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The reactions As' (p,p)As' and As
(p,n)Se
have
been studied at bombarding energies from 3 to 5 MeV.

Twelve

resonances have been observed in both the (p,p} and (p,n)
excitation curves and are identified as isobaric analogues
76
of levels in the odd-odd nucleus As . In the (p,p) mea¬
surements, three solid state detectors fixed at laboratory
angles of 100°, 120°, and 150° were used to detect the
elastically scattered protons, while in the (p,n) measure¬
ments both a conventional long counter and a specially
designed

4TT

counter were used.

There is strong evidence for

a doublet at proton bombarding energies of 3.06 and 3.11
MeV and four pronounced resonance levels at 4.47, 4.58,
4.67, and 4.75 MeV.

The doublet is identified as the ground

state isobaric analogue resonance which corresponds to a
Coulomb displacement energy of 10.2 MeV.

The 1 values of

the four states E = 4.47, 4.58, 4.67, and 4.75 MeV were
P
determined and asymmetry in the (p,n) resonance peak was
observed and analyzed for the states

E^=

4.47 and 4.58 MeV.
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INTRODUCTION
A.

Review of Isobaric Analogue Resonances Theories
The concept of isobaric spin was first introduced

into the world of nuclear physics by Heisenberg‘S shortly
after the discovery of the neutron in the thirties.

Since

then a complete theory of isobaric spin 2 ' 3 ) in nuclear inter¬
actions has been developed with the aim of explaining the
surprising similarity between the two different kinds of
nuclear particles, the neutron and the proton.

It has

become an established fact, experimentally and theoretically,
that the nuclear force, with a very short effective range,
is essentially independent of the electrical charge of the
interacting particles.

In other words, the strong short-

range part of the nuclear interaction Hamiltonian for the
system of nucleons, i.e. neutrons and protons, is not a
function of their charges.
The proton and the neutron are thus considered as
identical particles with respect to their strong interaction.
As members of a doublet, they are given the same quantum
number, the isobaric spin T=l/2.

And accordingly they have

opposite z axis projections of this quantum number, T =1/2
z
for the neutron and Tz=-l/2 for the proton, to characterize
their different electromagnetic properties.
between charge Q and T

The relation

is through the following: Q=N-2T ,
z
z
where N is the number of nucleons.

2
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In mathematical language the neutron and the proton
span a two dimensional space, the isobaric space, so called
because of the fact that masses of proton and neutron are
almost the same.

The transformations in this isobaric

space form a group SU(2) 4).

The neutron and the proton

are just the two states of the fundamental representation.
Following this line of argument, any finite nucleus, as
system of neutrons and protons, is expected to be classi¬
fied by the higher rank representations of the same group.
The isobaric spin, which is a number characteristic of the
representation, should be then a good quantum number and
be conserved throughout the nuclear interaction.

However

this SU(2) symmetry between nucleons is broken by the
electromagnetic properties of the proton.
In the region of light mass nuclei, where respec¬
tive numbers of neutrons and protons in a nucleus are almost
equal, the electromagnetic interaction between nucleons is
small and can be treated as a perturbation to the total
nuclear Hamiltonian.
a good quantum number.

So practically the isobaric spin is
This has been verified by the

discovery of many isobaric multiplets existing amongst
neighboring nuclei such as and N^, and 0^
14
and F 17
as mirror 14
nuclei doublets,
C , N 14
and 0 , Be io ,
10
10
.
5)
B
and C
as triplets, etc..
It is also generally
6)
accepted ' that when the mass number of a nucleus goes
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beyond 40, the isobaric spin is no longer a good quantum
number as a result of the mixing of isobaric spin eigen¬
states by the electromagnetic interaction.

The Coulomb

potential energy rises with the number of protons and in
the region above mass number 40 it becomes comparable to
the binding energy Of the whole nucleus; excessive number
of neutrons are needed to hold them together.

In this way

the symmetry between the proton and the neutron is violated
and the conservation law of isobaric spin for nuclear
reactions becomes invalid.
The problem about the goodness of isobaric spin
beyond light nuclei was revived first by the theoretical
6 7 8)
investigation of Lane and Soper ' ' ' and the experimental
work of Anderson, Wong and McClure^'in (p,n) reactions.
They indicated that in heavy nuclei, where the neutron
excess is large, the isobaric spin is still pure in a
limited sense.

With a time-of-the-flight measurement of

the neutron energies for many direct (p,n) reactions,
Anderson et al 9) found that the neutron distribution was
far from'the shape expected for an evaporation spectrum.
Sharp neutron yields were seen at the places corresponding
to the excitations in the residual nucleus which differed
from the target nucleus level scheme by a definite energy
difference E
energy and

S'

~S ,

where Ec is the Coulomb displacement

is the proton-neutron mass difference.
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Apparently the levels in the residual nucleus with the same
isobaric spin as the target nucleus are much favored in the
reaction.

These resonances, with the appearance of single

particle resonances, are named isobaric analogue resonances,
as they are affected by the isobaric spin selection rule
such that the strength function is concentrated on those
levels in the residual nucleus which have the same isobaric
spin as the target nucleus.
In parallel with this progress, Fox et al^^ were
successful in interpreting their observed neutron resonan89 89
ces from Y (p,n) Zr
at proton energies of 4.8 and 5.0
MeV as compound nucleus isobaric analogue resonances.

With

proton energy lower than the Coulomb energy only levels
corresponding to analog states in the compound nucleus
system (Target+p) in analogy with (Target+n) can be obser¬
vable.

The spacing between the observed resonant states

were in agreement with the available data for the analogue
89
nucleus, the (Target+n) system, Y 90
. Other reactions
Y
(P*P)Y89 11J, Y89(p,p')Y89* 8), Y89(p,/ )Zr90 12), and
89
go* 8)
Y (p, / )Zr 1 had been studied and the results showed
the same conclusion that in the heavy neclei.

isobaric

spin is still a quite pure quantum number 7 )
The resonance shapes derived from the proton elas¬
tic scattering data also appeared to be in good agreement
with single particle resonances predicted by Wigner's
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dispersion theory.

13)

A theoretical treatment of the direct reaction
isobaric analogue resonances has been given by Lane et al
6 7)
' ' in terms of an isobaric spin-dependent potential. He
noted that an isobaric spin-dependent potential arises
straightforwardly in a potential calculation taken as sum
of two body forces with Heisenberg components and averaged
over a Fermi gas.

He proposed that the optical potential

should be of the form: V +V.(t*T)/A, where V is the
o 1
o
ordinary optical potential, t is the isobaric spin of the
incident particle, and T is the isobaric spin of the target
nucleus of mass A.

The operator t*T,

(t*T=2(t+’T_+t_*T+)+

t *T ), acting on an incident proton, | 1/2,-1/2^, can convert it into a neutron, ) 1/2,1/2^, and turn the target,
)To,T^, into the corresponding isobaric state, | T ,T ”1^
thus resulting in a quasi-elastic (p,n) reaction.

>

Analysis

of (p,n) scattering cross sections by means of optical model
and DWBA was made by Hodgson and Rook 14)'.

