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ABSTRACT 

R 6 
Isobaric Analogue States In Pei_, by Bruce Murdoch. 

Measurement of the excitation function of the reaction 

Mn^5(p,n) Fe"^ with protons of laboratory energy Ep =0.96 - 

4.8 Mev. with resolution to 5 kev. and measurement of the 

elastic scattering yield of protons from Mn at several 

laboratory angles from 90° to l6o° with E = 1.0 - 4.65 Mev. 
Jr 

reveal resonances interpreted as states in the compound nucleus 

c6 
Fe-^ which are isobaric analogues to the ground state and 

R6 
excited states of Mn-' . The single proton displacement cou¬ 

lomb energy of Mn^ + p consistent with this analysis is 

found to be 8.284 Mev. The fifteen well-established levels 

of Mn^ up to 1.49 Mev. are identified with the observed 

resonances 
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INTRODUCTION 

Recent experiments have shown the existence of states 

in medium and heavy nuclei which are in the region of very 

high level density according to the statistical model and which 

lead to resonances having widths very large compared to the 

expected single level spacing. These resonances have been 

related to both the compound and residual nuclei in reactions 

of protons with various medium and heavy isotopes. We dis¬ 

cuss here the case in which resonances in the compound nucleus 

are investigated. As pointed out by Robson, Pox, Becker, 

2 
et al., of Florida State University , the observed resonances, 

particularly as seen in (p,p) elastic scattering and (p,n) 

reactions, can be interpreted rather successfully as being 

due to states in the compound nucleus which are analogous to 

lower-lying states in the nucleus with the same atomic number 

as the compound nucleus, and with the exchange of one neutron 

for a proton; hence the term isobaric analogue states. Gene¬ 

rally the isobar differing in this simplest way is meant, 

although it has been suggested that analogues to levels in 

isobars with greater difference in isobaric spin number may 

also be observed in more complex reactions or scattering, 

2 
such as in (a,a) elastic scattering. 

The bombarding energies at which resonances are experi¬ 

mentally observed can be related to the corresponding level 

in the isobar nucleus as described above by taking account 

2 



of the electrostatic energy of interaction between the proton 

and the rest of the core of the compound nucleus and by also 

considering the neutron-proton mass difference S . The general 

energy relations for a target (A,Z) bombarded by a proton 

of center-of-mass energy E are shown in Figure 1. The dis- 
Jr 

tance down from (A,Z) + p to (A+l,Z+l) represents the separa¬ 

tion energy of the proton in the compound nucleus. (A+1,Z) 

represents the ground state of the simplest isobar to 

(A+l,Z+l), and the neutron separation energy Bn in that iso¬ 

bar is correspondingly represented. A resonance level of 

interest is represented by a line in distance above (A,Z) 

+ p. This corresponds to the isobaric analogue state plus 

the coulomb energy Ec minus % , to correct for the n-p mass 

difference. 

Thus, as can be seen most easily from Fig. 1, 

(1) E<, -S=Ep -S + Bn 

(2) Ep(CM) = E0 - Bn 

This simple relationship (eqn.2) allows the prediction 

of the proton energy required to form the ground state analogue 

state, since Bn is always known and E can be estimated. 

Conversely, a precise measurement of E^ would allow a good 

determination of the single proton coulomb energy. Figure 

2 shows the application of this general scheme to a target 

55 
nucleus Mn . 

From compilation of available data obtained on (p,n) 
o 

reaction Q-values, Anderson, Wong, and McClure have obtained 
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Figure 1. Scheme for determining E (CM) necessary 
on target (A,Z) to form analogue ground itate. 

