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ABSTRACT 

The Elastic Scattering of Protons and Deuterons by Deuterium 

by Arthur S. Wilson 

The elastic scattering of protons and deuterons by deuterium 

has been investigated using the Rice University tandem Van de Graaff 

accelerator and a precision small volume gas scattering chamber. 

Excitation functions were taken at center-of-mass angles 60 and 90 

degrees for laboratory deuteron energies from 4 to 8 MeV; and at 

center-of-mass angles 90 and 120 degrees for laboratory proton energies 

from 5 to 11 MeV. Angular distributions were taken for laboratory 

proton energies of 7.01 and 7.57 MeV, from center-of-mass angles 30 

to 135 degrees. Excitation functions were measured in 20 keV steps; 

angular distributions were measured in 5 degree steps. Differential 

cross sections were measured with an absolute error of less than 5 

percent and a relative error of less than 2 percent for excitation 

functions; and with an absolute error of less than 2 percent and 

e» 
a relative error of less than 1.5 percent for angular distributions. 

The experimental cross sections from the p - d angular distri¬ 

butions were compared with cross sections calculated from the phase 

shifts of Van Oers and Brockman;agreement is fair at intermediate 

angles and becomes poor at forward and backward angles. 

The excitation functions do not exhibit any significant anomalies; 

therefore no excited states of isospin T = 1/2 in ^He with excitation 

energy 8.8 to 12.8 MeV or of isospin T = 0 in ^He with excitation 



energy 25.8 to 27.8 MeV are postulated, from this data at this 

time. 

(a) C. M. Jones, Ph.D. Thesis, Rice University (1961). 

(b) W. T. van Oers and K. W. Brockman, Jr., Nuclear Physics A92, 

561 (1967). ' 
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I. INTRODUCTION 

It is interesting to study the elastic scattering of protons and 

deuterons by deuterium because of the information which this few- 

nucleon problem is capable of rendering with respect to nucleon-nucleon 

forces, as well as with respect to the possible existence of excited 

3 4 
states in He and He. The goal of the present experiment was to 

measure absolute differential cross sections as a function of energy 

and angle over the energy range of the Rice University tandem Van de 

Graaff accelerator, which is effectively 4 to 12 MeV, with a statisti¬ 

cal counting accuracy of better than 1 percent and a probable error 

from all other sources as low as possible. For this purpose, a deuter¬ 

ium gas target was chosen and measurements were performed with the 

precision small volume gas scattering chamber described by Jones. 

Silicon surface barrier detectors were used to detect scattered particles* 

a method for obtaining an accurate energy spectrum for each data point 

was devised which utilized a 2 x 200 channel analyzer to record the 

shape of the spectrum accurately and two 5 channel analyzers to record 

the number of counts accurately. The 2 x 200 channel analyzer and the 

two 5 channel analyzers were run in tandem; the information recorded 

in the 5 channel analyzers was used to calculate a dead time correction 

factor for the 2 x 200 channel analyzer. A program written for the Rice 

University 7040 computer was used to reduce the data to units of 

millibarns/steradian. 

Excitation functions were recorded with laboratory energy incre¬ 

ments of 20 keV; angular distributions were recorded with center-of- 

mass angle increments of 5 degrees. Excitation functions for d-d 



2 

scattering were performed at center-of-mass angles 60 and 90 degrees 

with laboratory bombarding energies ranging from 4 to 8 MeV; the 

absolute error for these measurements was less than 4.5 percent, the 

relative error less than 2 percent. Excitation functions for p - d 

scattering were performed at center-of-mass angles 90 and 120 degrees 

with laboratory bombarding energies ranging from 5 to 11 MeV; the 

absolute error was less than 6.5 percent, the relative error less than 

3, percent. Angular distributions for p - d scattering were performed 

at center-of-mass angles from 30 to 135 degrees with laboratory bom¬ 

barding energies of 7.01 and 7.57 MeV; the absolute error was less than 

2 percent, the relative error less than 1.5 percent. The statistical 

counting error for all scattering data, not included in the above error 

estimates, was less than 1 percent. 

The amount of data recorded was not sufficient to calculate a 

unique set of phase shifts to describe the scattering, if one were to 

utilize the usual procedure of a computer search routine which minimizes 

the deviationbetween calculated and experimental cross section. 

