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ABSTRACT 

The Bonner Nuclear Laboratories tandem Van de Graaff has been used 

to extend the He^(p,p)He3 elastic scattering measurements of Tombrello 

et al.a) from U.5 to 11.5 MeV. The small volume gas scattering chamber 

built by Jones*^ was sealed off from the accelerator vacuum system with 

SiO or Ni entrance foils and equipped with solid state detectors, and a 

scintillation counter for the experiment. Three excitation functions 

at center-of-mass angles of 90°, 125° 18*, and 161° 12’ have been 

measured from iu5 to 10.14. MeV in steps of 200 keV. No sharp structure 

was observed. Angular distributions were measured at 22 angles between 

27° 38’ and 166° 35* in the center-of-mass system at bombarding energies 

of 1*.55, $.$1, 6.52, 7.51,' 8,51* 9.51* 10.38* and 11.U8 MeV. A phase 

shift analysis has been made of these data using one phase shift for 

each of the values of Q through H-2. The p-wave parameter was found to 

be increasing positively in qualitative agreement with the results of 

Tombrello et-al. Cross sections calculated from the phase shifts show 

large deviations from the experimental values in the region around 100° 

in the center-of-mass system. This indicates that some spin-dependent 

splitting of the phase shifts must be required to fit the data. 

a. T. A. Tombrello* C. Miller Jones* G. C. Phillips, and J. L. Weil* 

Nuclear Fhys. 39* 51|-1* (1962) • 

b. C. Miller Jones* Ph.D. Thesis* Rice University* (1961). 



I. INTRODUCTION 

Using recent p + He-3 elastic scattering measurements from 2.0 to 

1;,5 MeV, Tombrello et al*1^ at Rice have attempted to ascertain the existence 

and position of states in the Nucleus Li^. This configuration is of 

interest because T= 1 states in the nucleus correspond to T= 1 states in 

the alpha particle, p + He^ scattering cross sections have been measured 

by other groups,and phase shift analyses have been made.^^ 

Lowen's analysis of Famularo’s angular distributions at 1.01, 1.60, 

2.25, and 3.52 MeV has shown that a very good fit could be obtained by 

representing the two s-wave and the four p-wave phase shifts by only two 

independent phase shifts, one for each contributing value of JL. 

Physically this is equivalent to assuming that there is no spin-prbit or 

spin-spin contribution to the nuclear force. The assumption of no 

splitting of the triplet phase shifts is, as Tombrello et al.^ pointed 

out, "consistent with the small polarizations observed by Cranberg^) 

for the scattering of neutrons from H-3 and He^ at 1.1 MeV and 2.15 

MeV." The Rice group made a similar simplified phase shift analysis 

of their data from 2.0 to U»5 MeV and of other isolated angular distri¬ 

butions. Their results show the to be increasing positively but 

were inconclusive as to which of the four p-wave phase shifts caused the 

effect. There was an indication that at least two p-wave levels with 

different j-values contributed. 

The calculated fits of Tombrello et al. to their two highest 

energy angular distributions begin to show departures from the experi¬ 

mental data at about 90°. This is an indication that at these higher 

energies the assumption of only three phase shift parameters is no 



2 

longer good, and that, as one might expect, there is some spin-dependent 

contribution to the nuclear force. In this case such a simplified phase 

shift analysis might lead to greater discrepancies at energies above U*5 

MeV and might motivate a more complete analysis. 

Higher energy p + He^ elastic scattering measurements have been 

made from U»5 to 11.5 MeV. Data for three excitation functions from 

U.5 to 9.6 MeV were taken during a "set run" in September 1962. These 

excitation functions were extended to 10.U MeV and eight angular 

distributions at approximately 1.0 MeV intervals from U.5 to 11.5 

MeV were taken during another "run" in December 1962. This thesis is 

a report on these measurements and on an attempt to fit these data 

using this simplified phase shift analysis. 
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II. EXPERIMENTAL APPARATUS 

A. Accelerator 

The source of the protons for the present experiment was the 

Bonner Nuclear Laboratories 12 MeV tandem Van de Graaff accelerator. 

The proton beam was defined in energy by a 90° analyzing magnet. An 

absolute energy calibration of this magnet has not been made, but using 

the C^(p,n)N^ ground state threshold of 3.235 MeV,^^ Bonner et al.^^ 

have made a relative calibration. An estimate of the accuracy of the 

beam energy based on these measurements is + 10 keV. For the present 

experiment the dispersion of the beam energy is estimated to be less 

than 0.1%. 

