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AN INVESTIGATION OF EXCITED STATES IN THE P29 NUCLEUS 

BY THE Si28(p,p)Si28 AND Si28(p,p1)Si28* REACTIONS 

INTRODUCTION 

The purpose of this experiment was to determine the parameters de¬ 

scribing the excited states in the P2^ nucleus. The elastic scattering, 

Si28(p,p)Si28, and the inelastic scattering reaction, Si28(p,p^")Si28* 

were studied. The experimental range covered for the elastic scattering 

•was from 2.0 to 5*0 Mev. This corresponds to excitation energies from 

k.6 to 7-5 Mev in the P2^* nucleus. For the second reaction the experi¬ 

mental range covered was from 3*0 to 5*3 Mev which corresponds to 

excitation energies from 5*6 to 7*8 Mev in the P2^* nucleus. 

The analysis was carried out using the Wigner single level dispersion 

theory for both the elastic and inelastic scattering data. The spin in 

28 29 
the incident channel is \ since the spin of Si is zero. Since.Tr* has 

an odd number of nucleons, only half integral values for quantum number 

of total angular momentum are allowed. 

The analysis of the elastically scattered protons was begun by 

calculating the theoretical shapes at a number of angles for the various 

types of isolated resonances. This was sufficient in some cases to 

determine unambiguously the total .angular momentum quantum number and the 

parity. The analysis was then extended using a method which included all 

levels and the interference between them. Theoretical angular distributions 

for the inelastically scattered protons for the various types of isolated 

resonances were calculated to confirm or resolve ambiguities remaining 

after the analysis of the elastic scattering data. 

Some work has previously been done on reactions leading to the same 
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excited states in the nucleus. The Si(p,)() reaction was first studied 

hy Hole, Holtsmark, and Tangen^ with proton energies from 0.3 to 0.55 Mev. 

p 
Cohn, Bair, Kington, and Willard measured resonance energies and total 

pQ 28* 
widths hy observing gamma rays produced from the Si (p,pJ')Sic: reaction 

at EJp = 3*11 Mev ( P = 12 Kev), 3*55 Mev ( P = 11 Kev), 3*58 Mev (T = 70 

Kev), 3*71 Mev ( T = 40 Kev), 4.25 Mev (P = 22 Kev), and 4.44 Mev ( P = 

100 Kev). They also pointed out that the 4.44 Mev resonance might be a 

superposition of two broad resonances. 

Willard, Bair, Cohn, and Kington^ reported low intensity resonances 

in the gamma ray yield at proton bombarding energies Ep = 2.64, 3.88, 3*93> 

3»97> anh 4.93 Mev. However, later measurements show that the 3.88 Mev 

resonance is from the Si30(p^pl)si30* reaction^-. 

Vorona, Olness, Haeberli, and Lewis5 first reported in an abstract 

the measurement of the elastic scattering cross section in the energy 

range from 1.4 to 3*8 Mev. They detected resonances at Ep = 1.65 Mev 

( r - 60 Kev), 2.09 Mev ( P = 25 Kev), and a broad resonance at 2.9 Mev. 

They also reported seeing the two narrow resonances at 3.10 and 3*34 Mev 

superimposed on the broad resonance. This paper has been superceeded by 

a recent paper by the same authors0 covering the range of proton bom¬ 

barding energies from 1.5 to 3*8 Mev. A comparison of their results with 

those of this paper are shown in Table III, and a detailed comparison of 

the data is given in the conclusion. 

Val'ter, Malakhov, Sorokin, and Taranov^ gave an analysis of the 

elastic scattering for proton bombarding energies from 1,5 to 2.2 Mev at 

the angles 75°>. 90°> 125•5°> and 151° in the center of mass system. They 

observed resonances at proton bombarding energies of I.65 and 2.08 Mev 
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. and measured corresponding total widths of 18 and 13*5 Kev. Their 

analysis gave total angular momentum and parity for these two states as 

3/2" and l/2 respectively. Sorokin, Val'ter, Malakhov, and Taranov 

made use of these results for their polarization measurements on protons 

elastically scattered from Si^® nuclei. 