However, the p - d cross sections were compared with those calculated 

from the phase shifts of Van Oers and Brockman.The experimental 

cross sections for the p - d angular distributions agree well with 

those calculated and plotted by Van Oers; those same cross sections 

recalculated using the formalism and stated phase shifts of Van Oers 

do not agree with either the experimental cross sections or the cross 

sections as calculated and plotted by Van Oers. This discrepancy is 

not resolved. 

Inspection of both the p - d and the d-d excitation functions 

reveals no significant anomaly in the cross section. Therefore, no 
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excited states of isospin T = 1/2 in 3He or of isospin T = 0 in 

^He in the appropriate energy ranges are postulated from this data 

at this time. The excitation energy ranges are 8.8 to 12.8 MeV 

for 3He and 25.8 to 27.8 MeV for 4He. 
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II. EXPERIMENTAL APPARATUS 

Protons and deuterons accelerated with the Rice University tan¬ 

dem Van de Graaff were used to bombard a gaseous deuterium target 

contained in a precision small volume gas scattering chamber. Silicon 

surface barrier detectors were used for particle detection. Auxiliary 

electronic equipment included: a beam current integrator, a Technical 

Measurement Corporation (TMC) 400 channel pulse height analyzer, two 

Atomic Instrument Company (AlC) 5 channel analyzers, and various 

amplifiers, preamplifiers, and scalers. 

A. Accelerator 

> The Rice University 12 MeV type EN tandem Van de Graaff acceler¬ 

ator was used as the source of protons and deuterons for this experi- 

) 
ment. Beam energy was determined with a 90 degree analyzing magnet, 

which was calibrated in 1963 by Bonner, et al^^ through an energy 

comparison with the ^C(p,n)*% ground state threshold. Beam energy 

was estimated by Bonner to be accurate within i 10 keV at that time. 

For this experiment, beam energy was calculated with the above cali¬ 

bration; beam energy is estimated to be accurate within ± 25 keV at 

the present time. 

B. Scattering Chamber 

The precision small volume gas scattering chamber was used in this 

experiment. Details of construction and an accurate description of 

the chamber are given by Jones. 
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The chamber essentially consists of three stacked cylindrical 

sections, with the axis of cylindrical rotation vertical. The cen¬ 

tral section is held fixed in space; the target volume of gas is con¬ 

tained within this section. Machined into this section are a beam 

entrance port, a beam exit port which terminates in the Faraday cup 

assembly, a viewing port and a gas handling port. The upper and 

lower sections hold the detector assemblies and rotate in the horizon¬ 

tal plane about the central section. Machined into each of the upper 

and lower sections are two cylindrical detector ports, whose axes 

intersect in the center of the chamber and are oriented 90 degrees 

apart in horizontal projection and 20 degrees out of the horizontal 

plane. The ports house rectangular slit systems for the detectors, 

while the detectors proper are mounted externally. Mounted in the 

upper section are a mid-range (#3) and forward (#4) detector, in the 

lower section a mid-range (#1) and a backward (#2) detector. The 

numbering is for identification; the classification is from the effec¬ 

tive angular fhnges of the detectors, which is; forward, 20 to 27 

degrees; mid-range, 27 to 153 degrees; and backward, 153 to 160 degrees. 

The overall limitation of angular ranges results from the mounting 

of the detectors at twenty degrees out of the horizontal plane and 

therefore out of the path of the beam; the individual assignment of 

an effective range to a particular detector results from the geometry 

of the chamber and the fact that the upper and lower sections are not 

free to rotate a full 360 degrees but are hindered by the detector 

mounts striking the azimuth circle vernier support arms. The angular 
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position of the upper or lower sections is read within a few minutes 

of arc from the appropriate precision transit azimuth circle. 

The position of the beam is defined by two circular tantalum 

slits, 1 mm in diameter and approximately 1 meter apart. One slit 

is mounted in the beam entrance port of the central section and the 

other at the end of a precision rftripod assembly" which is rigidly 

fastened to the chamber mounting plates. Between the two slits is 

mounted the differential pumping system, consisting of approximately 

100 tantalum slits 2 mm in diameter and associated vacuum pumps, 

which retard the gas flow when the chamber is used with an abundant 

gas target in a free-flow mode. For rare gaseous targets, the chamber 

is fitted with an entrance foil. 

Joneshas estimated that errors in cross section measurement 

due to geometrical inaccuracies of the chamber are no greater than 

0.1 percent. 

C. Detectors 

During this experiment, detector ports numbers 1 and 3 were used. 