B. Chamber 

The precision, small volume, gas scattering chamber described by 

Jones^ was used (the same chamber was used by Tombrello et al.^). 

Only a brief description will be given here. It was built primarily for 

the study of scattering from abundant gaseous targets using a differential 

pumping system, but its volume of 2.5 liters is small enough to make 

feasible experiments with rarer gaseous targets, such as £te-^, by sealing 

it off-from the accelerator vacuum system with an entrance foil. The . 

chamber is constructed of three separate pieces, a fixed center piece, 

and movable upper and lower pieces which rotate with respect to the 

center piece on ball bearings with a double "0" ring, vacuum seal. The 

upper and lower pieces both contain two detector ports equipped with 

rectangular slits allowing scattering measurements to be made continu¬ 

ously in angle from 20° to 160° in the laboratory system. Provision is 

made for a monitor detector mounted in a pumping port at 30° in the 
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fixed center piece. The whole chamber is machined to such accuracy that 

the error introduced into absolute cross section measurement due to 

12) 
geometrical inaccuracies is less than 0.1$. 

C. Detectors 

Six different detectors were used on the chamber at various times 

during the present experiment. Two of these were silicon surface 

barrier detectors purchased from the Oak Ridge Technical Enterprises 

Corporation with an active surface area of about Ui x kk nm» Since 

these detectors were capable of stopping only about 6 MeV protons, they 

were mounted at h$° to the plane of the detector slits to gain greater 

stopping power. They were used over the angular range from 27° to 

153°. Another silicon surface barrier detector was purchased from 

Nuclear Diodes, Inc. The diameter of its active surface area was 5 mm., 

and it was capable of stopping 12 MeV protons. It was therefore first 

used in the angle range 20° to 27° but was later moved back to the 

l53°-to-l60° range. Two silicon junction detectors of 20 mm. 

surface area purchased from the RCA Victor Company, Ltd. were used. 

Both were mounted at forward angles. The thicker was capable of 

stopping 12 MeV protons and was placed on the 20°-to-27° port. The 

other was capable of stopping about 8 MeV protons and was used as a 

monitor. All of these detectors were used with Hamner model 357 pre¬ 

amplifiers. Finally one CsI(Th) crystal mounted on a DuMont 6291 

photomultiplier tube and backed by & cathode follower preamplifier was 

used in taking the early data as a back-angle detector. It was later 

replaced by the Nuclear Diodes solid state device to obtain better 

energy resolution. 



5 

In the case of the RCA and the Nuclear Diodes detectors the biases 

of 25>0 volts and 1;00 volts respectively required to stop the higher 

energy protons we re larger than the maximum bias available from the 

voltage divider network in the Hamner preamplifiers. When these higher 

voltages were required, they were applied through separate "bias boxes" 

containing a near replica of the Hamner voltage divider network. 

D. Foils 

As mentioned above the chamber was sealed with an entrance foil 

for the work with He^. Two different types of foils were used. Silicon 

monoxide foils were tried first because of their relatively large 

strength per unit thickness. They were made by evaporating SiO onto 

.00025” Ni foil. This Ni foil was then mounted, SiO surface down, 

onto the entrance foil holder by gluing it in place with a thin coat 

of Glyptal varnish. After the Glyptal dried the 2 mm. diameter region 

of Ni over the entrance hole was etched away with a 1 part HNO^ - 2 parts 

H2S0|| - 1 part H2O solution. One of these foils was used during the 

data taking run in September 1962. As will be mentioned later, this foil 

was found to leak. For this reason, because of the difficulties 

encountered in storing the SiO foils without their breaking, and because 

no-fine structure was observed in the excitation functions, in December 

1962 it was decided to use a thicker, .000025" Ni foil to seal off the 

chamber. 

To determine accurately the bombarding energies of the incident 

protons it is necessary to determine the energy thickness of the entrance 

foil. To do this use was made of some C"L<1(p,p)C data recently taken 

with the chamber in the region of the U.8 MeV resonance. These data 
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were obtained by scattering from differentially punped methane. In this 

experiment measurements were again made in the region of the carbon 

resonance with the chamber, containing methane, sealed off by the 

entrance foil. From the measured energy shift in the resonance, the 

foil thickness was calculated. 