Recent work on the excited states ofP^9 has extended the range to 

higher energies. Okada, Miura, Wakatsuki, and Hirao^ have reported 

resonances at 2.9, 3*5> 5.0, and 5 Mev proton bombarding energies 

in the gamma ray yield but point out that closely spaced levels were not 

resolved. Some work in the energy ranges of 7*97.to 9*^5 and ^.8 to 5*5 

Mev has been reported by Greenlees, Kuo, Lowe, and Petravicr*-®, and Oda, 

Takeda, Hu, and Kato^"'*" respectively. 
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THE Si28(p,p)Si28 REACTION 

INTRODUCTION 

The differential elastic scattering cross section was measured at 

39°, 90°, 125°, and 1650 in the center of mass system and for proton 

homharding energies from 2.0 to 5*0 Mev which corresponds to excitation 

energies from 4.6 to 7•5 Mev in the nucleus. In some cases the total 

angular momentum quantum numbers and parities could be determined unam¬ 

biguously, but in other cases it was possible only to determine the 

orbital angular momentum quantum numbers and parities. It was also 

possible to determine the resonant energies of the resonances from this 

data, although this was difficult for the case of broad resonances. The 

total widths of the states were measured directly, and from both elastic 

and inelastic scattering data their corresponding relative partial widths 

were determined. 

For the cases where the only reaction is elastic scattering the 

analysis leads to no ambiguity. However, for the energy range up to 5*2 

Mev bhere are several reactions which can take place. They are 

(1) 
_ .28 
Si + p —Si28 + p 

(2) Si28 + p —S- Si28* + P1 - I.78 Mev 

(3) .Si28 + p — Si28*:+ p2- 4.6l Mev 

The threshold for .reaction (3) is at 4.78 Mev, and this reaction was not 

observed. 

Reaction (2) competes strongly with the elastic scattering for 

energies above 3 Mev. Because of uncertainty in the amount of competition 

it was often possible to find more than one value for the total angular 

momentum which would give a satisfactory fit to the elastic data. This 
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competition was taken into account by means of the relative partial widths 

Pi n 
~p of the states, where Ijp is the elastic scattering partial width and 

P is the total width of the state. A relative partial width less than 

one results in a decrease in the resonance scattering amplitude without 

changing its over all shape. 

pQ 
Since the ground state of the Si nucleus has a spin of 0 and the 

spin of the proton is there is only one channel spin for the elastic 

scattering. 
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EXPERIMENTAL TECHNIQUE 

The Rice Institute 5•5 Mev Van de Graff was used to accelerate the 

protons which were then passed into the small scattering chamber. This 

12 
small scattering chamber which has previously been described was 

modified in order to increase the speed at which the data could be taken. 

Briefly the chamber consists of two shallow cylinders. The fixed lower 

cylinder contains the beam defining slits, Faraday cup, and removable 

target holder. The movable upper cylinder contains the slits defining 

the solid angles for.scattering and the detectors. A set of graduations 

enable the angle to be set to HMD.5°. The chamber was modified by adding 

a second set of defining slits and a detector at an angle of 75° with 

respect to the first detector. This modification enables one to take 

two excitation curves simultaneously and speeds up the taking of the data. 

The integration of the incident beam was done by using a Faraday cup with 

a suppressing voltage of 300 volts applied to a ring at the front of the 

cup. To reduce errors in taking the data a method was used where all 

counts in the elastic scattering group were counted by a single scalar. 

A single self-supporting thin target made of natural silicon 28 gm/cm^ 

thick was used for taking most of the elastic scattering data. This 

thickness corresponds to about 3 Kev at 3 Mev proton bombarding:energy. 

A 51 gm/cm^ silicon target was also used for the region of the 2.08 Mev 

resonance at the center of mass angles of 90° and 165°. As it was not 

certain that a sufficiently thin self-supporting target of silicon could 

be made, the excitation curve was first run using a thin self-supporting 

silicon monoxide target. It contained 80 yu gm/cm^ of silicon. Due to 

the difference in the pulse sizes of the protons scattered from oxygen 
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and those scattered from silicon it was possible to separate them at the 

backward angles. However, the separation became impossible for center 

of mass angles < 90°. Steps of 5 Kev were taken, over the entire range 

from 2.0 to 5*0 Mev with smaller steps being taken over the narrow 

resonances. The preparation of these thin foils is discussed in Appendix 

B. 