Figure 2. Determination of proton c.m. energy to 
form analogue to Mn5° ground state. 
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an empirical fit of EQ as a function of A and Z to the formula 

(3) Ec = E1(Z/A
1/3) + E2, 

where Z is the target charge, A is the target mass number, 

and E_ and EP are parameters which are given by: 
1 ^ 

E-i = (1.443 ± 0.011) Mev., E0 = (-1.12 ± 0.011) Mev. 
2 55 56 

For the compound nucleus formation 25Mn30 + p"^26Fe30 * 

Z =25, A= 55, and this fit predicts Ec = 8.366 ± 0.12 Mev. 

It is then expected that a resonance in reactions involving 

protons on Mn55 corresponding to the ground state of Fe^ 

would occur when Ep(CM) = 1.097 ± 0.12 Mev., or Ep(LAB) = 

1.12 ± 0.12 Mev. Analogue states corresponding to other 

R6 
Mn"^ levels would then be expected to occur at center-of- 

mass proton energies equal to the c.tri. energy derived above 

plus the appropriate level energy above ground state. 

Thus the first important question to be asked is whether 

or not observed resonances occur at energies and with spacings 

which, considered according to this scheme, relate properly 

to the levels of the analogue nucleus, which in this case is 

When resonances do seem to indicate that this simple 

analysis may be correct, then the exact shapes and magnitudes 

of those resonances can be examined. Since the analysis of 

(p,p) scattering and of (p,n) reactions is quite different, 

they are discussed under distinct headings. 
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(p,p) Elastic Scattering 

The general elastic scattering cross-section for a charged 

particle on some target nucleus, including spin dependence, 

derived from the R-matrix theory of Lane, is given by Moore, 

et al., as follows: 

(4) 

d-Q- d-f2- cocilorfll) 
Js: \ 

///rfer-fef-ehce 
where 

(5) 

hi \ 
'resonance. 

(6) 

I -Tr1 

Ul.+ Dfsr.+i) ^ £(2J*I)RL[ 

4 "^S€ $£ C (CtfL©') 
(7) 

d5~ \ 

d-ft ) res. W*0(2i; 7T) 1^ 1 SK(s,sO PK (cos©), 
SS'K 

ks-$* («> B,(SiS.). ^ j,g ,. 

Jn 

S'K^T^V. VT
j" , f*5 
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(9) -pj _ p 

ses'e'" ^ *ee' «ss/ 

'^e'^ 
& 6 

S Q ,v i 1 liv - ess/ ° ^ ^ , • rrJ 
Ej-E-Ur J 

(10) 

c(©) - Jy=T7 ^ CScz( ^/2)& £*\ 9>ir^i^/z) 

(11 ) 
k2 = 4.7848 ME/b. (M in a.m.u., E(CM) in Mev.) 

(12) 

(13) 

(14) 

(15) 

(16) 

1/2 
= 0.157480 ZjZT (M/E) 

U)£~ ’ and 

^ ’ Zj = incident particle charge number, 

Zrp = target charge number, 

J = channel spin, 

1^ = incident particle spin, 

I2 » target spin, 

-€/?
/= incident and outgoing orbital angular 

momentum. 

The following conditions must also be met: 

|ll - I2|<S£ l! + I2, 

|j ~ s| ^ J + s 

I Jn - Jm|^KS Jn + V and 
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(17) /J2» - e^kKse+e. -rv i ~~ '~n '•m 

We see that the total cross-section is made up of three 

terms. The first (eqn. 5) represents pure coulomb (Rutherford) 
p 

scattering, which is proportional to esc (<9/2) and has energy- 

dependence l/E^. The third term (eqn. 7) is the contribution 

due to the formation of a resonant compound nucleus state 

of energy Ej> total width p J, spin J, and partial widths 

for formation or decay into or from channels S, g, . 

That resonance produces a phase shift . In eqn. 9 is 

contained the fundamental resonance factor of the form 

Po —LiS— , which is essentially the familiar Bright-Wigner 
£-EJ-V.P/2. 

resonance formula. 