Measurements made in this way showed that the SiO foil used in 

September was 10 + 3 keV thick to U.8 MeV protons; the Hi foil used in 

December was 32+5 keV thick to the same energy protons. The indicated 

RMS error is due to the uncertainty in the energy correction for the 

12} 
loss in the differential pumping block, ’ the straggling of the beam 

particle energy upon passing through the foil (assuming a normal 

distribution for the energies of the emerging protons), and the un¬ 

certainty in reproducing the beam energy at a given setting of the 90° 

deflection magnet. 

£. Electronics 

The data collection apparatus for the present experiment consisted 

of a Technical Measurement Corporation (TMC) U00 channel pulse height 

analyzer, two Atomic model 218 linear amplifiers, two Atomic model 215 

5“channel integral discriminators, and scalars. The beam current collected 

in the Faraday cup was measured using the integrator constructed by 

Henry and described by Miller^ and Jones.^ Basically, the integrator 

circuit charges a condenser to a known voltage and then allows the beam 

current to discharge the condenser until another known voltage is 

reached. Then a relay is activated which cuts off the analyzer and 

scalars. A block diagram of the electronics arrangement for a typical 

set of data points is shown in figure 1. 
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III. EXPERIMENTAL METHODS 

The definition of the differential cross section for scattering, 15) 

0"iab(n)d'O number of particles scattered into a solid angle dn per unit of time 
1
 incident intensity 

where df> is an element of solid angle at angle 47 , may be written for experi¬ 

ments using the scattering chamber as^) 

Olab(0) = 

where N is the number of particles scattered into some solid angle at a 

scattering angle 0 per unit of time, Q is the number of incident particles 

3 
in this time, and d is the number of target nuclei per cm. The geometrical 

factor f varies continuously with the scattering angle and orientation of 

the rectangular detector slit system, while the constant G is determined 

from measurements of the individual slit systems. This indicates the 

experimental quantities to be determined. 

A. Number of Scattered Particles 

As many as four detectors at one time were used in the present 

experiment. Pulses from the detectors were fed into the I4.OQ channel pulse 

height analyzer used as four 100 channel analyzers. In this mode of 

operation the analyzer requires approximately lj.0 + 0.8n microsec. to 

store a pulse where n represents the last two digits of the channel 

number. During this storing dead time it will not accept another pulse, 

and a counting loss results. To measure the dead time a "busy" signal 

was taken from the U00 channel and was used to trigger a gate circuit 

which allowed a 100 Kc signal to be counted on a scalar for the duration 

of the storing operation. Ey also counting the 100 Kc signal for the 

duration of the data point, the fraction of the time for which the 
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analyzer was dead was obtained. If the beam on the target were constant 

in intensity, the correction for counting losses could be obtained by 

multiplying the recorded number of counts by (l + fractional dead time). 

Unfortunately the Rice tandem beam is not constant in intensity and the 

counting loss correction made in this way is too small. 

To measure the counting loss correction better, pulses from two 

of the detectors were amplified, fed into the integral discriminators 

and then scalars. The bias intervals on the discriminators were set 

at 5 volts and were checked about every eight hoursj the gains of the 

amplifiers were set to obtain the elastic proton peak. This $ channel 

discriminator can process a pulse in less than 10 microsec., so the 

counting loss correction becomes negligibly small. The number of counts 

obtained from the scalar bias curve was then taken as the better number, 

and the ratio of this number to the number in and above the peak in the 

spectrum from the TMC analyzer gave the counting loss correction Used. 

These ratios varied from less than 1% to as high as about £ or 6%} and 

in every case they indicated a greater counting loss correction than 

the gate-circuit method described above. The number of counts in the 

peak of the TMC analyzer spectrum was corrected for background and 

multiplied by the dead time correction to obtain the final number of 

scattered protons. Due to the error in the bias curve interpretation 

and the background correction this number is estimated accurate to 

+ l.$%. 

It might be mentioned here that the gate circuit dead time 

measurement offered a convenient on-the-spot check of counting losses. 

During a data point one could tell from a glance at the relative count¬ 

ing rates of the total time scalar and the dead time scalar if these 
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losses were excessive. 

B. Number of Incident Particles 

Experimental procedures with the current integrator used are 

described by Jones,^ and the basic theory of operation of the 

integrator was mentioned in the last section. Knowing the charge of 

the beam particles and the capacitance of the condenser used in the 

integrator circuit, one can determine the number of incident particles. 