The energy of the proton beam was determined by a 90° analyzing 

magnet and was measured with a calibrated proton magnetometer. The 

Li^(p,n)Be^ threshold.at 1.881 Mev proton bombarding energy was used to 

calibrate the proton magnetometer. The resonant energies were also 

O f H 
checked with the published data * ’1. However, due to the large width 

of some of the resonances it was difficult to assign an accurate resonant 

energy from the elastic data alone. 

The scattered protons were detected with Dumont 6291 phdto-multiplier 

tubes using 0.025 inch thallium activated cesium iodide crystals. The two 

counters were calibrated by setting them simultaneously at the same 

scattering angle and measuring the counting rate from each Of them. This 

gives an over-all check on counter efficiency, scattering solid angle, and 

error in setting the angle of the counters. It was found that the counting 

rate agreed to less than 2$. 
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EXPERIMENTAL RESULTS 

The differential scattering cross section was measured at 39°, 90°, 

125°, and 165° in the center of mass system for proton bombarding energies 

from 2.0 to 5*0 Mev. The results of this measurement are shown in Fig. I. 

Resonances were observed at Ep = 2.08, 2.89, 3*09, 3*33j. 3.55, 3-71, 3*98, 

4.23, 4.36, 4.78, and 4.88 Mev. These correspond to energies of 4.73, 

5*51, 5*70, 5*94, 6.15, 6.30, 6.56, 6.80, 6.93, 7.14, and 7*44 Mev in the 

P^9* nucleus. The total widths of the states were also measured using the 

elastic data and had corresponding values of T = 18.6, 500 ± 150, 13.6, 

9-4, 97, 75, 230 + 60, 5.3, 120 +20, 15, and 8.5 Kev respectively. It 

appears that there is a rather large discrepancy between the energy of the 

4.36 Mev resonance in this data and the resonance reported from the gamma 

ray work^ at 4.44 Mev. The inelastic scattering reaction Si^(p,p)Si^* 

shows that these are two separate levels. The 4.44 Mev resonance has a 

small elastic scattering partial width. 

Data was taken from 1.0 to 2.0 Mev at 90° in the center of mass system 

in order to normalize the cross section to the Rutherford cross section. 

The cross sections agree well with the published values of Vorona et al . 

Target buildup was checked at the end of all rims and was found to be 

negligible. 
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* ANALYSIS 

Due to.the number of wide resonances occuring in the energy range 

covered and to the fact that - superimposed on these wide resonances were 

several narrow resonances, it :was necessary to use a method of analysis 

which included the interference between the levels. The amplitude of the 

scattered waves was written: in terms of the amplitude of the incident 

waves by means of the dispersion-theory form of the scattering matrix in 

the single level .approximation^. For the case of a particle of spin i 

incident upon a nucleus of spin I the differential elastic scattering 

cross section is given by 

J<r _ V 
dA ' Z- 

5, YM'5 

1 
(2tt 0(21+h 

where 
r 

t, W is given by 

• I 2 Q 2in esc 
e x? 

-t-^T-j-y*n'(2jP+0 
T,Y»s*j,r 

X 
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and 

5 * -Zaos i(*\f+V + A + A') 
e - e 

^M# + 

N/TIP r 
(e^'-l) 

The symbols are defined in Appendix A. 

It is assumed that the channel spin, S, is conserved when C’(e) 

is written in this form, hut this is no restriction since S can only have 

the value of \ for the case of spin \ on 0. For spin ^ on 0, 

is further simplified since 9 = 9* and ms = Also for the case of. spin 

\ on 0 

c/cr 
cIfl 

VT)C 

f>) 

which can he further simplified to give 

dcr _ 

dn ~~ if (0) 
Since J can take on only two values, and 9~\> the expression 

T^" j. _ 
was first summed over J. The angle fi was designated as p or j3 

depending on whether J took on the value 9+i or jfThe summation was 

then performed over mg1. Since one is only interested in the square of 
1 

the absolute value of the sum over $ can he simplified hy 
2 v m* 

using the orthogonality of the spin function, This gives the 
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result that 

f!(e) A, B, 

where 

Afl - 
. . 2 0 

- h 2 e 2? '» csc 2 
 k r cr P > CSC ^ 0 
2k 2 + ^ -jj-lAjr(2*+l)' e ^ ** *\in<f>f Yj (o) 

*■ i £+/*r(M *• * < K‘) y> 

and 

«*=e
2iK+^) 

r 

In the computer program used, places were left for the nine values 

of J77* , one for each possible value of angular momentum and parity from 

l/2+ to 9/2*. Therefore this expression could he used for computing the 

interference between all of the resonances in the region covered. The 

behavior of the resonances was then obtained from the value of the 

resonant phase shift ^ given by 

_T ,.|f JZ* \ 
\ Ea-E J 
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To aid in the identification of the resonances a set of single level 

isolated resonance shapes were computed. These are shown in Fig. II. 

