< »lA > - J «A- rnP W dSA (»)

= I < V'VB > 4 ^n*  rnA> 

j

where are the internal coordinates of A and § is the neutron spin n
variable. The Clebsch-Gordon coefficient gives the angular momentum 

coupling of the neutron to the core A. 0^ can be expanded again

W r„A> -£< 1 to » - *4
m

(35)
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0 is taken to be proportional to the shell model single-particle wave 

function, so that the radial part R^(rn) can be written

where u^j(r) is the normalized radial wave function and Sis the 
spectroscopic factor [13]. The shell model single particle wave 

functions are determined by solving the Schroedinger equation

« + V) Vj(r) " " Bn V.j(r) (37)

where is the binding energy and V is taken to be of the form

I ex’
- "o -^5 ' (777? (38)

1 X*V = - V —------ + ft + 1) Xv —------ o for j = t - %
° (1 + =X) ° (1 +

(39)

where
x = (r - RQA^^)/a (40)

The depth of the potential well is adjusted to give the correct bin­

ding energy.
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The remaining factor in equation (32), namely

< blvbnl a > (41)

consists of the interaction potential and the wave functions of the . 

incoming and outgoing particle. For the deuteron, the D-state contri­

bution is usually neglected, the deuteron wave function can then be 

written as

»d«p- v - <d<rpn> • S«d) (42)

where * 

is used

is the spin part and where usually the Hulthen wave

for the radial part, i.e

gg(g + P) 
2n(a - p)2

-ar -8r e - e
r

function

(43)d ' pn

or is related to the deuteron binding energy, ®, by

e = A2 »2/M (44)

The internal motion of the triton can be described by

md

(45)
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«T is best described by the Irving-Gunn wave function [14, 15]

ViYP ■ A

where
R2 <rlj>2

(46)

Now, considering only an A(t,d) B reaction, equations (34), (35), (42) 

and (45) are substituted into the nuclear matrix element

<B, d | V, | At > » Y < J. j M.H |JJL Xt^mH -m| jH > (47)
on ...i A A D »

%

• < 1 % - md) |4 «J > R^jd^) [i’tï"<9n<n)j*

* V I "an^n» 0T<rd„’rd> drd

• I WaV dr

«a> \^..d(V*i. d«d)%

The integral over the spin wave functions is equal to one ; for con­

venience a quantity D(r^) is defined ~ --

(48)
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where 0? has been transformed to the relative coordinates rand r^,

resulting in a Jacobian, J, and where C^ is the coefficient of frac­

tional parentage for decomposing the triton into the deuteron n-p 
pair and the extra neutron. This expression simplifies still further

in making the zero-range approximation, i.e., the interaction is 
assumed to be of zero range which implies that the outgoing particle 

is emitted where the incoming particle is absorbed. For this approxi­

mation to be good either the potential or one of the internal wave 

function must be of short range. Then

° Do 8 (49)

where Dq can be calculated directly [15], 
/

6. CROSS-SECTION
Once the transition amplitude is known, the differential cross­

section is given by '

do 
do ( 2\2

^d X I*! 2___________  

kt (2ja + 1) (2st +
(50)

where m*  and m^ are reduced masses. The sum is over all M^, M0, m^ and 

m^. Eq. (50) is seen to be the sum over all final states and the average 

over all initial states. This sum can be carried out, making use of 
the orthogonality of the Clebsch-Gordon coefficients in equation (47) 
which removes interference between different j, & and s values. The
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sum eliminates the Clebsch-Gbrdon coefficients and introduces a

factor because of the orthogonality relation

“12
JAJ V'% ’ J

» 1
2j + 1 (51)

The cross-section can now be written in the convenient form

do + V V d2 . —
an (2ja + i) 6 % dQ (54)

where certain convenient factors have been stated explicitly, all

other terms are included 

of a computer.
ln aS 

calc
which is calculated with the aid

7. INVERSE REACTION
The stripping reaction is related to its inverse, the pick-up 

reaction, by the theorem of detailed balance [16] which states that

do <2Jt + 1) ("A + P
^pick up ‘ ("a + l> <"B +

k
4 <55 )
k. stripping

G

and since contains a factor (see eq. (50) and (54))
stripping



3?