In order to check simultaneously the capacitance of the 

condenser and the validity of the dead time reading as given by the 

gate circuit, the integrating and analyzing apparatus was set up as 

for a data point. Now, however, the condenser was discharged through 

a standard resistor instead of by the beam current, and rather than 

detector pulses, 60 cps pulses of constant voltage were counted in the 

0-to-100 channel quarter of the TMC analyzer while the condenser dis¬ 

charged. As a check on the dead time one could use the number of 60 

cps pulses counted and the number of the channel in which they were 

counted to make a calculation of the actual TMC "busy" time. This 

could then be compared directly with the dead time scalar reading. 

Two or three such condenser calibration measurements were usually 

made at about twelve-hour intervals during a data taking run. During 

the September run such measurements showed a maximum variation in the 

capacitance of 0.12% between any such set of calibration measurements. 

In December the maximum change between measurements was found to be 

0.5%. Jones-1-2) gives a value of + 0.5% as the error in current measure¬ 

ment with this integrator after such things as the error in the charging 

voltage and the leakage during a data point are taken into account. 
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Comparison of the calculated dead time with the dead time as 

measured by the gate circuit usually showed agreement to about 3$. 

C. Determination of Geometrical Factors 

The geometrical factor f was calculated and tabulated by Harris*^ 

for 0.1° intervals in angular orientation of upper and lower sections of 

the chamber with respect to the fixed center piece. The stated accuracy 

of the tables is 0.1$. The factor G is determined from measurements 

with a traveling microscope of the width of the front slit and the 

width and height of the rear slit of the detector slit systems, and the 

measurement with a micrometer of the length of the slit system and its 

distance from the center of the chamber. Only one slit system was 

changed during the present experiment. The size of the slits in the 

20°-to-27° port was decreased when the Nuclear Diodes detector was 

replaced by the RCA detector at forward angles. Jones'^ gives the 

RMS error in G due to measurement inaccuracies and approximations in 

its calculation as 0.36$, 

D. Number of Target Nuclei 

For gaseous targets this quantity can be determined if one knows 

the temperature and pressure of the gas. Temperature measurement was 

made with a mercury thermometer in contact with the top of the chamber. 

This thermometer could be read accurately to i01°C, but it is doubtful 

that the temperature of the actual target gas could be determined this 

closely due to beam-heating effects and the mere fact that the 

thermometer was several inches away from the target volume. An outside 

estimate of error would probably be +0.3$. Pressure readings were 

taken by measuring the level of oil in butyl-pthylate-f illed oil 
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manometers with an accurate cathetometer. Errors in setting and reading 

the cathetometer are about + 0.1%. 

It was determined, however, that the partial pressure of He3 was 

not known this accurately due to impurities in the chamber which contri¬ 

buted to the pressure measured with the cathetometer. When the September 

data were being taken, the pulse height spectra showed groups of protons 

elastically scattered from impurity nuclei. Analysis of the pulse heights 

of these groups indicated the presence of small amounts of carbon and 

nitrogen and much larger amounts of hydrogen and oxygen. The oxygen 

was more positively identified by comparing resonances in the 0^ 

impurity peak with published 0^(p,p)0^ cross section data.^*"^ It 

was found that the resonance behavior of the 0^ peak was superimposed 

over a gradual increase in peak size, but that nearly all the H^- and 

0^ impurity scattering disappeared when a cold trap was placed on the 

chamber. The conclusion was that most of the impurity scattering was 

due to water vapor outgassing from the chamber walls. 

19 
The most likely source of the C impurity was residual CH^ 

from the foil thickness measurements. To try to account for the 

without assuming an air leak into the chamber, a mass analysis of the 

contents of the He^ tank was made.* Results are shown below. 

Table I 

Composition of Target Gas for September Run in Mol. % 

Hydrogen .381 

Oxygen .2lil +10% 

Carbon Dioxide .019 + 5% 

* By the PAR Corporation, Houston, Texas 



Table I (Coni'd.) 
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Nitrogen 1.011 + % 

Argon .036 +1$% 

Helium U .173 +20% 

Helium 3 98.136 +•3% 

100.000 

^(p^N1^ cross section data were not available, but assuming a 

reasonable value for the cross section of about 100 mb/ster, it was 

shown that for the pressures in the chamber the entire amount of 

scattering could be attributed to the N^- impurity resident in the 

sample. Also the amount of was not found to increase with the 

oxygen impurity. The possibility of air leakage into the chamber was 

thus eliminated, and the entire amount of 0^ impurity was assumed to 

come from the outgassed water vapor. 