They showed that

the measured (p,n) cross section is proportional to the
square of the strength of the isobaric spin potential.
The analogue resonance states, I T0,TQ-1)>, appear at
at high excitations in the residual nucleus where vast
number of levels, |T -1,T -1/, are expected to exist with
the same isobaric spin as the ground state, | T -1#T -1).
The splitting and probability of admixture between the two

6
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sets of states, (T ,T -1>, and |T -1,T -1} was calculated
by Macfarl^ne and French with a shell model interpretation
15'16).

iketa et al'^ gave the explanation of (p,n) re¬

sonance by means of a collective excitation of the coherent
(np) pair in a state with J = 0+ similar to the treatment
of the optical giant resonance as superposition of particle
hole pairs, (pp) and (nn) by Brown

’.

As for the resonances through a compound nucleus
mechanism, Robson 19) , with R-matrix theory and an isobaric
spin-dependent potential, gave a detailed analysis for the
case of spin zero target nucleus.

He pointed out that in

the internal region, where the difference between the
Coulomb displacement Ec and the Coulomb potential, Vc, of
the (Target+p) system is almost zero, then the coupling
between the isobaric analog state,

+1/2,T -1/2^, and the
o
o
background states,IT -1/2,T -l/2>, becomes very weak, hence
|T

in that region isobaric spin can be considered as a good
quantum number.

By examining the (Target+n) system for

the same potential, it can be shown 19) that its wave equa¬
tion only differs from that of the isobaric analog state,
|TQ+1/2 ,TQ-1/2^>,

by a term of Coulomb displacement energy,

Ec, provided that Vc-Ec, which determines the isobaric spin
mixing, is assumed to be zero.

That is

X ne'(En )—XP (EP -E c )
where X

nc

(E ) is the wave function of the (Target+n) system
n

-7-

with neutron energy E , X (E -E ) is the wave function of
n
p p c
the (Target+p) system with proton energy E . This equality
P
leads to a relation between their respective reduced widths.
The relation between the neutron width from (d,p) and the
proton width from (p,p) is given as

.
Wigner
stated 20) that although the analogue resonan¬

ces appeared to have single particle structure, it can be
a giant resonance consisted of vast number of highly exci¬
ted background states which contribute the enhanced strength
in the analogue state.

Within the appreciable resonance

width (characteristically 10-50 KeV) fine structure is
expected to show up if experimental resolution is improved.
The sharpness of these resonances is due to the weakness of
electromagnetic coupling which, as a long range effect, is
less effective in causing an admixture of one state into
the other.

This fact was verified afterwards by the obser-

vatxon of fine structure m the analogue resonances in A40
22)
(p,p) by Keyworth et al 21)
' and by Richard
et al ' 92
in Mo
(pip) * their widths are approximately from 1 to 3 KeV in
contrast with the broad width originally observed.

About

the similarity to optical giant resonances, Robson^^ illus¬
trated in his theory that there is a basic difference
between these two cases.

In the optical case, complicated

states arise as a result of turning on the many-body resi-

8
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dual interaction, however in the case of

the isobaric

analogue resonance, complicated states are even present
before the residual interaction v = V -E is turned on.
c
c c
As remarked above, the isobaric spin mixing between
the analogue state and its nearby background state is very
possible as the excitation is so high in the compound
nucleus (mostly 9-15 MeV) and thus the density of the back¬
ground states is very large in the neighborhood.

Actually

23 )'in which the
the very existence of Y89
(p,n) resonances,
neutron decay of the compound nucleus is forbidden by the
isobaric spin selection rule, showed clearly that there is
mixing of (
tion.

TQ+1/2,TQ-1/2^

with |

y

TQ-1/2,TQ-1/2

in this reac¬

Interestingly enough, the (p,n) resonances not only

helped to establish the isobaric resonance theory in which
the isobaric spin is assumed to be a reasonably pure quantum
number, but also illustrate the importance of the admixture
involved in the analogue resonances.
Of great importance is the fact that from the isoba¬
ric analogue resonances nuclear spectroscopic

parameters

for these nuclear states can extracted and compared with the
information given by the stripping reaction on the same
target nucleus through the relation

Yp — Y (

^ .

The

main difficulty in the comparison of (p,p) and (d,p) data
is the incompatibility of the definitions of the spectro¬
scopy parameters for the two different reaction mechanisms.

-9-

resonance and stripping.

Lee, Marinov and Schiffer

24)

, in

analysing their data, used the spectroscopic factors extracted by DWBA from Ni 64
(d,p)Ni 65 to compute the proton width
65
of the isobaric analogue state in Cu . They then related
the proton widths by rough approximation procedure and
compared with the widths measured by elastic scattering on
64
Ni . Their results were good enough to conclude that iso¬
baric analogue spectroscopic factors can be extracted at
least as reliably as the stripping spectroscopy factors.
B.

23)

.

Purpose of the Study
The purpose of this study is to investigate the

validity of the compound nucleus isobaric resonance theory
for a complicated case of a medium weight target nucleus of
75
nonzero spin. As . As is well known, isobaric spin formu¬
lation can be applied for both light nuclei (A<40) where
Coulomb energy is small and heavy nuclei(A>90) where neutron
excess is large enough to make isobaric spin pure.

1

So

far isobaric analogue resonances have been observed in
medium wèight nuclei via direct (p,n) reaction by Anderson
et al.^^

They observed that only even-even target nuclei

with A=40-80, e.g. Zn, Se and Ge display prominent excited
isobaric states.

They also stated that it is plausible that

there are at least two reaction mechanisms for the formation
of excited isobaric states. On the other hand, Lee, Marinov
24)
and Schiffer
were successful in observing the compound

10-
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.
nucleus isobaric
resonance xn Cu 65 from proton bombardment
64
of Ni , an even-even target nucleus of spin zero. However

no comment about the possibility of isobaric analogue reso¬
nance for odd-odd, odd-even, or even-odd target nuclei was
made.
The main interest in the present work is to see
whether isobaric analogue resonances will occur at all for
a medium weight, odd-even target nuclei of spin 3/2
As 75 .

like

There is certainly a great disadvantage in the

analysis of the data.

However both (p,p) and (p,n) reac¬

tions have been investigated and many resonances were seen
in both of the cross section curves.
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PART I. ELASTIC SCATTERING OF PROTON FROM ARSENIC-75
A. Experimental Apparatus and Procedures
The proton beam ranging from 3 to 4.8 MeV was
obtained from Rice Tandem Van de Graaff Accelerator.
Through a 90° deflection in the analysing magnetic field,
the energy of the bombarding proton beam was defined by the
entrance and exit slits where the field was measured by a
nuclear magnetic resonance probe system.

By successively

adjusting the electromagnetic quadruple lenses located along
the beam path, the beam current was maximized to be around
300 nanoamperes after the magnet.

The beam was then direct¬

ed through the switching magnet down to the channel where
the scattering chamber was installed.

Adjustment of the

beam path and intensity was further supplemented by hand¬
ling the electromagnetic quadruples in front of the scatter¬
ing chamber.

The target current was kept below 50 nano¬

amperes all the time in order to avoid overheating and thus
causing the elemental arsenic to sublime.

The boiling

point of elemental arsenic is 615°C.
(1)

Scattering Chamber and Detection System
The brass chamber of 12" ID built by Dr. Ivor Taylor

was used for measurement of proton scattering.

Good vacuum

within the chamber was maintained by using a separate pump¬
ing system as shown in Fig. 1 and Fig. 2.
The target current was collected by a Faraday cup

•• * * '
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behind the target.