They were computed for the four angles at which the elastic data was 

taken and for a resonant energy of 2.3 Mev. In calculating these shapes, 

several simplifying assumptions were made. It was assumed that the partial 

width of.the elastic channel was one and that the hard sphere phase shifts 

were zero at this energy. 

At 165° the theoretical resonance shape is a dip and subsequent rise 

for an = 0 state. The = 1 states are also characterized by this 

shape except the l/2” state shows a strong dip. An | =2 state has a 

characteristic rise and dip, and an Q - 3 state has a strong rise. 

The angle of 125° was chosen since Pp(cos 9 ) is zero there. The 

J( = 0 resonance shape retains its asymmetrical dip and rise. The £ - 1 

resonance shapes are nearly symmetrical dips. The = 2 resonance shapes 

are due only to the incoherent term and hence have symmetrical maxima. 

The Q = 3 resonance shapes become asymmetrical rises and dips. 

At 90° all of the odd Legendre polynomials are zero. The odd parity, 

{j = 1 and H = 3, states are hence due only to the incoherent term and 

are symmetrical maxima. The :even parity, ^ = 0 and / = 2, states 

exhibit strong dips. 

At 39° the Legendre polynomial Pj( cos Q ) is near zero, and hence 

the Q = 3 shapes are symmetrical maxima of small amplitude. The Q = 0 

shape has a rise and dip, and the @ = 1.shapes have symmetrical dips. The 

j} = 2 shapes are asymmetrical dips and rises. 

From these shapes, possible assignments of the various resonances in 

the elastic data were determined. These are given in Table I. The 

choosing of these assignments id discussed in detail for each resonance 

in the conclusion. 
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T A B L E I 

Er(Mev) Possible Assignments from Elastic Data 
(Preferred Assignment Given First) 

2.08 l/2+ 

2.89 1/2" 

3.09 5/2", 7/2" 

3.33 3/2+, 5/2+ 

3-55 1/2",. 3/2" 

3-71 1/2", 3/2", 3/2+, 5/2' 

3.98 l/2+ 

4.23 3/2+, 5/2+ 

4.36 l/2+ 

4.78 

4.88 5/2', 7/2" 
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THE Slg8(pJp
1)Si28* REACTION 

IMTRODUCTIOIT 

As was pointed out in the analysis of the elastic data, it was not 

always possible to obtain a unique set of parameters for a level which 

would fit the data. The elastic data was often insufficient for.assigning 

resonant energies, angular momentum quantum numbers, and relative partial 

.widths for the levels. The inelastic scattering data supplements the 

elastic scattering data in removing these uncertainties. 

The method of analysis was that developed by Blatt and Biedenharn-^ 

for angular distributions of reaction cross sections. The Q value for 

Pfi 
this reaction is -I.78 Mev, and the first .excited state of the Si 

nucleus is a 2+ state. 
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EXPERIMENTAL TECHNIQUE 

The experimental procedure for the inelastic scattering was very 

similar to the procedure used for the elastic;data. The same apparatus 

was used for both the inelastic and the elastic data. Due to the small 

cross section for inelastic scattering compared to elastic scattering 

thicker.targets were used in order to increase the yield. A single 

silicon monoxide target was used for taking most of the data. The 

presence of the oxygen caused no trouble for this reaction since it was 

very easy to separate the inelastic group scattered from the silicon 

from the elastic scattering groups from the silicon and the oxygen. 
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EXPERIMENTAL RESULTS 

Excitation curves of the inelastically scattered protons were taken 

from 3*0 to 5*3 Mev. These results are shown in Fig. III. This data 

was used to obtain resonant energies especially for the wide resonances. 

However for the two widest resonances occuring in this energy range, the 

3.98 and 4.36 Mev resonances, the inelastic data could not be used to 

determine the resonant energies due to the small partial widths, 

Angular distributions were taken at the resonant energies of 3*09, 3* 33> 

3*55> 3*71> 4.23, 4.44, 4.78, and 4.88 Mev. Several angular.distributions 

were taken off resonance to aid in the analysis of the data. 