The pressure increase of up to b% due to this water vapor was 

observed in the cathetometer pressure measurements. With the known 
1 A 1 A 

0 (p,p)0 cross sections calculations were carried out to try to show 

that this observed pressure increase corresponded to the same percentage 

of increase in the oxygen as indicated by the increase in the size of 

the impurity peak. It was found that the cathetometer-measured pres¬ 

sure increase was not as large as that required by the increase in 

impurity peak size. Furthermore, plots of He^ counts corrected for 

initial pressure differences showed that for all other conditions the 

same the number of scattered particles obtained with a new He^ sample 

was larger than the number detected using a sample which had been in the 

chamber for a considerable length of time. Thus the final conclusion 
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was that some of the original He^ sample was being lost through the SiO 

foil but at such a slow rate that the associated pressure decrease was 

completely masked by the increase in pressure due to outgassed water 

vapor. 

To correct the September data for this gas loss, the difference 

in apparent cross section as calculated from the last data taken with 

an old He-3 sample and the first data taken with a new sample under 

the same conditions was assumed to arise from a linear decrease in the 

He partial pressure with time. Since the time had been recorded for 

each data point, it was then fairly easy to correct the numbers of 

counts for the gas loss. For the longest period of time any one 

sample was left in the chamber there was a 1% loss of He^ through the 

foil. This correction was determined by taking an average of the gas 

losses indicated by cross sections measured with all detectors and is 

estimated accurate to about + 2%. 

In December for the angular distribution measurements the chamber 

was sealed with the thicker Ni foil. Special precautions were taken 

to evacuate the chamber several days prior to the "set run" and to 

use a liquid air trap for the last two days before the "run" to remove 

as much adsorbed water vapor from the walls as possible. A new sample 

of He3 was used for each angular distribution, and a sequence of about 

ten pressure measurements was made when the sample was first admitted 

to the chamber to determine accurately the initial amount of He^. The 

times the pressure measurements were made were also recorded. Before 

a sample was pumped away a repeat set of data points was taken at the 

same energy and angles as the first set of points taken with that 
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sample. Both the pulse height spectra and the cathetometer pressure 

measurements again showed evidence of the outgassed water vapor. Its 

maximum partial pressure this time amounted to 2.5%> after the He3 

sample had been in the chamber for six hours. Comparison for the re¬ 

peated data points showed that one detector indicated a fairly 

consistent drop, the other a fairly consistent rise in the cross 

section between the "before” and "after" points for each sample of 

He3. The rise and drop were both on the order of 1%; no explanation 

was found for this disagreement. Since the effect was not greater 

than + 1% and gave no clear indication of loss of He3, it was 

assumed that no gas loss correction was necessary. 

The resident impurity correction was much smaller for the new 

He3 tank used on the December run. A sample of this gas was also mass 

analyzed;'" the results are given below. 

Table II 

Composition of Target Gas for December Run in Mol. %> 

Hydrogen none 

Oxygen .099 Maximum 

Carbon Dioxide .013 Maximum 

Nitrogen 

'L£\ 
CVi 0

 Maximum 

Argon .020 Maximum 

Helium 3 99.621 Minimum 

100.000 

* By the PAR Corporation, Houston, Texas 
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E. Comparison with p-p Scattering Data 

Several aspects of the general experimental procedure needed to be 

checked. First it had to be determined whether the detectors used were 

detecting all the particles that came through the slits. Some of the 

counts could be missed because of insensitive spots on the detector 

surface areas or because of improper location of the small active 

surface areas behind the slit systems. The method of counting loss 

correction using the scalar bias curve needed verification. This and 

the determination of the actual number of channels of the 100 channel 

spectra to include in a peak were considered the weakest links in the 

data reduction procedure. As an experimental check differentially 

pumped hydrogen was used as a target in the chamber and protons were 

elastically scattered. Figure 2 shows the measured H(p,p)H differ¬ 

ential cross sections as compared with the published Wisconsin values 

19') 
of 0,1% accuracy. The measurements for detectors 1, 2, and 3 all 

agree to within the statistical uncertainty. The detector U measure- . 

ment lies just barely outside this range. In view of this agreement, 

the experimental methods were assumed to be valid. 
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IV. EXPERIMENTAL RESULTS 

Figures 3-12 show plots of the cross sections measured in the 

present experiment. Excitation functions were taken at center-of-mass 

angles of 90°, 125° 18’, and 161° 12', and angular distributions at 

approximately 1.0 MeV intervals from U.5 to 11.5 MeV. The solid curves 

were calculated using the phase shifts derived from the analysis des¬ 

cribed in the next section. The errors quoted in the last section are 

summarized in the table below, and RMS errors for the cross sections 

are given. 