Small magnets were embedded on the wall

at the rear of the chamber to suppress the secondary elec¬
trons from reaching the Faraday cup and interfering with
the positive current integration.
Three detectors were fixed around the wall of the
scattering chamber.

They were respectively located at

laboratory angles of 100°, 120° and 150° to the direction
of the incident beam to detect the elastically scattered
protons from the target.

Tantalum plates with apertures

respectively 3.3 mm, 4.1mm, and 4.1 mm in diameter were
installed in front of these three detectors subtending solid
-4
angles of 3.89± 0.005, 6.01± 0.005, and 6.05± 0.005, 10
steradians.

The detectors used were all gold-silicon sur¬

face barrier: type semiconductors.

During their operation

bias voltages of 70 Volts were supplied by regulated power
sources.
The signal pulses from the detectors were first
amplified by three Tennelec Model 100-A low noise, charge
sensitive preamplifiers and then fed directly into a TMC400 channel analyser.

The pulse heights of the input

signals were converted into channel numbers and stored into
the mèmory of the analyser.

The gain settings for the ampli

fiers in the analyser were adjusted such that the peaks of
interest would fall into a suitable region of the analyser.
The £ulse height spectrum was then printed and plotted

-13-

through an IBM 1401 on-line computer.
The run time was registered with a 60 cps timer
while the dead time of the TMC analyser was calculated and
printed out by the computer along with the data.

It was

found that the dead time correction was less than 3 per
cent and did not significantly affect the overall picture
of the excitation curves.
(2)

Target Preparation
Attempts had been made to evaporate the 100% pure

elemental arsenic onto thin carbon foils.

But after many

painstaking trials, it was concluded that arsenic would not
be deposited on the carbon foil in any appreciable quantity.
Therefore as an alternative the target was made by evapora¬
ting arsenic from a carbon boat onto a commercial aluminum
foil of 0.0003"\thicknèss.

During the evaporation process

caution was taken in avoiding any undesirable contamination
by keeping the vacuum in the evaporator at a pressure lower
than 3x10 -5 mm Hg.

Purity and thickness of the target were

determined by examining the energy spectrum.

It was obser¬

ved that there were scarcely any heavy mass contaminants.
Besides the peak due to arsenic, there were several groups
of protons scattered respectively from carbon, oxygen and
aluminum.

As they were well separated, there was no ambi¬

guity in the summation of proton counts in the interesting
çhannels.

The appearance of carbon and oxygen peaks were

-14-

inevitable due to the use of a carbon boat in the target
preparation process.

However, their locations on the energy

spectrum also had the advantage of fixing the energy cali¬
bration.

Lower energy peaks were found to be due to the

excited states in Al 27 , of excitation energies of 0.842,
1.013, 2.21, 2.73 and 2.98 MeV.

These inelastic proton

peaks had the same width as the elastic aluminum peak cor¬
responding to an energy loss of 110 KeV.

The thickness of

arsenic on the target as observed from the spectrum was
less than 20 KeV.
A typical energy spectrum is shown in the F^g. 3
where the proton bombarding energy was 4.00 MeV.
B.

Experimental Results
Data were taken at energy steps of 10 KeV in the

proton bombarding energy over most of the region.

Random

background counts were subtracted from the meaningful data
by averaging the background at both sides of the peaks and
then multiplying the mean background count per channel by
the number of channels occupied by the peak.
After the dead time correction and the background
subtraction had been made, the excitation curves for the
proton elastic scattering were obtained for the angles of
100°, 120°, and 150°.

They are shown in Fig. 4 through 7.

It was apparent that at proton bombarding energy as
low as 2 to 5 MeV, the scattering cross section is mainly

Figure 3. Typical pulse height spectrum
75 75
for As
(p»p)As
measured with solid
state detector at 100°.

The proton

bombarding energy was 4.00 MeV.
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Figure 4. through 7.

Differential cross

section curves of As^ (p,p)As^ at lab¬
oratory angles of 100°, 120° and 150°.
The solid lines are just the smoothed
experimental curves.

The region E^=

3.25-3.60 MeV was not covered.

DIFFERENTIAL CROSS SECTfON (Born/Steradian)

DIFFERENTIAL CROSS SECTION (Barn/ Ste radian)

PROTON ENERGY

(MeV )

DIFFERENTIAL CROSS SECTION (Born/Sterodlan)

PROTON ENERGY

(MeV)

DIFFERENTIAL

CR OSS SECTION (Born/Sterodion)
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Coulomb scattering whose dependence upon energy is given by
the Rutherford formula;

(2.2,ef

<Ç(6) -

lèE'(Si^e)

By fitting the smoothed excitation curve from 4 to
5 MeV at 100° with the theoretical calculation for Coulomb
scattering, the target thickness was .determined.

This was

done by dividing the detected proton counts by the product
of integrated charge, solid angle and Rutherford scattering
cross section and tfyen taking the average of these numbers.
It was found that the target was of thickness 323±10xl0
2
gm/cm which gave rise to an energy loss of 23 KeV at 2 MeV
and 15 KeV at 4 MeV for protons according to the formula by
-Whaling.25)
*

To limit the statistical error due to the Poisson
distribution of the particle emission from the bombarded
target, total counts at the arsenic peaks were always kept
above 4000 counts.
than 2%.

The statistical error was thus much less

In the region where resonances were observed the

peak to valley differences were in most cases greater than
10%, so there was no danger of them being masked by the flu¬
ctuations in the background.
From the excitation curves it was noted that for the
three different angles there were definitely resonances near
proton energy 4.5 MeV.

At lower energy fluctuations were
«

*

*
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more irregular and rapid so that resonances could not be
distinguished clearly from the neighborhood.

However the

fact that resonant shapes in the region of 4.5 MeV were
very smooth and behaved reasonably like Breit-Wigner single
particle resonances confirmed the meaningfulness of data
over the lower energy region where statistics were much
better because of higher counting rate.
The main source of error in the present data came
from the background subtraction which unavoidably intro¬
duced 0.5% to 2.0% uncertainty in the scattering cross
section.

As the solid angles were smaller than 6x10 -4

steradian, the uncertainty in the angular position and thus
the uncertainty in the Rutherford normalization constant
•were practically negligible.

In conclusion, any observed

fluctuation above 4% was physically significant.
The resonant energies as observed from the excita¬
tion curves are given in Table 1.
TABLE 1.
Resonances observed in As 75 (p,p)As75
Proton Bombarding Energy(MeV) Oberved Width(KeV)
3.06
3.12
3.68
3.82
3.98
4.02
4.14
4.28
4.47

25
20
30
40
25
20
18
40
50
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42
15
45

4.58
4.67
4.75

All the observed total widths had 10% uncertainty.
C.

Analysis of the Data
As remarked in the last section, over the region of

proton bombarding energy in the present work. Coulomb scatt¬
ering is preponderant and overwhelms other contributions to
the differential cross section such as the nuclear resonant
scattering which is proportional to the square of proton
width for a particular resonance.

However the interference

between the resonant scattering and Coulomb scattering is
expected to be still appreciable,as it comes from the
cross product of respective scattering amplitudes which are
coherently additive.