The middle contributing term in the cross-section (eqn. 6) 

is an interference term due to the coherent parts of the coulomb 

and resonance scattered waves.. It is essentially proportional 

to the product of amplitudes of those terms. Thus, since the 

coulomb scattering in this particular case is much larger than 

the resonance contribution, it is expected that, except near 

zeros of relevant Legendre polynomials, the interference term 

will predominate over the pure resonance contribution to the 

total elastic scattering cross-section. 

Ej> T , and (J^can be determined by a least-squares 

best parameter fit of the cross-section formulas as given 

above to an observed resonance. The Florida State group‘d 

have written a program for the IBM 709 computer which will 

fit any isolated resonance to find the best values for these 
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quantities. We may obtain a copy of their program in the 

future. 

The first step in attempting to apply these generalized 

results to a specific case is to determine the allowed 

values for & and , which depend upon the spin and parity 

of the excited state in the compound nucleus, and upon the 

spins. For elastic scattering, of course, £ = Q! . The 

table following indicates the possible spin combinations 

and the allowed orbital angular momentum quantum numbers 

for hypothetical states correspohdi'ng to the ground state 

eg 
and first two excited states of Mn^ , which have spin and 

parity 3+> 2+, and 1+, respectively, as cited in the Nuclear 

Data Sheets. Parity conservation requires that both £ and 

QJ be odd in each case. The ground state of Mn^ has 

spin and parity 5/2“, also as given by the Nuclear Data 

Sheets. 
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The coulomb barrier height for protons on a nucleus 

with Z = 25 is about 8 Mev. The penetration coefficient 

for protons on a nucleus is given by 
b\r 

(18) 

where 

T, 2 P P Agi/- + 2v + Bg. 

v-- = 4k/K (k being the proton wave number and K a 
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constant), A| » l/(F2 + G|), and B2 = Fe'2 + G^2, where F^, 
2 2 

G , F,1 , and G' are the coulomb functions, and A- and I|, 

can be found from graphs given in a Chalk River publication 

by Sharp, Gove, and Paul.^ Explicit values for the penetra¬ 

bility can thus be found. For example, with £.= 1 or 3> 

= 1.21 X 1CT6 and = 8.4 X 10“9 at a laboratory energy 

of 1 Mev., while Tx = 1.2 X 10”
3 and T3 = 1.6 X 10~5 at 

p 
2 Mev. Also, the order of magnitude of is given by l/Pg. 

Figure 3 shows l/A|| as a function of Ep from 1 to 5 Mev. 

with 0,1,2,3,4, for protons on Mn^. It is seen that 

each increase in Q, causes a decrease by a factor of about 

1/100 in the penetrability over the region 1 - 3 Mev. It 

is reasonable to assume then that, for the purposes of elas¬ 

tic scattering analysis, &.-values greater than 1 may be 

neglected for the energies used in this experiment. 

For this work, then, one would be expecting to fit elas¬ 

tic scattering resonances to the following formulae, which 

are specific cases of the cross-section terms presented 

earlier: 

(19) 

dsn \ 
it 

3.MI VfP 
12, k* 5 
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2 
Figure 3* 1/A- as a function of orbital angular 

momentum quantum ana1 proton laboratory energy on a 
target with Z = 25, to show order of magnitude of 
penetrability. 
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(20) 

do"* v 

A^Vs “Z "Z, ^ (C0S&1 
K= 0.1,2. S«2,5 

S'*1,5 

, ai.u3. r^j— 

\».‘e -«• L> + t eJ-E-ii/*JJ 
(22) \ = 3.86 E -1/2 

(23) k2 = 4.700 E/barns 

(24) uJf = arctan (3.86/E1/2) . 

It Is important to note that the interference term 

(eqn. 19) is zero at a center-of-mass angle of 90°. Hence 

it should be expected that yields at that angle might most 

easily be analyzed for the extraction of the important quan 

titles mentioned previously. However, this is not a neces¬ 

sary restriction by any means. 