Table III 

Sources of Error 

Excitation Angular 
Functions Distributions 

Chamber Geometry 

f 0.1* 0.1* 

G 0,36% o_. 36* 

Number of Incident Particles 

Current Integration 0.5* o.5* 

Number of Scattered Particles 

Bias Curve Interpretation 
and Background Correction 1.5* 1.5* 

Counting Statistics 9 9* 90° 
125°18» 

2.0* 90°-135° 

Number of Target Particles 

0.7* l6l°12* 1.0* all other 
angles 

Tenqperature 0.5* 0.5* 

Cathe tome ter Reading 0.1* 0.1* 
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Table III (Coni'd.) 

Gas Loss Correction 
or Uncertainty 2.0$ 1,0% 

Impurity Correction 
(from mass analysis) 0.3% 0,1% 

RMS Error 3,k% ^ol8, 2,8% 90°-135° 

2.1% I6l°12« 2.2% all other 
angles 

At higher energies several data points on the angular distributiqhs 

3 
were measured by counting the He recoils. Because of a larger uncertainty 

in the background correction, it is estimated that the MS error for these 

points is about + 3%, A complete list of the cross sections measured in 

the present experiment is given in Table IV. Those cross sections 

measured with the He^ recoils are denoted with an asterisk. 

At four of the energies angular distribution data from other experi¬ 

ments is plotted for comparison. The agreement with Tombrello et alP 

at U.,55 MeV is good. Discrepancies are not larger than the combined 

errors quoted for the two experiments. The data of Brolley et al.-^ 

taken with the Los Alamos cyclotron is shown on the 6.32 and 8.3l distri¬ 

butions. Their cross sections measured by counting the elastically 

scattered protons are represented by closed triangles and are accurate 

to + 3%, These points agree well with those of the present experiment. 

The open triangles represent Los Alamos cross sections measured by 

counting He-3 recoils and are stated as accurate to + h%. However these 

points do not agree to within that accuracy with the other data of that 

same experiment and therefore also disagree with the present experiment. 

It is interesting to note the Coulomb-nuclear interference effect 

which is apparent at forward angles in the measurements of Brolley et al. 
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Table IV 

He^(p,p)He^ Cross Sections (mb/ster)—-Angular Distributions 

C.M. Angle 
(degrees) 

1**55 
(MeV) 

5.51 
(MeV) 

6.52 
(MeV) 

7.51 
(MeV) 

8.51 
(MeV) 

9.51 
(MeV) 

10.38 
(MeV) 

11.1*8 
(MeV) 