It can also be noted that the inter¬

ference is a first order correction to the Coulomb scatter¬
ing as it involves the nuclear resonance width only in the
first degree.
(1)

Rutherford Normalization
To extract the interference term from the prevail¬

ing background of Coulomb scattering, a normalization pro¬
cedure was used.

The experimental differential cross sec¬

tions were divided by the calculated Rutherford scattering
differential cross section with the knowledge of the target
thickness as noted in the previous section.

The same nor¬

malization constant was used for the three angles.

The

-18-

calculation was done with the aid of the IBM 1401 computer.
The results are given in Fig. 8 through 10.
(2)

Extraction of Resonance Parameters
The complete theoretical treatment of elastic scatt¬

ering for charged particles was given by A. M. Lane and R.
G. Thomas by means of R-matrix theory. 35) Practically only
cases where the target nucleus has spin 1/2 or 0 with bomb¬
arding particle spin 1/2 or 0 have been treated in complete
detail.

When higher spins are involved, the tremendous

number of parameters present a fathomless difficulty in the
calculations.

A phase shift analysis cannot be carried out

in general for lack of experimental data.
In the present case, the target nucleus As

75

has

spin 3/2~ so there are two channel spins after its vector
coupling with the incident protons, l” and 2
For each
.
.
.
+
“*
+
combination with the orbital angular momentum 0,1,2..
, there is an individual scattering matrix element Q

SL

so that there are too many parameters to be determined by
experiments.

However simplification was made with the fo¬

llowing assumptions:
(a) As the resonances appear by means of compound
nucleus mechanism, for each isolated resonance level there
is a definite spin and parity.
(b) Angular momentum which leads to the compound
nucleus level is definite and unique.

,

Figures 8.through 10. Differential cross
75 normalized
section curves of As 75
(p,p)As
against Rutherford scattering differential
cross sections at laboratory angles of
100°, 120°and 150°. Solid lines are smooth¬
ed experimental curves.
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(c)

No polarization is involved, so that a statis¬

tical average can be made over all channel spin multiplets,
and it is assumed that the nuclear resonance is independent
of the channel spin.
.
With
these assumptions Robson et al 39)' gave a sim¬

ple formula for the analysis of (p,p) scattering data for
the isobaric analogue resonance in Y

(p,p).

Although a

more detailed and complicated method of analysis has been
reported by Robson 19)7,

no attempt was made to adopt it in

the present work because of lack of data.

The formula for

a Coulomb plus single level approximation is given below:

<&(8)

< -2 (- 0 s'* Z (Ij 1 JiS K)2(lj 1jjSK) %rj pKm 6)
7

Y

ijesiw'J-g

&xe[-irJy(s,Ne±()t2iK]

(W)

f LlH)ê Riait)

J — Resonance level spin and parity
JÇ= Target spin
C£= Coulomb phase for resonant partial wave 1
pr=2f7r=i Proton width
ij s

x
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-

fi. - Orbital angular momentum of captured proton (assumed
to be single valued)
$ =* Channel spin
7*

P = Total observed width

A

The Coulomb scattering term in the differential
cross section was calculated with the knowledge of the tar¬
get thickness, solid angle and the number of bombarding
particles.

The difference between the measured differential

cross section and the Coulomb scattering term ga,ve the int¬
erference term.

With the aid of the computer and by fitt¬

ing the theoretical formula above, the angular momenta and
the interference amplitudes of the four resonances, E = 4.47
P
,4.58, 4.67 and 4.75'fleV were found. The parameters used
for the analysis arfe listed below:

feeduced Mass*» 0.987626m , E = 0.987626E.
p
c
±
Boundary Parameters
Interaction Radius»* 6.32 Fermi
2 2
Coulomb Barrier B= 2Ze /R = 7.54 MeV
x= E /B= 0.1308E.
C

1

Coulomb Wave Function Parameters

Resonance Parameters
2

Wigner Limit*» f^

=

2

2

3K /2JU R = I

VAA •»*««.

■ r?= ID y

2

(KeV)

21
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Table 2. is the list of the resonance parameters
obtained.
TABLE 2.
Resonance Parameters of As
1 E(m) rA g
0
2
0
2

4.47 45 3.74
4.58 30 3.76
4.67 15 3.76
4.75 30 3.76

x

75 75
(p,p)As

A

‘/f' &,,)rr

0.584 2.88 11.46 1.99
0.599 2.91 46.60 8.00
0.611 2.94 9.85 1.68
0.621 2.96 38.43 6.47

(irj-f

38.43 124
43.56 574
4.76 13
49.44 536

0.2135
0.363
0.079
0.412

The interference amplitudes .

pi

, where ^is the total Coulomb interference phase angle, of
the four resonances are shown in Fig. 11 through 14.

Figures 11» through 14.

Interference

amplitudes for the resonances at

E^~

4.47, 4.58, 4.67, and 4.75 MeV. Solid
lines are the theoretical fit for respec¬
tive orbital angular momenta of these re¬
sonances, 1= 0+ for E = 4.47, and 4.67 Mev,
P
+
and 1= 2 for E =4.58 and 4.75 MeV.
P

= 45 KeV
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PART II.
A.

ARSENIC-75 (p,n) SELENIUM-75 REACTION

Experimental Apparatus and Procedures

(1) Beam

;Eneirgy Calibration

The proton beam was obtained from Rice 5.5 MeV Van
de Graaff Accelerator.

The beam energy was determined by

the 90° analysing magnet with either a proton or lithium
nuclear magnetic resonance magnetometer.

In the region

where saturation effects in the magnet are negligible, the
relationship between the bombarding particle energy and the
magnetometer frequency is given by :
f2-

E
K(1-E/2Eq)

f = Magnetometer frequency
Eo.= Proton rest mass
E = Particle Energy
K = Constant depending upon the properties of the bombard¬
ing particle and the geometry of the magnet.
7 was
A neutron threshold measurement for Li 7
(p,n)Be
performed to determine the numerical constant K and thus
calibrate the analysing magnet.

The result is shown in Fig.
—3 2
15. K was found to be 4.1468x10 MeV/Mc using Et^= 1.8807

± 0.000440*.
i-

*

(2) Neutron Detection System-and Target Preparation
The neutrons were detected using either a conven¬
tional long counter or a specially designed 47T counter. The

Figure 15 «

Beam energy-magnetometer

frequency calibration for Rice Univer¬
sity 6 MeV Van der Graaff accelerator by
7 neutron threshold measurement.
Li 7
(p,n)Be

2
Li7(p.n)
THRESHOLD MEASUREMENT

15

-

21.25

21.30

FREQUENCY (Me)

21.35
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4TT counter was made and used to integrate the neutron yield
over all solid angles with the aim of enhancing the counting
rate and improving the statistics for the data.

It consists

of a 40 cm diameter by 60 cm long paraffin cylinder contain¬
ing two BF^ counters.

A 10 cm deep layer of lithium carbon¬

ate-paraffin mixture covered the top of the cylinder to
absorb the stray background neutrons originating outside
the detectors.

This also had the effect of suppressing the

gamma ray production by neutron capture by the hydrogen in
the shielding.

The target was placed in the center of the
II

cylinder, connected to the visual window section by a 20
long brass tube which stuck deep into the paraffin.

Plastic

insulation plates were used to separate electrically the
three sections, the window, the long connection tube and
the target holder.

The window was held at ground potential

while currents from both the target and the connection tube
were measured.