The data was reduced to center of mass cross section using the 

tables of Marion and Ginzbarg.15 The transformation used was 

for the laboratory angles of 88° and 165° with proton bombarding energies 

where 

and 

-I 
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Two problems were encountered in taking the angular distributions for 

angles less than about 75° in the laboratory system. One problem was the 

large dead time caused by the increase in the elastic scattering of protons 

for small angles. Another problem was that of a second group of particles 

which were caused by hydrogen contaminating the target. This peak masked 

the inelastic peak completly for certain angles. These two sources of 

errors caused the relatively large expected error at small singles. 
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ANALYSIS 

The method of.analysis used was "based upon the equations of Blatt 

and Biedenharn-*-3 for the angular distribution of reaction cross sections. 

The expression giving the inelastic differential scattering cross section 

is 

6<r 

ol.fi. X K2 (2 6+0(21+0 Z ^ J'j 5 L) 

X COS(% + h , + 0}/ + I *t *! +/3i $9X 4' ~/O 

X z UX ]&'i) r»/ r~k r)7 
ErE 
r/, 

+1 
rfe-g\2 

PpS(cos 9) 

r,r2 

For a single isolated resonace for the incident channel spin equal to l/2 

d<r _ 
dA 

fir/ 

r 
P|(cos 0) 

at resonant energy. 
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It is now helpful to list all the allowed values of the orbital 

angular momentum of the particles resulting from the decay of the compound 

nucleus P^9* for the various channel spins for this reaction. The incoming 

28 
channel spin is l/2. Since the first excited state of Si is a 2+ state, 

the outgoing channel spins are 3/2 and 5/2. The tabulation of these values 

is given in Table II. 

A set of theoretical angular distribution shapes were calculated 

assuming the reaction takes place with the lowest value. These shapes 

are given in Table III. The inelastic scattering angular distributions 

were compared with the theoretical shapes taking into account the possible 

values of J77" determined from the elastic scattering data. It is probably 

impossible to make completly unambiguous fits to the inelastic data be¬ 

cause of interference, outgoing channel spin mixing, and uncertainties 

in the inelastic scattering partial widths. However, in the case of 

interfering levels, the symmetry of the angular distributions about 90° 

(C.M.) arising from the presence or absence of odd-order Legendre poly¬ 

nomials determines the relative parity of the states. The individual fits 

are discussed in the conclusion. 



TABLE II 

Allowed values of the orbital angular momentum of the decay particle 

resulting from decay of P^9* for the Si^®(p, pl)Si^®* reaction and allowed 

channel spins for this reaction. 

State in p29* 

j^p(S= 1/2) / i^S1 = 3/2) 

l/2+ 0 2 2 

1/2" 1 1 3 

3/2“ 1 1,3 1,3 

3/2+ 2 0,2 2,4 

5/2+ 2 2,4 0,2,4 

5/2" 3 1,3 1,3,5 

7/2" 3 3,5 1,3,5 



TAB.LE III 

Theoretical Angular Distribution Shapes 

(Po coefficient normalized to one) 

l/2+ 2 • 

£ 

3/2 

l/2+ 2 5/2 

1/2- 1 3/2 

1/2- 1 ■5/2 

3/2“ 1 3/2 

3/2" 1 5/2 

3/2+ 0 3/2 

3/2+ 2 ■ 5/2 

5/2+ 2 3/2 

5/2+ 0 5/2 

5/2- 1 3/2 

5/2- 1 5/2 

7/2" 3 3/2 

7/2' 1 5/2 

Theoretical Shape 

Po 

Po 

Po 

Po 

Po - 0.8 P2 

Po + 0.2 P2 

Po 

Po - O.715 P2 

Po + 0.401 P2 - O.98O P^ 

Po 

Po + 0.8 P2 

Po - 0.914 P2 

Po + 0.794 P2 0.117 P4 

Po + 0.714 P2 

1.010 Pg 
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CONCLUSION 

THE ;2.08 MEV RESONANCE 

The strong interference dip in the elastic cross section at 90° 

indicates an even parity, J? = 0 or | = 2, state. The dispersion 

shape at 165° and at 39° rules out the ^ = 2 assignment. Hence this 

state is determined unambiguously as an | = 0, l/2+ state. This 

assignment agrees with that of Val'ter et al.7 and Vorona et al.^ The 

total width was measured directly from the elastic data and was found 

to be 18.5 Kev. 