27.61; 200.5 236.5 256.5 258.7 255.6 21*3.6 235.9 223.1 

31.97 198.2 21*3.2 261.8 261.7 265.1 21*3.1 237.8 222.0 

36.71 205.3 238.0 259.1 256.9 250.9 21*0.3 232.7 211.9 

1*1*.85 185.3 217.1 230.6 226.1 216.5 - - - 

51*. 75 160.3 183.2 182.2 185.2 179.8 167.8* 159.1* - 

63.1*1* 131*.3 11*7.9 - 11*7.2 11*1.0 132.0 - - 

70.13 111.8 121.9 121.3 118.6 112.0 105.6 99.86* - 

76.28 96.00 100.7 97.08 95.69 90.1*8 81*. 1*6 80.1*8 - 

82.63 80.97 79.90 77.33 72.70 68.21 61*. 32 59.18 51**27 

90.00 70.85 63.1*0 58.56 51*. 11* 1*8.12 1*1*.19 1*2.61* 36.76 

96.03 63.36 51*. 71 1*7.1*1* 1*0.31 36.19 31.85 29.51 25.70 

103.80 66.56 51.1*6 1*1.63 33.33 26.57 23.02 19.1*2 16.78 

110.55 71*. 21* 56.05 1*3.00 32.86 21*. 1*2 19.95 16.83 13.21 

116.57 85.96 66.61 1*8.58 35.86 27.1*2 21.1*8 17.67 13.21 

125.27 111.1 88.57 65.63 50.31* 1*0.19 30.99 2l*.90 20.26 

133.14-8 11*0.7 118.1 91.51 72.02 57.1*1* 1*6.71 39.81 32.21 

11*0.79 168.7 11*1.9 116.2 91*.1*7 76,36 63.79 55.10 1*5.95 

11*7.21 195.8 167.6 138.6 120.2 95.23 82.1*6 72.15 58.82 

153.90 220.8 196.1 166.6 137.8 115.7 99.28 88,83 75.1*6 

162,11* 2l*l*.5 217.5 188.7 158.7 139.6 119.9 ioi*.5 92.72 

165.67 252.9 225.1 196.1* 165.2 11*3.5 126.7 112.8 97.70 

166.59 263.5 232.6 205.3 173.7 ll*6,6 132.7 115-7 101,1 
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Table IV (Cont'd.) 

He^(pjp)He^ Cross Sections (mb/ster) Excitation Functions 

C.M. Angle (degrees) C.M. Angle (degrees) 
Lab Energy 

(MeV) 
90. OG 125.30 161.20 Lab Energy 

(MeV) 
90.00 125.30 161.20 

4.4o 68.02 113.3 229.0 7.39 50.95 51.38 155.2 

4.59 66.98 106.0 230.6 7.59 52.43 50.65 150.4 

4.80 6U-98 102.0 227.9 7.79 50.50 • 46.90 146.4 

4.98 63.60 98.10 219.0 7.99 50.84 44.51 143.0 

5.19 63.15 94.01 220.4 8.19 48.96 43.47. 139.5 

5.38 62.75 86.76 208.7 8.39 48.54 40.72 134.9 

5.62 60.48 81.37 204.2 8.59 47.09 • 39.63 132.8 

5.79 61.80 79.56 199.2 8.79 46,72 38.32 127.7 

5.99 60.07 78.46 191.5 8.99 46.89 36.65 124.6 

6.19 57.73 72,46 184.8 9.19 46.65 34.98 122.8 

6.39 58.24 68.8 9 180.1 9.39 44.52 32.37 120.1 

6.59 56.25 65.61 174.1 9.59 44.77 31.34 117.2 

6.60 57.65 64.37 171.7 9.78 42.88 30.43 111.8 

6.79 55.75 61.21 173.6 9.98 41.94 29.36 108.5 

6.99 54.93 58.04 165.6 10.19 ‘42.44 27.77 105.8 

7.18 53.67 57.84 160.0 10.39 4o.86 25.85 103.2 
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and in the present experiment. In their paper it is stated, apparently 

on the basis of their two angular distributions, that the interference 

dip tends to more backward angles at higher energies. This is not the 

observed behavior in the present measurements. 

The linear accelerator data of Lovberg^) is plotted with the 9.51 

MeV distribution;, There is very good agreement except at the most forward 

angles where two effects could contribute to the disagreement. First, 

Lovberg’s data were taken using a small target cell with .0005 inch 

Dural walls, and a scintillation counter. He mentions the fact that 

double Coulomb scattering in the walls is large enough to invalidate the 

data taken at smaller angles than 35° in the center-of-mass system. 

Presumably appreciable corrections are involved for slightly larger 

angles. Secondly, using a 10 channel analyzer and a scintillation 

counter he was unable to separate out protons scattered from He^ from 

those scattered from impurity nuclei for angles smaller than ij.50 in the 

center-of-mass system. Thus an inaccurate appraisal of the effect of 

double scattering of the proton beam or an unknown impurity contribution 

could account for his disagreement with the present measurements at 

forward angles. 
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V. PHASE SHIFT ANALYSIS 

Tombrello et al^ give a complete expression for the center-of-mass 

cross section in terms of the phase shifts for the scattering of spin \ 

particles by spin \ particles. On the assumption of no spin-spin or no 

spin-orbit interaction this reduces to 

dr 
d9 rfJi»)CSC2f <,^«CSc‘f + ZU(2l^l)Ut 

4=0 

where 

.... d,-*«■*.( i - . 

st is the phase shift for the partial wave of angular momentum Q . 

In these formulae i/9 hLL 
K t) 

n - 
1 " Hv ) 'l -k.. ) 

c*o - 0, and - Zi tan~1 where v is the relative 

velocity of the two particles and fj is the reduced mass of the system. 