(2Jb + 1) kd
<2JA + l> \ ’

this term only has to be replaced by

(2Jt + 1) kt
(2Jd + 1) kd

to effect the change over. In going from the (t,d) reaction to the (d,t) 

reaction this term simplifies to

2 \
5 %



CHAPTER IV

RESULTS AND DISCUSSION

1. THE SPECTRUM
- in the (d,t) reaction on 208Pb eight levels have been found up to 

an excitation energy of 3.6 MeV, five of which are well established 

single particle levels, namely the f5/2*  P3/2’ 113/2*  ^7/2*  Be* 

tween 3.2 and 3.6 MeV four weak levels have been observed, the stron­
gest (100 nb/str) of which was identified as thehg^ single particle 

level. The three others never exceeded 10 ^b/str in cross-section.
Typical spectra obtained for a deuteron energy of 24.8 MeV and 

at a scattering angle of 25° are shown in Figure 8. In the spectrum 

shown in the upper part of Figure 8 the tritons were recorded in nu­

clear emulsion, while in the spectrum shown in the lower half of the 

figure the tritons were recorded with the spark chamber.
The background is seen to be very low and there are no contri­

butions from contaminants such as oxygen and carbon. The spectra shown 
as well as all other data were taken with a target prepared from lead 
enriched to 99.3 % in 208Pb. The contributions from other Pb isotopes 

are therefore negligible.
The spark chamber spectrum was plotted directly from the multi­

channel analyser using an x-y plotter. The unit of the abscissa, the 

channel number, cannot be easily and accurately calibrated in terms 
of energy since it is a function of the dispersion of the reaction 

products magnet, the speed of sound in the chamber which varies with 

pressure, the linearity of the time-to-pulse-height converter and the

40
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linearity of t&e multi-channel analyser.
The Q-value of the ground state and the excitation energies of 

the excited states were determined by the method described in Chapter II. 

The results are summarized in Table II where they are compared with va­

lues obtained elsewhere.

2. ANGULAR DISTRIBUTIONS
The differential cross-sections were measured at 14.8, 20.1, and 

24.8 MeV. Each angular distribution was measured at least twice, once 

with the spark chamber and once with nuclear emulsions. Good agree­

ment was found between the two methods of recording data.
The energies at which the distributions were measured were de­

termined by the two methods described in Chapter 11. The results are 

sutanarized in Table III. The two methods give results which agree 

within the uncertainty of the measurements; the values listed in co­

lumn three are the more accurate ones however, and therefore these 

values have been used in discussing the results. The DM BA calcula­

tions were performed at the energies listed in column four, because 

at the time the calculations were performed only approximate values 

for the deuteron energies were available.
Figures 9 through 11 present the elastic scattering data to­

gether with the results of the optical model calculations. Only one 

set of parameters was used for the calculations at all three energies, 

the set had been determined from elastic scattering done at 25.1 MeV 

[17]. The parameters used are listed in Table IV.

Figures 12 through 14 show angular distributions of the p^^»

f5/2’ p3/2*  *13/2 f7/2 at the three energies. Both the data and the
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TABLE II

Excitation Energies and Q-Value

Level Present Work fl ) Brady et al. Cohen^) c) Harvey

Pl/2 Q = -1.127 + .008 -1.12 -1.10

f _ 0.567 + .006 0.570 0.57 0.615/2
p3/2 0.891 + .006 , 0.897 0.90 0.95

4 1.640 + .007 1.633 1.64 1.6113/2
f 7/2 2.341 + .008 2.339 2.35 2.33

3.23 + .01

3.33 + .01 3.38

h9/2 3.43 + .01 3.47

3.59 + .01
/

a) seei reference 4.