Adjustments were made to maximize the tar¬

get current and in the meantime minimizing the tube stray
current;

Cooling for the target was provided by continuous¬

ly blowing cold air into the cylinder to limit the subli¬
mation rate of the target element.
A sketch of the set-up is given in Fig. 16.
The signals from the two BF^ counters were added
through a cathode follower and then fed into an Atomic
Model 238 linear amplifier.

The gain settings and discri-

Figure 16,

4TT neutron counter and detec¬

tion system.
A:

BFg counters

Bî

Paraffin and Lithium Carbonate mixture

Cs

Paraffin shield

D: Connection tube
E: Target
Ft

Window section

G: Hollow space for blowing cooling air
H: Cathode follower amplifier
The blackened area indicates the plastic
insulation plates

CD

477" NEUTRON COUNTER

O

u
r^n
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mination level were carefully selected to bias off the
gamma ray produced either in the shielding from neutron
capture or from outside the detector.

Both a Na 22 and a

Pu-Be neutron source were used for this procedure.

The

output from the linear amplifier was then connected to a
scalar where the neutron yield was recorded for every in¬
tegrated charge of 10 micro-Coulombs.
Targets were made by evaporating arsenic onto a 5
mil tantalum plate.

The thickness was found by weighing to

be mostly less than 280+ 20 microgram/cm .

The neutron

yield curves were obtained for different targets.

As the

peaks and dips were observed to reproduce themselves inde¬
pendent of the difference in the target conditions, it was
believed the contaminations in these targets were negligi¬
bly small.
(3)

Efficiency of 4ir Counter
In order to calibrate the efficiency of the design¬

ed 4T counter* the neutron yields from the reaction T(p,n)
3
He were measured consecutively with the long counter and
the 4iT counter.

By comparing the measured yields with the

known data on the differential cross section at 0° and the
3 26)
total cross section of T(p,n)He , ' the geometrical cons¬
tant for the 4T counter relative to the long counter was
obtained.

The relation between the neutron yields as dete¬

cted by the two different counters is as followings

-25-

revenu

—
* Shield, 4*

<-3-dA^r^ ■

Y

e
'^ShiÇld,£or>ÿ

6-

Relative efficiency of the long counter

'j£r= Neutron yield measured by the 4T counter
Neutron yield measured by the long counter at 0°
"7"= Target thickness
M= Number of protons in the 4ir counter measurement
f\| = Number of protons in the long counter measurement
3

0"= Total cross section of T(p,n)He

reaction

ë-£= 0° differential cross section of T(p,n)He^ reaction

An.

hsFitm

t

ABfitiory

= Areas of BF^ counters in the paraffin

°f the shieldin<3 in the counters
C= Geometrical constant of the 4ir counter characteristic
AshM/tr AshkMsety

= AreaS

of the equivalent solid angle subtended by the two BF^ coun¬
ters .
It was assumed in the formula that the thermalized
neutrons in the paraffin were distributed as evenly as an
ideal neutron gas, so that the number of neutron detected
by the BF^ counters was proportional to the surface area of
the counters..
C was found to be 1.86± 0.02, which indicated that
the two BF^ counters extended an equivalent solid angle of
47T/1.86= 2.15i 0.03 steradians.
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Since the 47T counter was designed to integrate the
neutron yield over all the solid angles, the angular reso¬
lution was completely sacrificed for the advantage of rais¬
ing the counting rate.

Therefore there was no definiteness

in the energy of the neutrons.

However, as a practical

means of compromise, the statistical mean neutron energy
was defined by the angular average of the neutron energy
by the following equation:

Neutron energy at angle $, obtained from the kinematics

EQ=

3

for the reaction T(p,n)He .
0"= Total cross section of T(p,n)He
= Differential cross section of T(p,n)He

3

The mean neutron energy vs proton energy for T(p,n)
He

3

is shown in Fig. 17.
The efficiency curve was then completed by plot¬

ting the relative yield against the mean neutron energy.
It is shown in Fig. 18.

It was shown by Allen that the

long counter efficiency is flat over this region within 5%
26)
«

B.

Experimental Results
89
A measurement of Y
(p,n) was made with the aim of

checking the machine calibration and the neutron detection
efficiency.

The neutron yield curve is shown in Fig. 19.

Figure 17. Mean neutron energy of T(p,n)
3
He . Integration over solid angles was
made in increments of 5° in the center of
mass angle.

(MeV)
(A»W) A9H3N3 N0ÜU13N NV3W

Figure 18.

Efficiency of 4rrcounter rela¬

tive to the long counter at neutron energy
lo5 MeV.

(MeV)
*Q

q

_L_
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O

À0N3 ID Idd3 3AllV“I3d
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Figure 19.

89 89
Neutron Yield of Y (p#n)Sr .

Integrated charge® 100 microcoulombs
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The well known resonances appeared at the proton bombard¬
ing energies of 4.83 and 5.03 MeV which are in fairly good
agreement with the available data.

The probable error in

the energy-frequency calibration of the accelerator was
thus estimated to be much less than 5 KeV.
Measurements on neutron yield from As

75 75
(p,n)Se

were made with different targets and energy steps in the
proton bombarding energy.

Sixteen peaks were observed

consistently in these excitation curves.

The measurements

and observations, are summarized in the following Table 3.
TABLE 3.
Observation of (p,n) Resonances
Trial No.
1

Date

Energy
Ranqe

June 7'65 3.06-4.78

Energy
Target Proton Deteô
Thickness
Step
Energy tion
0.25MC 203yUg/cm^

3.80

L.C.

(80KeV)

4.17

90°

4.50
4.76
2

June 8'65 3.00-4.78

0.25MC 203

3.77

L.C

3.97
4.17

90°

4.50
3

4

June 8'65 3.00-4.75

June 9*65 3.70-4.70

0.25MC 330

3.42

L.C.

3.97
4.17

90°

0.10MC 330

3.96

L.C.

(35KeV)

4.08
4.17

90°

4.29
4.45
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June 9165 3.70-4.70

O.lOMc 33QMg/cm2
(35KeV)

3.96 90

L.

o o

5.

4.58
4.67
3.55
4.46

6.

7.

JunelO'65 3.00-4.75

Aug 27'65 3.50-4.57

O.lOMc 330

35KeV

245

3.65 L.C.
3.80 0°
3.90
4.08
4.17
4.26
4.46
4.56
4.68
3.66 L.C.
3.81 0°
3.96
4.14
4.26
4.47

8.

Aug 28'65 3.00-4.57

lOKeV

245

3.05 L.C.
3.10 0°
3.32
3.42
3.58
3.67
3.81
3.95
4.07
4.14
4.27
4.44
4.47

-29-

9

Aug 29'65 2.00-3.15 lOKeV 245^g/cm^

3.,05

3.,10
4..58

10 Aug 29'65 4.50-5.00 10 245

4.,61
4.,67
4..75
11

Oct

L.C
0°
L.C
oa

1'65 2.38-4.78
3..06 10
47r 214
3..10
3,.25
3..33
3,.43
3,.52
3 .68
3,.82
3,.90
4,.02
4,.07
4,.14
4,.28
4,.46
4,.58
4 .67
4,.75

During thë earlier runs, data statistics were very
bad due to the low counting rate and broad steps were taken
between the data points.