Detector port number 1 was fitted with a Nuclear Diode Corporation 

silicon surface barrier detector, having a resolution of 30 keV, a bias 

maximum of 200 volts, and the capability of stopping 12 MeV protons. 

Detector port number 3 was fitted with an Oak Ridge Technical Enter¬ 

prises Corporation (0RTEC) silicon surface barrier detector, having a 

resolution of 30 keV, a bias maximum of 100 volts, and the capability 

of stopping 6 MeV protons. 
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Tennelec preamplifiers were used with these detectors. . External 

bias voltage was set at 80 volts for detector 1 and at 65 volts for 

detector 3. These voltages were determined by feeding the detectors 

a test input from a pulser and minimizing the noise of the output, as 

observed on an oscilloscope. 

D. Beam Current Integrator 

The beam current integrator used in this experiment was built by 

Jones et al in a design modified from the description of Miller. 

The operation of the integrator is as follows; A condenser of capaci¬ 

tance C is initially charged to a known negative voltage and 

then is discharged with a positive current (the beam of protons or 

deuterons incident upon the Faraday cup) to a known negative voltage 

V2 . When the condenser has discharged to V2 , the integrator remotely 

halts the accumulation of data. The integrated charge q which is 

required to discharge the condenser is given by q = C [ ] • 

The voltage V2 is set through balancing a galvanometric bridge 

circuit with a standard cell, thus V2 = 1.019 volts . The voltage 

= 10 x V2 = 10.19 volts . The capacitance C is determined by 

noting the time required to discharge the condenser through a precision 

10 megohm resistor from V-^ to V2 . Using the relationship; 

-t/RC 
Vj = a , we obtain C (microfarads) = t (sec) x 0.043516 . 

During the course of this experiment, the value of C was re¬ 

determined approximately every six hours; the variation of C was found 
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to be a maximum of 0.2 percent and generally under 0.1 percent. 

“riie measurement of C was performed over shorter time intervals; 

it was found that the value of C varied slowly and monotonically 

over a time period of several hours. Therefore an interpolated value 

of C was calculated for each data point and the error due to the 

beam current integrator was assumed negligible. 

} 
£ 

1 
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III. EXPERIMENTAL METHODS 

The purpose of this experiment was to measure differential 

cross sections in absolute units for the elastic scattering of protons 

and deuterons from deuterium: in the form of excitation functions, 

cross section versus beam energy at constant angle; and in the form 

of angular distributions, cross section versus angle at constant beam 

energy. The differential cross section d<T/dfl is defined by: 

number of particles scattered into solid angle dCL 
dff~ per unit time 

dfl incident beam intensity • dfl • number of scattering centers 
per unit area 

with G~(fi) the cross section for scattering in a given direction fl 

and with dSi the element of solid angle in the direction Si . 

Measurements are made in the laboratory frame of reference; results are 

generally displayed in the center-of-mass frame of reference. For 

elastic scattering, relationships between the laboratory and center-of- 

mass frames of reference are as follows; 

with r = 

e = 

mass of incident particle 

mass of target nucleus 

the scattering angle 

as well as: ^lab <-e lab 

(1*2 Ycos0c.n. * Y2 ) 3/2 

1 + Xcos & c.m. 
(T (0 ) c.m. c.m. 
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For this experiment, the laboratory cross section was expressed as;U) 

ag-jab _ 
dA dQf6 

in which the parameters are convenient when using the gas scattering 

chamber. Here N is the number of counts in a given time; d is the 

number of target nuclei per cm^ ; f is an angular dependent geometrical 

factor arising from detector slit orientation; G is a constant factor 

for a given detector slit system; and Q is the number of incident 

particles in the beam in a given time. The measurement of these para¬ 

meters as well as a description of certain other techniques used in 

this experiment will be discussed below. 

A. Measurement of Beam Energy at Target 

The gas scattering chamber, being filled with deuterium, was 

operated in the rare gas mode and was fitted with a nickel entrance 

foil. The thickness of the foil was determined from measuring the 

shift in energy position of an anomaly in the elastic scattering 

12 
of protons from C. as observed with and without the entrance 

foil in the chamber. The anomaly occurs at a bombarding energy of 

approximately 4.8 MeV; figures 1 and 2 display the results of this 

measurement, which is a shift of 35 keV. A semi-empirical formula 

given by Whaling^^ was used to calculate a graph of energy loss 

in the foil as a function of proton or deuteron beam energy, as given 

in figure 3. The energy loss due to the entrance foil, as read from 

the graph, was subtracted from the incident beam energy, as defined 



Figure 1 

Laboratory proton energy versus cross section for 

laboratory scattering angle of 45 degrees; the dashed 
vertical lines on the abcissa represent the energy 

shift of 35 keV due to the Nickel entrance foil. 