b) Bo L. Cohen, S. Mayo, R.E. Price, Nuclear Physics, 20, 360 (1960)

c) J. A. Harvey, Can. J. Phys., 31, 278 (1953).
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TABLE III
Deuteron Energie s

NMR Freq, of 
Beam Prepara­
tion Magnet

Energies Using 
Elastically Scatt. 
Deuterons

Energies Using Pro­
ton Resonance of 
12c at 14.233 MeV

Energies 
Used in Cal­
culations

17344 kc 14.94 + .15 MeV 14.84 + .04 MeV 15.0 MeV

20180 20.18 + .20 20.07 + .04 20.3

22432 24.91 + .25 24.76 + .05 25.1

TABLE IV

DWBA Parameters Used to Obtain Best Fit to Measured Distributions

Deuteron Neutron Triton

V = 100 MeV V = 168 MeV -o 0

W = 0 W = see belowo o
R = 1.14 fm R = 1.225 fm R = 1.14 fmo o o
r = 1,3 fm r = 1.4 fmc c
a = 0.89 fm a = 0.70 fm £ » .723 fm

% = 1.33 fm % = 1.52 fm

a* = 0.75 fm a* = 0.77 fm

WD = 13.8 MeV WD = 0

W for triton: W « 17 MeV for E, = 15 MeV ° 0 19 d 20.3
22 25.1

- 25 * 22
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DWBA curves are shown. The parameters used in the calculations are 
■ /

shown in Table IV. The DWBA curves were adjusted yisually to give the 

best fit to the data. The spectroscopic factors obtained by comparing 

the calculated differential cross-section to the measured differen­

tial cross-section are shown in Table V.
An angular distribution was measured at 20.1 MeV for the level 

at an excitation energy of 3.43 MeV and compared to a DWBA calcula­
tion for an h^ level. Both the experimental results and the calculated 

curve are shown on an absolute scale in Figure 15. The agreement is 
excellent and this can be considered as quite strong evidence that this

level is the level. In previous work [18] It was suggested that
/

the hg/2 level was at an excitation energy of 3.47 MeV although no 

conclusive measurements were made.
Looking at the angular distributions as shown in Figures 12-14 

a number of interesting observations are to be made. At 14.8 MeV, an 

energy just above the coulomb barrier, the shape is strongly influ­
enced by the coulomb field. All of the distributions peak near 60° 

and fall slightly at the back angles. The principal difference be­

tween different transitions is the amount that the distributions 
fall off at the forward angles. At 20.1 MeV the distributions fall 
roughly a decade between 40° and 100°. The peaks have shifted toward 

smaller angles and fall at quite different angles for different t- 

transitions. The p levels peak at 8 , the f levels at 25 and the 1 
level at 40°; the peak shifts to larger angles for higher t-transi- 

tlons. In going from 20.1 to 24.8 MeV little is changed; the distri­

butions are again forward peaked, the peaks have moved only a few 

degrees closer to zero. The fall-off at the back angles has become
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TABLE V
Spectroscopic Factors

Level 14. 8 MeV 20.1 MeV 24.8 MeV

Pl/2 1.09 1.06 1.06

f5/2 1.10 1.20 1.00

P3/2 0.94 0.95 0.83

i13/2 1.00 0.93 1.00

f7/2 0.76 0.80 0.72

Spectroscopic factors given by the DWBA analysis using the parameters 

of Table IV.
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more pronounced, most distributions fall a factor of 100 from the 
peak to 100°. At all three energies the distributions show rather little 

structure at the backward angles. The peak cross-section for all le­

vels increases with increasing energy as is to be expected in this 

energy and mass region.