THE 2.89 MEV RESONANCE 

This resonance appears in the elastic cross section as a broad 

dip and subsequent rise at 1650 and as a broad rise at 90°. These 

shapes are consistent only with an $ = 1, 1/2' or 3/2", state. The 

3/2" assignment can be ruled out due to the observed values of the cross 

section. The effects of this level at 125° and 39° are not apparent from 

the elastic data. The total width was determined from the elastic data 

and was found to be 500 + 150 Kev. Analysis of this state favors the 

lower limits for the width. This assignment agrees with that of Vorona 

+ et al. 

THE 3.09 MEV RESONANCE 

The peak at 1650 in the elastic data indicates an odd parity j[= 3, 

5/2“ or 7/2", state. The dip at 125° rules out the possibility of an 

j} =2 state. The possibility of an Q - 1 state is ruled out from the shape 

at 165°, and the possibility of anQ = 0 state is ruled out since s-wave 

scattering shows a dispersion shape except at 90°. The possible assign¬ 

ments are then 5/2“ or rj/2~. 
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The inelastic scattering angular distribution, Fig.A, can be fitted 

exactly with the assignment of 5/2”, j}= 1, assuming a mixing ratio of 

the outgoing channel spins, 3/2 and 5/2, of 0.87 to 0.13. The calculated 

fit is of the form 

Po + O.58 P2 • 

The total width was measured from the elastic data and was found ■.to 

be 13.6 Kev. Due to the target thickness the cross section for this 

angular distribution is given in relative units. The elastic scattering 

Pi 
data is fitted best using a relative partial width, fr =0.2. These 

values are consistent with those of Vorona et al.^ except that they give 

a fit to the inelastic scattering angular distribution of the form 

1 - 1.37 x2 

where x^ = cos^© . 

TEE 3.33 MEV RESONANCE 

The sharp dip at 90° indicates an even parity, | = 0 or J( = 2, state. 

However, the resonance shapes at 165° and 39° excludes the possibility of 

an $ - 0 state since an Jl - 0 assignment gives dispersion shapes in the 
opposite sense to Q = 2 dispersion shapes at these angles. Thus the state 

is unambiguously an Jl = 2, 3/2+ or 5/2+, state. From the elastic 

scattering data it is impossible to completly rule out the 5/2+ possibility; 

however,the 3/2+ assignment is preferred. 

The inelastic scattering angiilar distribution, Fig. 5> can be fitted 

exactly with the assignment of 3/2+, 0, by taking into account the 

interference of the 3*55 Mev, 3/2~ state. This interference contributes 

a P-L and PQ term to the distribution. An assignment of 5/2+, 0, 

for this state also leads to interference terms of P-^ and Pg; however, the 
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ratio of to Pg assuming this assignment does not fit the data. The 

fit is of the form 

Po - 0.29 P2 - 0.05 P2 

The total width was measured from the elastic data and was found to 

he 9.4 Kev. The elastic scattering data is fitted best with a relative 

partial width, ^ =0.6. These values are consistent with those of 

Vorona et al.^ except that they did not observe the lack , of symmentry 

about 90°(C.M.) in the inelastic scattering angular distribution and gave 

a fit of the form 

1 - O.55 x2 

where x2 = cos2 $ . 

THE 3•55 MEV RESONANCE 

From the shape of this resonance in the elastic scattering data it 

is evident that the partial elastic scattering width is only a fraction 

of the total width. The dip and subsequent rise at 1650 suggests an 

P = 1, l/2“ or 3/2“, state. All other assignments are ruled out. 

The inelastic scattering angular distribution, Fig.6, can be fitted 

exactly with the assignment of 3/2", ,/pl = 1, taking the interference of 

the 3• 71 Mev resonance into account. The angular distribution was found 

symmetric about 90°(C.M.) indicating interference between like parity 

states. The fit has the form 

Po - 0.60 P2 . 