(p,n) Reactions 

Well-defined resonances in the excitation functions 

of (p,n) reactions with several medium and heavy nuclei 

have been observed and interpreted as isobaric analogue 

resonances in the papers referred to previously. In an 
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important paper by Lane10 the (p,n) cross-section in the 

vicinity of such resonances is related to optical model 

considerations. Peaks in the cross-section are expected 

to occur at nearly the same values of E found from elastic 
J 

scattering. It is assumed here that the proton energies at 

the peaks of the resonances are the desired values of Ep 

for the energy analysis discussed in the first part of the 

introduction. 

The threshold of the reaction Mn^5(p,n)Pe^^ has been 

measured by Johnson, Trail, and Galonsky to be at 1033-0 

± 0.8 kev.11 Considering the tolerance limits on the predic¬ 

ted value of Ep for the ground state analogue, it thus appears 

possible that the corresponding resonance will be at an 

energy either below the threshold or so near to the threshold 

so as to be unobservable, and that the first resonance observed 

above threshold may possibly correspond to the first excited 

isobaric analogue state. 

EXPERIMENTAL METHODS 

Targets ! 

For the elastic scattering experiments, targets were 

made by evaporation of powdered reagent quality manganese 

on carbon foils. The carbon foils were evaporated on glass 

slides covered by a thin layer of evaporated NaCl, then 

removed by floating in tap water. These foils were placed 

15 



over circular openings 8 mm. in diameter in small slides 

of sheet aluminum, so designed as to fit into a holder in 

the scattering chamber. The slides used had 10-20 micro¬ 

grams of carbon/cm.2 The manganese deposited on these foils 

used for data extending down to 1 Mev. had thicknesses of 

c10 kev. at 1 Mev. beam energy as determined by weighing 

the amount deposited and applying a semi-empirical formula 

12 
given by Whaling. The data starting at 2 Mev., and exten¬ 

ding to higher energies, resulted from the use of targets 

which had thicknesses larger by a factor of 2 to 3* All 

evaporations were carried out in a chamber evacuated to a 

pressure of approximately 5 X 10“5 mm. Hg. 

The targets for the (p,n) work were evaporated onto 

tantalum foil 5 mils in thickness. The amount of manganese 

deposited was such as to give a thickness of 10-20 kev. at 

1 Mev. bombarding energy. The tantalum foils were in the 

form of discs 1 inch in diameter with holes for mounting 

in a special holder which attached to the end of the 

accelerator beam tube. 

Beam 

A beam of protons was obtained from the Rice University 

5.5 Mev. Van de Graaff particle accelerator. Proton energies 

were determined by means of calibration charts based on the 

2 
formula E = kf , where f is a measured resonance frequency 

on a nuclear magnetic resonance gaussmeter probe inserted 

16 



into the 90° analyzing magnet at the base of the acceleration 

tube, and k is a constant determined to equal to 4.1468 

X 10‘3 by previous observation of the Li^(p,n) threshold 

energy. The beam energy spread is 5**10 kev. The beam at 

the target was limited to a spot 1-2 mm. in diameter. 

(p ,p) Scattering Chamber 

411 the elastic scattering was done with a chamber 

designed by Dr. I. Taylor. The target is held in the center 

of an evacuated circular chamber about one foot in diameter 

which has arrangements for holding solid-state detectors 

at fixed positions about its perimeter and also on mounts 

attached to a movable lid. The surfaces of the detectors 

around the perimeter are 7 1/2" and 4 1/2" from the center 

axis of the chamber depending on whether they are mounted 

at the perimeter or on the lid, respectively. Circular brass 

apertures 0.4 cm. in diameter are placed in front of each 

detector. The target is mounted vertically at an angle of 

45° to the beam at the chamber axis, the foil backing being 

on the side away from the detectors. 

Detectors 

At laboratory angle 160° a solid-state surface barrier 

detector manufactured by Nuclear Diodes, Inc., was mounted. 