3. THE DWBA CALCULATIONS

The DWBA analysis can be of value for the extraction of spectros­

copic information from data of the type described only if a single set 

of parameters can be found which accurately reproduces the data for pure 

single particle states and which is. relatively insensitive to changes 

in bombarding energy, Q-value and target mass. .

The parameters can be classified in two groups. The first group 

specifies the kinematics of the reaction, that is, the binding energy, 
spins and masses of particles involved. These are the "constant" fac­

tors. The second group, the "variables'^,fall into three categories:

A. The optical model parameters for the incoming particle, in 

this case the deuteron;
B. The parameters which determine the wave function of the 

bound neutron;

C. The optical model parameters for the outgoing particle, 

in this case the triton.
A, Deuteron Parameters: The deuteron parameters used in the ana­

lysis are those given in Table IV, which reproduce all elastic scatter­

ing data available over a wide range of energies. The parameters were 

considered known and no attempt was made to vary them.
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B. Neutron Bound State Parametera: The neutron, when bound to 
the target nucleus, is considered to move in a shell model potential 

well. The potential is of the form of eq. (38),(39) and the parame­
ters specifying it are somewhat uncertain. To determine the Sensitivi­

ty of the differential cross-section to changes in these parameters, 
a and R were changed in small steps about a "reasonable" value. This — o
in effect also changes V^, since this potential is always adjusted to

give the correct binding energy. The calculations were made for the 

f^^ at 15.0 and 25.1 MeV 

While the strength of the

and the results are

transltlons varies

lar distributions remains unchanged. In Table

summarized in Table VI

the shape of the angu-

VI the strength was ar-

bitrarily set to unity for Rq ■ 1.225 fm and fl ■ 0.70 fm, the change in 
the strength was found to be independent of the energy of the incoming 

deuterons. Reducing either RQ or a has the effect of changing the well 

in which the neutron moves in such a way, that the wavefunction for the 

neutron is shifted to a smaller radius. This decreases the overlap with 

the distorted waves and therefore decreases the cross-section.
A change in X changes the strength of the spin-orbit coupling. 

While the shape of the distributions is virtually unaffected, the 
change in cross-section is approximately proportional to -t for 

j =. 1 4 transitions and proportional to (t + l) for j ■ £ - % tran­

sitions, as is to be expected. However, the effect is not as large 

as might be expected due to the fact that a change in X is largely 

compensated by a change in VQ, since the computer program is written 

to adjust VQ to give the correct binding energy, B^
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C. Triton Parameters: The parameters for the triton distorted 

waves are not well known, since no elastic scattering data are avai­

lable . A "best guess" of their values was made and the two most doubt­

ful, namely R^, the radius of the imaginary potential, and W^, the 

depth of the imaginary potential, were changed systematically to stu­

dy their effect. This was done at 15 MeV for the l^^, f^^, and f?^ 

states. Since these parameters are expected to affect the shape of 

the distributions it was hoped that values could be found which would 

improve the fit to the experimental distribution for the l^^ at the 
forward angles. In fact, the shape was changed little for the f^ and

f 7/2 ’ but was changed appreciably at the forward angles for the l^^ 

(see Figure 16). The change in the strength, or peak cross-section, 
found to be Independent of the transition, was approximately 30 % for 

the range of WQ and R° investigated as shown in Table VII.

Two criteria were used in selecting the "best" parameters. These 
were the quality of fit to the shape of the l^^ at the forward angles 

and the fit to the absolute differential cross-section at all three 

energies. To obtain approximately the same spectroscopic factors at 

all three energies it was necessary to vary W from 17 MeV at - 

15 MeV to 22 MeV at Ed = 25.1 MeV. This was the only energy depen­

dence found and it is not inconsistent with the energy dependence of 

optical model parameters found from the analysis of elastic scattering 

data of other particles.
All of the above calculations were made assuming the interaction 

to be of zero range. While the results are very good, to complete the 

investigation, the effects of other types of Interactions were studied. 