Yet the consistency in the appear¬

ance of the resonances was convincing enough.

In the last

two runs, with shorter distance between the long counter
and the target and the usage of the 47T counter, the statis¬
tical fluctuation were»reasonably low.

Over most of the

-30-

iriegibirA the?statistical error was less than 1%.

At some

prominent resonances, the peak to background ratios were
even greater than 1.4.

The most noticeable peaks appear¬

ed at proton bombarding energies: 3.06, 3.11, 3.42, 3.68,
3.96, 4.14, 4.28, 4.47, 4.58, 4.67 and 4.75 MeV.

The two

excitation curves using respectively the long counter and
the 4ir counter during the last two runs are shown in Fig.
20 and 21.

It was obvious that the 4if counter (Jurve was

smoother and the counting rate was much higher.
The peak to background ratios for the resonances
were calculated.

They are listed in Table 4.
TABLE 4

Peak to Background Ratio for As 75 (p,n)
Energy E
3.06
3.11
3.25
3.32
3.42
3.68
3.82
3.96
4.02
4.07
4.14
4.28
4.47
4.58

Width Ratio
28
21
18
20
23
35
45
30
20
40
28
55
62
43

L. C.

1.30
1.41
1.15
1.18
1.17
1.10
1.10
1.11
1.07
1.14
1.23
1.13
1.25
1.18

4it Counter
1.41
1.55
1.13
1.16
1.25
1.15
1.09
1.13
1.06
1.07
1.26
1.08
1.43
1.12

Figure 20, Neutron yield curve of As 75
75
(p,n) Se
for E = 2.00-5.00 MeV measured
Jr

by the long counter.

Scale enlarged by

a factor of 10 below E = 3.00 MeV.
P

(MeV)

10K

P|9!A uoj|n9f\j

.21 .
Figure

75
Neutron
yièld of As75
(p,n)Se

measured by the 47T counter for E = 2.38P
4.78 MeV. Scale enlarged by a factor of
10 below Ep= 3.00 MeV.

(MeV)
600 K

p|0jX uoj;n8N

-314.67
4.75

1.10

28
40

1.13
1.12

1.10

All numbers have uncertainties of 5-10%.
C.
(1)

Analysis of the Data
Calculation of Average Neutron Energy
In an attempt to achieve absolute cross section for

these prominent resonances, an approximation method was used
to take into account the energy spread in the outgoing neu75 .
trons from As 75
(p,n)Se

As the resonances appeared at

very high excitations in the compound nucleus Se 7 G , the sta¬
tistical model was expected to be useful in the analysis.
75 has a negative Q
However, since the reaction As 75
(p,n)Se
27 28)
value of -1.669 MeV ' , the maximum neutron energy varies
from 0.32 to 3.32 MeV for E^= 2-5 MeV.

In the region with

low proton bombarding energy, the neutron energy is so
small that the assumption of statistical model is not valid.
There are five known levels in the residual nucleus Se 75 ,
0.00, 0.11, 0.28, 0.40, and 0.57 MeV,^) therefore the eva¬
poration theory was applied to extract the average neutron
energy only in the region where the proton bombarding energy
was above 4.00 MeV.

The resonance parameters were found

with the knowledge of the average neutron energy and the
efficiency of the neutron detector.

This situation was

similar to the case of elastic scattering where only reson¬
ances above 4.40 MeV were analysed in detail because of the

-32-

limitation by the fluctuations.
It was pointed out by Blatt and Weisskopf

30)

that

the concept of the nuclear temperature can be applied to
nuclear reactions where the outgoing particles are

emitted

by an excited compound nucleus from states in the continuum
region.

The excitation energy in the compound system form¬

ed by the incident proton and the target nucleus can be
considered heat energy delivered by the impact of the pro¬
ton on the target.The excitation in Se^ is 14 MeV for
proton bombarding energy of 4.47 MeV.

The heating of the

compound system then causes an evaporation of neutrons and
the energy distribution of the emitted neutrons is similar
to the Maxwell distribution.
The equation for the relative intensity distribu¬
tion of the outgoing neutrons is given by
Conit

where

T$)éé=

Relative intensity of the outgoing particles for an

increment of particle energy

cl6

= The total fonpatiin cross section for the compound
nucleus by the residual nucleus and the emitted particle.
The level density in the residual nucleus with exci¬
tation energy of

(ëty'à)

With the assertion that the formation cross section
is almost constant and the level density obeys the Fermi
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gas model, then w(E)=Cexp(2 aE)
Introducing the quantity as entropy for the thermal system
defined as

S=log(w(E))

then in analog with thermodynamical analysis, the nuclear
temperature is found to be
T= dE
dS

= (E/a)35

where E is the maximum neutron energy.

As an approximation

5 fay(£\>Y) ~ (^ë)é-é-by
hence

1(&) S- Const <£({$) é

“O -6 Const

£

T

The average energy removed in each emission is then

(jéln(è)it) = 2T.
-1 13)
Using a= 3.1 MeV , then average neutron energy
against proton bombarding is plotted in Fig. 22.
(2) Extraction of Resonance Cross Section
With proton bombarding energy higher than 3 MeV, the
excitation in the compound nucleus is far past the resonance
region, the level density is expected to be a continuous
function.

As a result, in the observed scattering cross
section of As 75 (p,n), there must be a large portion contri¬
buted by these highly populated background states.

The iso-

baric analogue resonance scattering cross section was found
by subtracting the smooth background term from the measured
cross section.

It was assumed that most of the background

,
75
Figure 22» Average neutron energy of As
75
(p,n)Se
using statistical mode» a= 3.1
MeV-1

o.
in
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was due to s-wave protons which have the largest probabili¬
ty for the formation of a compound nucleus.

As an approxi¬

mation, the scattering cross section was considered to con¬
sist of two terms, the first due to the isobaric analogue
resonance, 07., which is described by a single particle re-

. , due to the background state
BACK
which can be described in terms of the statistical theory
sonance, the second,

of nuclear reactions,
<r

$ACK

= Cross section for compound nucleus formation by
As^+ p into Se^

= z<r.(&r>
= SVST, (Ai~p)
c
w

Ttm>-

J=«

>

Transmission coefficent for 1-wave proton :_in form¬

ing the compound nucleus, and

^*b * itl? %(è)uSr

tç)

The monotonie increase in the reaction cross section
is mainly due to the Coulomb barrier transmission.36*37,38)
The eflërgy dependence of the terrnq"

BMK

is through the factor,

Ti=0* with the assumption that most of the background states
are entered by s-wave protons.

In order to extract the re¬

sonance scattering cross section, the total cross section
was divided by the factor of TQ* and then the almost constant
background was subtracted from it.

Fig. 23 shows the cross

section curve after the division was made.

Figure 23»

Total neutron cross section

divided by s wave transmission coefficient.
The dashed line indicates the background.

(MeV)

iNavs)

°i/o
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The isobaric resonance part of the cross section was
obtained by the graphic method: <T

, = T (^T -Background)

In Pig.
24 is shown the curve ofCT_ , vs E .
3
I.A. P
75
75
(3) Asymmetry in As
(p,n)Se
Resonances
Significant asymmetry in the resonance peaks was
demonstrated in the Fig. 23 and 24.