At the other angles, Ortec 25IE detectors were used. The 

latter have a resolution of at least 30 kev. according to 

17 



their specifications. The Nuclear Diodes detector was biased 

at 200 volts while the Ortec detectors were maintained at a 

50 volt bias. 

Electronics 

The detector pulses were amplified by Tennelec 100B 

low-noise preamplifiers located near the scattering chamber. 

An accompanying Tennelec power supply provided the detector 

bias voltages. The preamplifier outputs were led directly 

into the Technical Measurements Corporation (TMC) 400 chan¬ 

nel pulse-height analyzer. Each detector was assigned one 

hundred channels. The pulse heights are proportional to the 

energy of the detected particle. Thus higher energy particles 

cause counts to be registered in accordingly higher channels 

of the analyzer. At the end of a particular accumulation of 

counts, the memory of the TMC unit was scanned by the Bonner 

Nuclear Laboratory IBM 1401 computer/analyzer system, utili¬ 

zing an appropriate print-plot program which allows for the 

printout of the number of counts in each channel, and for 

the recording of this data along with identifying run num¬ 

bers on magnetic tape. Data at laboratory angles 100°, 

120°, 130°, and 1500 were taken simultaneously, and counts 

due to scattering from Mn^5, spreading over several channels, 

were integrated at each incident beam energy by means of a 

spectrum integration program which selects a range of channels 

which moves up and widens or narrows linearly as a function 

18 



of increasing 'beam energy, and prints out the total number 

of counts seen in that window versus beam energy. The va¬ 

lidity of that procedure is justified in the data presentation 

which follows. All other elastic scattering data was inte¬ 

grated "manually" point-by-point from computer or direct 

TMC printout. 

Experiments with simultaneous angles (150°, l60°) as 

well as (90 , 120°, 157«5°) were taken at different times, 

providing one overlap of experiments (at I5O0). 

Beam Integration 

For the runs with simultaneous angles (90°, 120°, 157*5°) 

and (100°, 120°, 130°, 150°), a beam current integration 

system based on charging up capacitors to voltages calibra¬ 

ted against a standard cell was utilized. The beam inte¬ 

gration accuracy with this system is expected to be better 

than 1 fo. 

For the remaining scattering and (p,n) work a different 

system was used. The beam current was fed into an electronic 

potentiometer which measured the potential drop due to the 

flow of beam current to ground through a resistance. The 

potentiometer output voltage was then taken to a Vidar 24l 

voltage-to-frequency converter which has a claimed linearity 

of .025$. The output frequency of this unit was then counted 

with a scaler, so that the indicated number of counts was 

directly proportional to the charge collected from the beam. 

19 



Various sensitivity settings on the potentiometer allowed 

for a wide range of beam currents. 

(p,n) Methods 

A "4if" neutron counter was constructed especially for 

this and one other series of similar experiments, in order 

to integrate the excitation function over the entire range 

of angles of emission of neutrons, thus avoiding angular 

distribution effects. The target was mounted at the end of 

the beam tube Inside a brass holder. This holder was Intro¬ 

duced into a longtitudinal hole 2 in. in diameter along the 

axis of a barrel three feet long by 14 Inches in diameter. 

Inside the barrel, parallel to the beam tube and 8 cm. from 
3 

the longtitudinal axis, opposed, were placed two BP neu¬ 

tron counters surrounded by moderating paraffin. Around the 

inside of the barrel was a stopping layer prepared by melting 

together approximately equal parts of paraffin and lithium 

carbonate. The purpose of the interior moderating paraffin 

is to slow down most of the neutrons until, by repeated col¬ 

lision, they reach thermal energies and can be counted. 

The counters were operated at 2020 volts, and pulses Introduced 

into a simple cathode follower, then to a discriminating 

amplifier, which was the Atomic amplifier model 218 with 

discriminator level set at "1.5" . The discriminated pulses 

were then counted on a conventional Hamner N-240 scaler. 

The beam was collected for integration directly off 

20 



the target backing. 