Calculations were made in which the Interaction was assumed to be of
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TABLE VI
Variation of Differential Cross-Section with Neutron

Parameters R and a o —

The value for Ro - 1.225 and a - 0.70 was arbitrarily called unity.

KX. a o\- 0.65 0.70 0.75

1.200 0.75 0.85 0.95

1.225 0.89 1 1.13

1.250 1.06 1.19 1.34

The results are for the f^^

TABLE VII
Variation of Differential Cross-Section with Triton

Parameters W and R• o o

1.47

1.52

1.57

o

0.93

1.33

1.13

17

0.81

1.20

22

0.89

0.71

1.09

27

The value for Rÿ - 1.52 and WQ = 22 was arbitrarily called unity. 
The results are for E. » 15 MeV.
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finite range and in which the potentials (optical model as well as 
shell model potential) were assumed to be non-local [19, 20]. The 

corrections for both finite-range and non-local effects were made 

in the neutron wave function. The results of these calculations are 

shown in Table VIII. It was found that the finite range calculations 

increase the cross-section in many cases with respect to the zero 
range calculations. This result is expected in reactions in which the 

contribution to the cross-section due to the interior of the nucleus 
208is small [21] as is the case in the Pb(d,t) reaction.

In order to determine the sensitivity of the cross-sections to a 

change in the deuteron energy, calculations were made in which the 
energy was varied from 14.5 MeV to 15.5 MeV and also from 24.75 to 

25.5 MeV. The results are shown in Figures 17 and 18 respectively.
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CHAPTER V

SUMMARY AND CONCLUSION

The purpose of the work described in this dissertation was to 
determine experimentally the absolute differential cross-sections for 

208 the (d,t) reaction on Pb for Incident deuterons in the energy range 
from 15 to 25 MeV and to determine the set of parameters in the DWBA 

calculations that give the best fit to the measured differential cross­

sections.
Differential cross-sections were measured for five single par­

ticle levels from 10° to 100° at three energies, namely 14.8 MeV, 

20.1 MeV and 24.8 MeV. The level at an excitation energy of 3.43 MeV 

was identified as the h^ single particle state. Differential cross­

sections were also measured for elastically scattered deuterons from 
25° to 110° at all three energies in order to determine possible energy 

dependence of the deuteron distorted wave parameters.
The DWBA calculations were performed for several values of the 

bound neutron parameters a, RQ and X, several values of the triton 

distorted wave parameters WQ and R^ and different forms of the inter­

action.
It was found that the measured distributions could be matched 

well with calculated distributions in shape as well as absolute cross­

section. The only major discrepancy found was for the i^^ at the 

lower energies and at forward angles.

Changing the triton distorted wave parameters Wq and R? affects 
the shape of the distributions at the forward angles, particularly for

63
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the 43/2' It was necessary to vary Wq with energy to obtain equally 
good fits to the absolute cross-sections at all three energies. The 

neutron parameters RQ and a were found to affect the absolute cross­

section only. The amplitude of the interaction, Dq, has been calculated 
[15] and experimental evidence supports this value [23]. Calculations 

which included corrections for finite range and non-local effects did 

not improve the fit to the absolute cross-section.
Using the best set of parameters as determined in this investiga­

tion it was found that the shape of the calculated angular distribu­
tions agree well with the measured distributions. The absolute differen­

tial cross-sections differ by as much as 28 %. This relatively small 

disagreement in the absolute cross-sections is believed due to a spin­
orbit effect ; changing the strength of the spin-orbit coupling improved 

the agreement, but the effect was small, only a few percent.
The best set of parameters are essentially the same as those ob­

tained for reactions in the lower mass regions and those in the mass 
region of lead but at lower energies [22, 231. It is concluded there­

fore, that the DURA analysis will be useful in extracting ^-values 

and spectroscopic factors in the heavy mass region for deuterons of 

energy 15 to 25 MeV.
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