The total width was measured from both the elastic .and inelastic 

data and was found to be 97 Kev. The elastic data was fitted best using 

pf 
a relative partial width, -y = 0.18. These values are consistent with 

those of Vorona et al. who gave a fit to the inelastic scattering angular 
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distribution of the form 

Po - 0.78x2 

where x^ = cos2 0 . 

THE 3.71 MEV RESONANCE 

Again it is evident from the elastic data that this state has a 

partial elastic scattering width of only a fraction of the total width. 

The shape at 165° indicates an J( =1, l/2" or 3/2“, state. However, the 

Jl = 2, 3/2+ or 5/2+, possibility can not be ruled out since the dip at 

165° appears slightly after the resonant energy. The washed out dip at 

125° seems to favor the j} = 1 assignment. Also the absence of a dip at 

90° favors the J = 1 assignment. 

The inelastic scattering angular distribution, Fig. 6, is observed 

to be symmetrical within experimental error. The angular distribution 

can be fitted exactly with an assignment of l/2“, jEp' = 1, taking into 

account the interference with the 3*55 Mev resonance. An assignment of 

3/2+ leads to a PI interference term. The inelastic scattering angular 

distribution of the 3*55 Mev resonace would also show this Pi interference 

term. Since the angular distributions are observed to be symmetrical 

about 90°(C.M.) the l/2“ assignment is preferred. The fit is of the form 

Po - 0.12 P2 

Vorona et al^ gave a fit of the form 

Po - 0.26x2 

where x2 = cos^6 . However, they preferred a 3/2+ assignment for this 

state. 

The total width was measured from both the elastic and inelastic 

data and was found to be 75 Kev. The elastic.data was fitted best with 

a relative partial width, Ej? = 0.2. 
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THE 3.98 MEV RESONANCE 

This wide resonance shows strongly at all angles in the elastic 

scattering data. The strong interference dip at 90° indicates sin even 

parity, | = 0 or j[ = 2, state. The rise at 165° and 125° occuring after 

the resonant energy rules out the $ - 2 assignment. This state is then 

determined unambiguously as an^ = 0,l/2+ state. This state does not 

show in the inelastic scattering data. Hence the relative partial width, 

Pi 
-j=; , is one, which is consistent with the value used for the best fit 

to the elastic data. The total width was measured from the elastic data 

and was found to be 230 + 60 Kev. 

THE 4.23 MEV RESONANCE 

The analysis of the elastic scattering data is similar to that for 

the 3.33 Mev resonance. The dip at 90° indicates an i - 0 or / = 2 

state with the Jl = 0 possibility being excluded by the dispersion shape 
at 165° being of the wrong sense. This state is then determined as an 

$ =2, 3/2+ or 5/2+, state. The 3/2+ assignment is preferred. 

The inelastic scattering angular distribution, Fig. 7> is not 

symmetrical about 90°(C.M.). An exact fit was difficult to make for this 

distribution due to the interfering resonance at 4.44 Mev. The most 

satisfactory fit was achieved with an assignment of 3/2+, jf p^ = 0, and 

by assuming that the interfering resonance at 4.44 Mev corresponds to a 

l/2” state. The interference contributes the Pj_ term to the angular 

distribution. The fit has the form 

Po - O.6IP1 - 0.28P2. 

The total width was measured from the elastic data and was found to 

be 5.3 Kev. The elastic scattering data is best fitted with a relative 
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p 

partial width, -p =0.6. 

THE 4.36MEV RESONANCE 

The analysis of this resonance is similar to that for the 3*98 Mev 

resonance. The dip at 90° indicates an J? = 0 or $ = 2 state. The rise 

at 165° and 125° occuring after the resonant energy rules out the / = 2 

assignment. The state is then determined unambiguously as an J = 0, l/2+ 

state. This state contributes none or very little to the inelastic 

scattering cross section. The partial width for elastic scattering is 

one, which is consistent with the best fit to the elastic scattering 

data. The total width was measured from the elastic data and was found 

to be 120 + 20 Kev. 

THE 4.44 MEV RESONANCE 

This resonance appears most strongly in the inelastic scattering 

and appears only slightly in the elastic scattering. Because of this a 

definite assignment could not be made. Due to the lack of symmetry about 

90°(C.M.) for the 4.23 Mev resonace inelastic scattering angular distribution, 

Fig. 7, the 4.44 Mev resonance corresponds to an odd parity state. An 

assignment of /= 1, l/2", for this state gives interference terns of the 

right order of magnitude for the 4.23 Mev resonance. However, there is a 

large uncertainty in this assignment. The total width was determined from 

the inelastic .scattering data and was found to be 120 + 20 Kev. 