DATA 

(p,p) Data 

A typical spectrum print-out from proton elastic scat¬ 

tering is shown in Figure 4. The baseline of the TMC is 

not set at zero energy. It is seen that, even near the lowest 

bombarding energy and at the most forward angle used at that 

energy, the scattering from Mn^5 iS distinctly resolved 

from other peaks, and the background is negligible. This 

feature allows one to use the spectrum integration mentioned 

previously. The procedure in utilizing this program is to 

measure the lower and upper channels of the desired peak at 

the highest and lowest bombarding energies to be used, which 

in this case were 1.0 and 1.65 Mev. Allowing an extra channel 

or two in width to allow for possible nonlinearities in the 

TMC, fractional values of channel shift per change in energy 

are determined by assuming perfect linearity. The program 

correspondingly takes fractions of the number of counts in 

the lowest and highest channel. Monitoring of the windows 

and counts therein by means of a plot routine showed that the 

integration process worked perfectly and at no time lost any 

significant number of counts off the edges of the peak. 

The method of target preparation made it quite likely 

that detectable amounts of water might be present in the 

target. Thus the small peak between that due to the carbon 
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Figure 4. Typical (p,p) spectrum printout from computer/ 
analyzer system. 
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backing and that due to manganese seemed likely to be due to 

oxygen, which has a mass intermediate to those two elements. 

Comparison of the results of the energy differences predicted 

by classical elastic scattering theory agreed well with these 

assumptions. Spectra at higher beam energies and at greater 

back angles had even better resolution than that of Figure 3; 
R5 i 12 

i.e., the lYkr , 0 , and C peaks were separated even more 

distinctly. 

Figures 5 and 6 show the results obtained in the fashion 

described above at the angles 100°, 120°, 130°, and 150°. 

The energy was varied in five kev. steps. All these points 

were obtained by integrating the beam current to 5*0^7 micro¬ 

coulombs. The points are connected by statistically valid 

smooth curves for graphic purposes. Figure 7 shows similar 

results obtained in another experiment at 160 laboratory 

angle, but with worse resolution, and with beam current 

integrated to 10.00 microcoulombs. Data taken simultaneously 

at 150° agreed with the previous work, but is not shown here 

Figure 8 shows some earlier yields taken with Ep from 2.0 

to 4.65 Mev. 

In order to investigate only the contributions to the 

cross-section due to nuclear resonances, including the reso¬ 

nance-coulomb interference contribution, the following proce¬ 

dure was carried out. The theoretically predicted Rutherford 

term in the elastic scattering cross-section was calculated. 

It was then assumed, by inspection, that the yields at 1.02 
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Figure 5* 
1.0- 1.65 Mev., 

Figure 6. 
1.0- I.65 Mev., 

Figure 7* 
2.0- 4.65 Mev., 
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and 1.20 Mev. had very small if any resonance contributions. 

A conversion factor was then obtained at each of these points 

by dividing the predicted coulomb cross-section by the observed 

number of counts at each angle. These factors were given 

at the angles 100°, 120°, 130°, and 150° by 0.1726, 0.1086, 

O.IO78, and 0.1090 mb./count, respectively, at 1.02 Mev. 

and by 0.1795> 0.1032, 0.1004, and 0.0930, respectively, at 
„ o 

1.20 Mev. At 160, the factor was 0.02708 mb./count at 1.20 

Mev. The observed number of counts was then multiplied by 

these factors over the region from E (LAB) = 1.02 to 1.11 
kr 

Mev. and the difference between these results and the predicted 

Rutherford scattering determined. Plotting of the results 

showed resonance-like structures mostly completely negative 

based on the 1.02. conversion factors, but more nearly centered 

about zero contribution based on the factors at 1.200 Mev. 

The results of the latter calculations are illustrated in 

Figures 9-11• This was intended merely to give a quali¬ 

tative picture of the shapes of the resonances, and not their 

precise positions along the ordinate. 