This asymmetric nature
of the (p,n) peaks was explained by Kim and Robinson 31) us¬
ing Robson's formulation of isobaric analogue resonance.
Actually asymmetry was first observed in the fine structure
22)
of Mo 92
(P/P) by Richard
et al
.

It was not observable in

the thick target data.
It was stated by Kim and Robinson that the scatter¬
ing amplitude for the (p,n) reaction can be written as

where

-f
_ rgf]**
J54c
f M
;

4>r - f. 5* ^\ ^
FA/
J*A-

[

(EA-E)-t

2.

J

A is an asymmetry parameter which together with the spread¬
ing width, 2W, characterize the degree of isobaric spin
.
.
mixing
between the analogue state
and the background.

T

T

are elements of the collision matrix with J=J.+j =J +j and
t p r n
J /J
are t ie s
appropriate parity.
t r'^p'^n'
'
P*ns
the tar¬
get nucleus, residual nucleus, total spin of the incident
proton and the emitted neutron, and
ity of the analogue state.

A

is the spin and parT*

Assuming (/> 's to be insensiti-

be to small changes in the incident energy of order P, the
M

differential cross section near the analogue state is:

Figure 24.

Resonance cross section of

As75(p,n)Se75 from Ep= 4.00 - 4.78 MeV.

400 4.10 420 4.30 4.40 4.50 460 4.70 4.80
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7?+■

viw*

^
^2T _

where

à^RAtK
BACK "~

9Ï

u (g\i*dr .> â<r

!WWI 35*
dsif A, 75.
d^-l*"t

■ ti’V**

6(*Jt+0 17

^

fc.*.-d|U«r

where

ï,MA+ U,

71r JT*

*

jr

:

ana

.
The energy dependence of

near E^ is determined by

the energy of dépendence of |JjA(E,ê)JZ# (fy-fi-A•) » and
It is noted that
and (Xy>fx.^.)

Rt/i,A.=

'

^CA(E/&)(*‘

(JM^X.A)

.

is symmetric about E^ and (Ifèj^EA.)

are asymmetric about E . ( For {fTA f~=. ..^4 *A
A
J (f -E )%T/
.
A
4J

«***>+**3

L,fra,

(frE-Q1^

}

< A-E.fr (JV4
If the random phase assumption concerning
iT

|fTtt=°

for

T,

_*TT

^

is made, then

and

J'+XiA

dtr
^
^Jlg^cK

j\djr

( (^^A-^)V-)- ^^4. ^ ^rlx-A

Integrating over solid angle and taking into account
the statistical weight due to nonzero spins, the total (p,n)
cross section is give by

rtB),(r t
w

rr

r "

*#* C*nt)(&i+0 I?

where the factor

rz2-*-

((*-**)'

,\j£

' (%-£)*+&% '

4A

is necessary to limit the maximum

reaction cross section to be
fr]}?— , and it is
C*s-*0(&rO rf
noted that when A goes to infinity, this formula will re-
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duce to the regular Breit-Wigner single particle resonance

form.

!H=

By algebraical manipulations, the parameters ^ and
^ were found to be related to the experimental observable
quantities through the following formulae:
Observed Width at 1/n peak value
Asymmetry Coefficient
where^M, and

(Er*EaM)=l^(^r l)j*l

~

are points where cross sections are 1/n of

the peak value.
In particular, when n=2, the width and the asymmetry”^ , f*
defined as usual, are r-zs/ï® , §"= A.
It was also found that the resonance peaks are not
only broadened by the asymmetry of mixing, but also shift¬
ed in the peak energy value.

The shifting is given by:

the sign of^ will determine the directiin of the shifting
and the relative steepness of the two edges of the resonan¬
ce peaks.
In Pig. 25 and 26 are shown the two highly asymme¬
trical peaks at E = 4.47 and 4.58 MeV. The best fit to
P
the experimental results were obtained by using the follow¬
ing parameters:
Ep
=4.46 Er
=4.4620,A
E =4.4738, =-158 KeV

=45 KeV

EP
=4.58 E JC =4.5745,
E =4.4738, =- 82 KeV
A

=30 KeV

It can be shown that the peak value of the (p,n)

,

Figure 25»

Asymmetry in the neutron

resonance peak at E = 4.47 MeV. With

F

theoretical fit with the curve shown in
solid line, the parameters were found to
be:
Er= 4.4620 MeV
Ea= 4.4738 MeV

A=
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peak at E^® 4»58 MeV.
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—[fijla— , even with

resonance will remain the same,
the asymmetry and broadening.

(istoity+o rA

Calculations were made for the

four resonances, of which (2J+l)p are available from (p,p)
P
data, to extract the total resonance width, P=P + P, and the
' 'p n
spreading width, 2W, which characterize the strength of the
isobaric spin mixing.

Using the peak value of the resonan¬

ces, the ratios were obtained and then W, the spreading
width which obeys the relation 2W=f^-P, can be determined
or conjectured depending upon the certainty in the spin and
parity of the resonances.
The results of this analysis are summarized in Table
5.

Broadening of width in the peaks E^= 4.67 and 4.75 MeV

could not be determined for lack of data points, so that for
them symmetry was assumed.
TABLE 5.
75
Resonance Parameters of As 75
(p,p) and
As
(p,n)
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INTERPRETATION AND CONCLUSION
A.

Interpretation
The data from elastic scattering and (p,n) reaction

showed that there are resonances in the continuum region of
the compound nucleus Se 76 .

Of the observed resonances, twe¬

lve appeared in both the two reaction cross section curves.
They are: E = 3.06, 3.11, 3.68, 3.82, 3.98, 4.02, 4.14,
P
4.28, 4.47, 4.58, 4.67, and 4.75 MeV (±0.01-0.03). Among
these prominent resonances, eight had their neutron yield
peak to background ratio increased sharply by the usage of
the 47T counter.

This fact was interpreted as confirmation

for the assumption of the compound nucleus reaction mechan¬
ism and the isotropy of the neutron emission by the excited
76
states of Se . If there were any direct reaction mechanism
involved in the (p,n) reaction, the differential cross sec¬
tion would peak at forward angle, and then with the integra¬
tion over solid angle, the sharpness of the peaks would de¬
crease drastically in the

4jf

counter data as compared to the

0° long counter data.
(1)

Reaction Mechanism
The observed resonances in these experiments were

considered as the resonance levels in the highly excited
compound nucleus Se 7 6 through the mechanism of the isobaric
analogue resonances.

This is illustrated in Fig. 27.
The state with the quantum number15,4 y of Se 76 is

.
Figure
27. Reaction75
mechanism of As
(p,p) and As

75

(p,n).

States are only

characterized by their isobaric spin ,
T, and the charge axis projection, T .
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the isobaric analogue state with respect to the analog
nucleus As'7 6 ,|5,5) , As shown in the experimental results,
it appeared in the form of a single particle resonance among
the background of ordinary states.

The nuclear Hamiltonian

of these states have discrete eigenvalues differing from
those of As77 6 only by a definite quantity of EC~B, where Ec
76
76
is the Coulomb displacement energy between As
and Se7 and
76
B is the neutron binding energy of the nucleus As7 .
The states,|4,4^ , as they have the same isobaric
76
spin as the ground state of Se , are the highly populated
excited states of high density and much overlapping and their
behavior could be described in terms of a statistical model.