,THE 4.78 MEV RESONANCE 

This resonance shows only slightly in the elastic and inelastic 

scattering data. There is insufficient data to determine an assignment 

for this state. The inelastic scattering angular distribution is shown in 
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Fig. 8. The total width was measured from the elastic scattering data and 

was found to be 15 ± 5 Kev. 

THE 4.88 MEV RESONANCE 

The analysis of the elastic scattering data is similar to that for 

the 3«09 Mev resonance. The peak at 165° indicates an odd parity $ = 3, 

5/2" or 7/2", state. The slight rise at 90° rules out an $ - 0 or H = 2 

state. The $ = 1.assignment is ruled out by the rise at 165°. The possible 

assignments are then 5/2“ and 7/2“. The 5/2“ assignment is preferred. 

An exact fit to the inelastic scattering angular.distribution, Fig. 9, 

has not been made due to insufficient data on higher energy states which 

cause interference. Okada et al^ give an assignment of 3/2+ to a state 

corresponding to a resonance at Mev. The interference of this state 

would cause the lack of symmetry about 90°(C.M.) observed in the inelastic 

scattering angular distribution. The total width was measured from the 

elastic scattering data and was found to be 8.6 Kev. The relative partial 

r> 
width, yr =0.2. 

The.results of this experiment are given in Table 4. The published 

data in the energy range studied is given in Table 5• The results 

are summarized in the energy level diagram of P^9, Fig. 10. 
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TABLE IV 

Experimental Results 

Eo(3at) il P(kev) 'Vr 

2.08 l/2+ 18.5 

2.89 1/2- 500 + 150 

3.09 5/2” 13.6 0.2 

3.33 3/2+ 9.4 0.6 

3-55 . 3/2" 97 .0.18 

3.71 1/2- 75 . 0.2 

3.98 l/2+ 230 + 60 1.0 

4.23 3/2+ 5-3 0.6 

4.36 l/2+ 120 + 20 1.0 

120 + 20 0.5 

4.78 — 15 + 5 — 

4.88 5/2 - 8.6 0.2 



TABIE V 

Published Results of Vorona et al° 

E.o..(lab) r(key) Pi (kev) 

2.090 + 0.005 l/2+ 18 ± 4 

2.880 + 0.080 1/2" 500 + 100 - - - 

3.100 + 0.002 ■5/2- 12 + 1 3.7 + 0.8 

3.337 + 0.002 3/2+ 11+ 1 9.9 + 1.0 

3-575 + 0.010 3/2" 90 + 15 12.6+3-3 

3.711 + 0.018 3/2+ 70 + 12 . 10.5 + 4.0 
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APPENDIX A 

Symbols and Definitions 

r 

rv 
k 

n 

total width of the state 

elastic scattering partial width 

inelastic.scattering partial width 

A2 

-Z.z* e1 
hr 

spin wave function 

arg r( I + jf ) 

J 

hard sphere phase shifts 

resonant phase shifts 
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APPENDIX B 

A method for preparing thin self-supporting silicon and silicon 

monoxide foils: 

The silicon and silicon monoxide targets for this experiment were 

made hy the method of preparing thin self-supporting foils reported 

by Kashy, Perry, and Risser^. The silicon monoxide foils were made 

by evaporating silicon monoxide from a tantalum boat onto 0.00025 inch 

nickel foil mounted on an aluminum holder.. It was found that the best 

results were obtained by depositing the silicon monoxide on the dull 

side of the nickel rather than the bright side. The nickel was then 

etched away leaving the silicon monoxide foil. Foils were made with 

LAQtn 
thicknesses on the order of 150 r of silicon. These foils are 

very strong and have a very long shelf life. 

The silicon foils were made by evaporating natural silicon from a 

carbon boat onto 0.0001 inch nickel foil and etched as above. It was 

found that it was impossible to use tantalum, tungsten, or molybdenum 

boats as the silicon causes them to break upon heating. For silicon it 

was found that the best results were obtained by depositing on the bright 

side of the nickel rather than the dull side. Foils were made with 

thicknesses on the order of 25 to 100 t±n . However, these foils are 

very brittle and break upon standing. 
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