Most striking evidence of a large resonance centered at 

1.05 - 1.07 Mev. is observed at every angle. Superimposed 

upon it appear to be two smaller resonances, clearly seen 

in Figure 11 at 160.4°, at energies of 1.035 and 1.1157 

Mev. The latter is more weakly observable at 120.9° and 

130.8° as well. For the purposes of a preliminary energy 

level investigation, it was hypothesized that either these 
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Figure 9- Sum of interference and resonance cross- 
section0contributions; E (LAB) = 1.02 - 1.16 Mev.; ^(CM) 
= 101.0 . p 

Figure 10. Same with O'(CM) = 120.9° and 130.8 . 

Figure 11. Same with ©'(CM) = 150.5° and 160.4°. 
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three resonances at 1.035, 1.05-1.07# and I.15 Mev. correspond 

to the first three analogue states or that the large resonance 

at I.O5-I.O7 Mev. corresponds to the ground state. 

Due to both the non-isolated nature of the resonances 

and the complexity of the scattering formulae for this case, 

an estimation of the J-values which would give rise to the 

observed resonances was not possible by mere inspection, 

although they may be determined in the future by detailed 

fitting as discussed previously. In addition to the three 

resonances observed in the preceding manner, additional re¬ 

sonances at higher energies were deduced by inspection of 

the yield curves. Table 1 lists the resonances so deduced 

and at which center of mass angles they were seen. It should 

be noted that & (CM) = 91*05° is very close to 90°, which 

is a zero for all odd Legendre Polynomials. Similarly, 120.9° 

is near the zero of P2* More data at the former, particularly 

in the low-energy region, would be desirable, for reasons 

mentioned earlier. 
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Table 1. (p,p) Resonances. 

2 (LAB) 

M8V. 101.0° 
Center-of-m 

120.9° 130.8° 
ass ani 
150.5 

zle 
D 160.3 0 91.0° 157.9° 

1.035 X X X n n 

1.06 X X X X X n n 

1.115 X n n 

1.145 X X X n n 

1.28 X X X n n 

1.335 X X X X n n 

1.39 X X X X n n 

1.49 X n n 

1.51-2 X X X X n n 

1.595 X X X X n n 

NO DATA IN THIS ENERGY REGION 
2.05 n X n n n X X 

2.25 n X n n n X 

2.50 n X n n n X 

2.65 n X n n n 

"n" means no c lata 

(p ,n) DATA 

A (p,n) excitation curve obtained is illustrated in 

Figure 12. Beam current was integrated to 100 or more micro¬ 

coulombs, and the data shown was normalized to 100 micro- 
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Figure 12. Mrv^(p,n) excitation function, with 
bars showing normalized statistics for 68$ certainty. 
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coulombs, so that the number of counts shown in Pig. 12 

does not for every point correspond to the number of counts 

recorded. However, the error bars or sizes of points shown 

indicate the normalized statistical accuracy of each point, 

corresponding to 68$ certainty. The threshold energy was 

found to be 1.040 ±. .005 Mev., based upon our calibration 

charts, which agrees well with previously cited value 

1.0335 ± .008 Mev., thus justifying our energy values in that 

region. The small resonance at 1.09 Mev., just above 

threshold, was verified by retracing several times. Sta¬ 

tistics are too bad below that energy value to see any evi¬ 

dence of peaks. Table 2 lists the energies at which apparent 

resonances were observed. 

Table 2. (p,n) Resonances. 

Ep(LAB), Mev. 

1.09 
1.15 
1.21 
1.30 
1.38 
1.46 
1.55 
1.70 
1.79 
1.82 
1.89 
1.94 

Similar results obtained from some earlier work showed 

resonances at 2.12 and 2.17 Mev. as measured by a long coun¬ 

ter positioned at 90° to the beam and at 2.24, 2.38, 2.44, 
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2.58, 2.67, 2.72 Mev. as observed with the same 4TT counter 

described previously. Background, determined by repeating 

the experiment with a plain tantalum foil target, was found 

to be negligible. 