This expression was programmed for the Bonner Laboratories IBM 

lUOl conputer to calculate the cross section for an assumed set of phase 

shifts. The procedure for obtaining the best fits to the angular distri¬ 

butions was as follows: An educated guess was made as to what the phase 

shifts might be. For example, at I|..£ MeV Tombrello's values were used 

as a starting point. This initial set of phase shifts, the experimental 

angular distribution cross sections, and a set of increments to the 

phase shifts were read into the computer. Cross sections were calculated 

from the initial phase shifts and were printed out together with the 

difference, called ERROR, between the experimental cross sections and 

these calculated values. Then each of the phase shifts was incremented 

separately and the cross sections were recalculated each time. The 

differences, called CHANGE, between these recalculated cross sections 
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and those calculated initially were also printed out. Then CHANGE for 

each phase increment and ERROR were plotted as shown in figure 13. Such 

a plot indicates clearly where the calculated and measured cross sections 

differ and whether a small change in one of the phase shifts will improve 

or worsen the calculated fit to the data. If the calculated cross 

section lay below the experimental points at forward angles* for ex¬ 

ample* it was necessary to increase $2 or decrease to obtain a 

better fit. A new set of increments and phase shifts was decided upon* 

and the procedure was carried through again. At least six such 

iterations were made for each angular distribution before the final 

fits to the data were obtained. This method of extracting the phase 

shifts demonstrates explicitly the effect of each individual phase 

shift on the cross section at each angle. It could be considered as 

a disadvantage that optimum analytical fits may not be the result* since 

decisions are made largely on aesthetic grounds. 

It is evident from the plots of the angular distributions and 

the calculated curves through the points that fits to the data grow 

increasingly worse for higher energies. The ERROR curve of figure 13 

was calculated for the final fit to the 8.3 MeV angular distribution* 

but the curves at the other energies are similar. There is always the 

distorted sine-wave behavior at small angles and the large swell in the 

curve at about 100°. Fits at back angles were usually easier to obtain 

because %2 could be changed to give any desired fit in this region 

without affecting the shape of the calculated curve drastically at 

other angles. 

The final curves in figures 3-12 were obtained using only three 
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partial wave contributions. From figure 13 it is clear that the $0, 

$ and. $2 contributions are too small at 100° to allow for improving 

the fit here with these parameters alone. An attempt was made at adding 

a small amount of $3® By simultaneously decreasing the d-wave contri¬ 

bution, the forward angle agreement was noticeably improved, but the 

discrepancy about 120° was increased. The result was a curve with a 

slightly larger percentage deviation from the data than the present 

fit. This line of investigation was not pursued. 

Variations were made in the final sets of phase shifts to find 

out how sensitive the cross section is to the choice of phase shifts in 

the region of the Coulomb-nuclear interference dip. Very little sensi¬ 

tivity was found at angles forward from the interference dip to a 

significant change in the phase shifts. The extent of the variation 

in the region of the dip for various phase changes is apparent from 

figure 13. 

Final phase shifts are plotted in figure lU with those 

Tombrello et al. derived from analysis of their data. The solid line 

on the plot of the s-wave phase shift is the "hard sphere” phase shift 

for an interaction radius R = 3.5 fm. The positively increasing 

p-wave parameter would seem to indicate an H~1 state in the Li^ 

nuclear configuration. Tombrello et al. found that in terms of single 

level dispersion theory their i 
S1 phase shift corresponded for 

R = 3.5 ftn. to a level at 26 MeV with a reduced width of 3»2 times 

the Wigner limit. The phase shifts derived here at higher energies 

show qualitative agreement to his curve calculated using these para¬ 

meters 
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VI. FURTHER ANALYSIS 

It has been shown here that the simplified analysis made does not 

accurately fit the experimental angular distributions, particularly in 

the mid-angle region. The next logical step will again be an extension 

of the work of Tombrello et al, at lower energies. Fits will he 

attempted by holding three of the four p-wave phase shifts at "hard 

sphere” values leaving the fourth as a free parameter. 

One reason for the poor agreement between experiment and phase 

shift analysis at the higher energies could be two reaction channels. 

Figure 1f> shows that above fj.lj.93 MeV the reaction He^(p,2p)d is 

energetically possible and above 7«718 MeV the reaction He^(p,3p)n 

may occur. A study of the first reaction is planned. 



5.493 Mev —   
2p + d 

He3+ p 

3p+ n 
7718 Mev 

Figure 15 
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