<r>

The s-wave neutron strength function —p~ , as predicted
32)
-4
by Block and Feshbach,
should be of the order of 1x10
As shown in Fig. 26, the resonance in the (p,n) reaction was
made observable only through the strong mixing between the
two sets of states,

|5,4^ and |4,4^ .

If the isobaric spin

is a pure quantum number, the compound nucleus state/5,4»^,
would be orthogonal to the final state j?/2,7/2^>| 1/2,1/2
where \l/2,7/2^> is the residual nucleus and | 1/2, l/2)> is the
outgoing neutron wave function.

As the excitation in the

residual nucleus is very low due to low bombarding energy
and negative Q value, the final state of the residual nucleus
could only possess the same isobaric spin as its ground
state.. Hence the reaction process of the (p,n) resonance can
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be described as following.
The incident proton passes through the Coulomb barr7 6>
ier and forms the compound nucleus Se , which has an inter33)
mediate structure
and the strong mixing between the isobaric resonant part and the continuum background part of the
state results in the enhancement of neutron emission via the
background states.

The strength of the isobaric resonance

is thus spread over the background.

The observed width of

the giant resonance is then completely dependent upon the
degree of mixing for this intermediate structure in
pound nucleus.

the com¬

The notion of an intermediate structure was

described by Robson

'and Kerman.

’

For the case of elastic

scattering, the scattering cross section is mainly contribu¬
ted by the Coulomb scattering which decreases monotonically
with the energy.

The fluctuation observed comes from the

interference between the isobaric analogue resonant scatter¬
ing and the Coulomb scattering.

The contribution from the

background states is small due to their random distribution
31)

The interference between the isobaric analog state and

the background state gives rise to the asymmetry in the fine
19)
structure fluctuations
, which was not observable in the
present experiment.

In short, the (p,p) scattering data can

render information about the resonance parameters of the iso¬
baric analogue state comparable to the spectroscopic factors
obtained in the (d,p) reactions, while the (p,n) data can
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determine the degree of mixing between the analog state and
23)
the background states.
(2) Level Scheme
As the isobaric analog states in Se

76

are expected

to have the same intrinsic nuclear properties as the low lying states in As'7 6 , and the Coulomb displacement energy Ec
76
76
(10.2 for As -Se ) is known to be insensitive to the exci23)
tation and shell model configurations,
the observed spac¬
ing and ordering of the isobaric analog states should be in
76
close correspondence with those of the levels in As . A
comparison was made between the observed level spectrum in
76
76
Se' and the known level scheme of As ; Unfortunately there
75(n,K)As 76 .
were only scanty information available from As/3
34)
It was found through gamma-gamma coincidence measurements that there are twelve excited states in As'7 6 : 163, 283,
390, 480, 590, 660, 940, 1270, 1910, 2150, 2350, and 2550
KeV.

The comparison is shown in Fig 28.
The most prominent resonances in (p,n) reaction, E =
ir

3.06, 4.14, and 4.46 MeV were brought into correspondence
with the ground state, 940, and 1270 KeV states. It was noted
that with this designation, other levels E^= 3.25, 3.32, 3.42
, 3.68, 3.82 MeV, i.e. ECM= 3.20, 3.28, 3.63, 3.77 could be
reasonably interpreted as the analogue states of the levels,
163; 283, 390, 590, and 660 KeV.
The assignment for the state E = 3.11 MeV was seemP

Figure 28.

Comparison between the low

76
lying states of As7 and the observed
resonances in Se

76

The state with E =
P
3.06,i.e. = 3.022 MeV is considered
CM
to be the ground state isobaric analogue
resonance.

.

Those in broken lines are

observed in As

(p,n).

prominence of the peak.

Heavy line means
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ingly difficult.

It was speculated that this state might

have very different spin parity from the ground state so that
decay to this state via gamma ray radiation is not favored
compared to the ground state due to the large difference in
their transition probabilities.

This situation could also

be compared to the experimental observation by Gumming and
Johnson 41)
'of an isomeric state,+
0.046 MeV, 72
1 , in As , which
has the same ground state spin parity and shell model confi76
guration ^9/2^ as As * They remarked that the proton
and neutron in the l+state occupy a completely different shell
configuration (P3/2'Pi/2^ therefore both the two odd particles
have to change their spins in the transition between 1+ and
2

ground state.

This is expected to have a marked effect

in reducing the transition probability and lengthening the
42)
lifetime of the state. Prediction was made by Way
that a
1 ,2

pair may be present m As

, As

, As

as well as As

.

In .any case, it is highly probable that the similar situa76
tion occurs in As
that the state 50 KeV from the gound sta¬
te is not clearly detectable through the (n,Y) reaction, yet
has a very significant appearance in the (p,n) reaction.
Another noticeable

thing about this ground doublet

was that although they appeared strikingly pronounced in the
(p,n) data, their appearance in the (p,p) data was not so
strong.

This clearly shows the significant difference betw¬

een the strength of proton width and the neutron width which
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is tremendously enhanced by the strong mixing between isobaric state and the background.
The existence of a band of states, E = 4.47, 4.58,
P
4.67, and 4.75 MeV was confirmed by both (p,n) and (p,p) data.
In the (n,K) data there was not any trace of these three high
energy peaks.

However it was assumed that they are also iso-

baric analog of the excited states in As' , which limited by
some selection rule, could not decay to the ground state via
direct gamma ray emission.
As there was no way to determine the angular momenta
of the observed levels except for the four higher energy ones,
only an estimate of their total resonance width was made.
The angular momentum of the state E = 4.47 MeV was
•
P
determined accurately because of the equality of the inter¬
ference amplitudes and the dispersion forms shown in the
(p,p) data.

No definite conclusions could be drawn for the

spin parity of other levels due to either higher 1 value or
its uncertainty.
It was demonstrated in Table 5 that neutron widths
for the four resonances, expected to be small due to viola¬
tion of isobaric spin selection, were actually found to be
comparable to the proton widths.

This fully indicated the

strong mixing between the isobaric state and the background.
B. CONCLUSION
The agreement between the resonant energies measured
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from (p,p) and (p,n) scattering showed the existence of many
76
excited levels in the compound nucleus Se . They are ten¬
tatively identified as isobaric analog states to the levels
76
in As . In the particular, the state E = 4.47 MeV, having
ir
fluctuation of 40% in the (p,n) data and 25% in the (p,p)
data, was seen to possesss all the characteristic of an iso¬
baric analogue resonance.

The 1 value was determined to be 0+l

The appearance of the levels, E = 4.58, 4.67, and 4.75
P
MeV requires more detailed data about the low lying states in
76
the analog nucleus As . It is urgently necessary to make
75(d,p)
a close investigation of As776 through the reaction As/3
which has a positive Q value of 5.066MeV.

The observation

of a ground state doublet also calls for such an experiment,
although the first attempt made along with the present work
resulted in failure due to experimental difficulties.
It is hoped that further evidence could be obtained
for the existence of isobaric analogue resonances in the med¬
ium weight nuclei through various reactions and targets to
cast light upon the characteristic of the isobaric spin in
this transition region.

The description of nuclear reaction

for high excitations in the compound nucleus certainly could
not be accomplished with full success by the optical
or statistical model.

model

The fluctuations in the cross sections

have to be explained in terms of an intermediate structure
which gives rise to the resonant pictures.
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