CONCLUSIONS 

Assuming that E (LAB) = 1.035 was the ground state ana 
P 

logue corresponding to a coulomb energy Ec = 8.284 Mev., 

a corresponding set of hypothetical analogue levels was 

constructed by subtracting the equivalent c.m. energy 

(1.015 Mev.) from the observed resonance c.m. energies, 

obtained in some caes by averaging (p,p) and (p,n) 

resonances which were very close to being at identical 

energies. (p,n) resonance energies were corrected by sub¬ 

tracting 10 kev. to allow for approximately one half the 

target thickness. A summary of evidence for each level is 

presented in Table 3* The levels so obtained are shown in 
56 

Figure 13, in which they are compared to the levels of Mn 

The O.27 level shown is found from an (n,y) reaction, the 

0.97 level from (th n,y), the I.05 level by a capture y 

process, and the 1.08 level is found by Mn (n). All the 

Mn-^ levels shown are as cited in the 1957 edition of the 

Nuclear Data Sheets. 

The lowest lying obviously unrelated hypothetical 

analogue level under this scheme is at 0.55 Mev., while 
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Table 3. 

Summary of Evidence for Resonance Energy Values. 

Scattering 
no. angles 

Uncorrected 
Ep (p,n) Ep 

Resultant 
c.m. energy 

Mev. 

Analogue Level 
Mev. 

3 1.035 — w. 1.015 0.00 
5 1.06 1.09 I.O52 0.04 
1 1.115 — 1.095 0.08 
3 1.145 — 1.125 0.11 

— 1.21 1.18 0.17 
3 .1.28 1.30 I.25O 0.24 
4 1.335 — 1.312 0.30 
4 1.39 1.38 1.335 0.34 
1 1.49 1.46 1.44 0.44 
4 1.515 1.55 I.505 0.49 
4 1-595 1.565 0.55 
— 1.70 1.660 O.65 
— — 1.79 I.750 0.74 
— — 1.82 1.778 O.76 
— — 1.89 1.850 0.84 
— — 1.94 1.895 0.88 
3 2.05 — 2.000 0.99 

— 2.12 2.080 1.07 
— — 2.17 2.12 1.11 
2 2.25 2.24 2.20 1.19 
— — 2.38 2.33 1.32 
— — 2.44 2.39 1.38 
1 2.50 2.46 1.45 

reasonable agreement is obtained among the first eight levels 

The degree of correlation is definitely good enough to give 

some credence to the isobaric analogue interpretation of the 

data obtained. 

The lack of spin information at this point makes it 

impossible to be absolutely sure that the 1.035 Mev. reso- 
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Figure. 13. Comparison of hypothetical analogue 
states with the levels of Mn5°. 
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nance is the correct ground state. For comparison, the 1.09 

Mev. resonance was taken as the hypothetical analogue ground 

state, and the higher resonance energies used to construct 

a corresponding set of analogue levels, but the agreement 

was not so good at the lower levels, and no correlation could 

be found for a low-lying level at 0.29 Mev., as well as for a 

greater number of higher levels. This scheme, while not 

ruled out, seems less likely to be the correct one. 

The compound nucleus state widths P^, as remarked pre¬ 

viously, have not yet been obtained from the elastic scattering 

data. The (p,n) resonances have observed widths of 10-20 

kev., which would correspond roughly to states of decay life- 
-20 times 7^5 X 10 sec. with respect to decay by neutron emission. 

It must be strongly emphasized that this work is not 

intended to be final nor entirely conclusive, and that it 

was carried out in the spirit of a feasibility study. In 

that spirit, the results are positive, and further work is 

suggested. In particular, an attempt to determine more 

precisely the elastic scattering resonance energies, the 

phase shifts, and partial widths by fitting to the scattering 

formulae discussed earlier might conceivably be made. 
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