Figure 2 

The same as figure 1 for laboratory scattering angle 

of 89 degrees. 
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Figure 3 

Energy loss in the entrance foil dE/dx versus 

proton or deuteron bombarding energy. 
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by the 90 degree analyzing magnet, in order to obtain the beam energy 

at the entrance of the chamber. 

For the entrance foil calibration, the chamber was filled with 

12 
methane, which served as the source of C scattering centers. With 

the entrance foil removed, the chamber was operated in the free-flow 

mode, utilizing the differential pimping system described above. The 

energy loss to the beam as a result of its passing through the target 

gas in the differential pumping system and in the first half of the 

(7 ) 
target chamber is given by the empirical formula; 

AE= U 2.118 x 10“2 ] Plst + [ 2.1919 x 10~2 ] Pc 
dx * 

where AE is energy loss in MeV; Pjst is the first stage gas 

pressure (in the chamber half of the differential pumping system); 

Pc is the chamber gas pressure; and dE/dx is the energy loss in the 

target gas at one atmosphere pressure and at the.temperature of the 

experiment The value of dE/dx at STP is given by Whaling; ^ the 

gas pressures are measured in centimeters of oil as described below. 

The differential pumping system was designed such that the first stage 

pressure would be less than 5 percent of the chamber pressure; therefore 

for the purposes of the entrance foil calibration the effect of the 

differential pumping system was ignored. 

The maximum uncertainty in the energy loss AE is estimated^ ^ to 

be £ 10 keV when the chamber is run in the free-flow mode. The major 

part of this uncertainty arises from fluctuations in the gas pressure 

as given by a combination of erratic gas input flow, of turbulence in 

the chamber and in the differential pumping slit system, and by the 
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possibility of a diffusion-type pimping action by the beam through the 

slit system* For this experiment, the chamber was run in the rare gas 

mode with an entrance foil and thus most of the causes of gas pressure 

fluctuations listed above may be ignored; the uncertainty in energy 

loss AE in the first hal£ of the chamber is then dependent upon 

the uncertainty in the germane portion of the empirical formula above. 

This uncertainty was taken as i 7 keVf the uncertainty of the foil 

calibration as 1 7 keV, and the uncertainty of the 90 degree analyzing 

\ 

magnet calibration as ± 25 keV; therefore the total RMS (Root Mean 

Square) uncertainty in the beam energy at the target area in the center 

of the chamber is approximately 1 27 keV. 

B. Electronics, Measurement of Number of Counts 

Pulses from the detectors were fed into Tennelec preamplifiers 

and from thence into both the TMC 400 channel analyzer and into the 

two AIC 5 channel analyzers* The TMC 400 channel analyzer was operated 

in the 2 x 200 channel mode, one section for each detector. The AIC 

5 channel analyzers consisted of linear amplifiers model 218; 5 channel 

analyzer-discriminators model 512; and 5 channel scalers model 133. 

Figure 4 is an electronics block diagram showing the configuration of 

the above elements, as well as that of the current integrator system, 

and the pulsing system used for calibration. The AIC 5 channel analyzers 

are tube-type systems; at times during this experiment various solid 

state components were substituted: Cosmic linear amplifiers model 901; 

Cosmic multiple coincidence units model 801; and ORTEC scalers model 430. 

The AIC 5 channel analyzers proved to be more convenient as they are 



Figure 4 

Simplified block diagram of the electronics used 

for this experiment. 
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designed as a complementary system; they were used for procuring 

approximately 80 percent of the data. The AIC scalers are rated 

at approximately 100 kHz; the ORTEC scalers are rated at 10 MHz; 

counting rates in this experiment were below 500 events per second, 

thus error due to overloading the scalers is negligible. The com¬ 

plete 5 channel analyzer systems were checked with a pulser and were 

found to count reliably at rates in excess of 10 kHz, thus dead time 

error in the 5 channel analyzers is negligible. 

For this experiment, the dead time of the 400 channel analyzer 

was not negligible. That is, several percent of the total events would 

not be recorded in the 400 channel analyzer as it would be busy pro¬ 

cessing previous events. The purpose of running the 5 channel analyzers 

in tandem with the 400 channel analyzer was to procure in the 5 channel 

analyzers the correct number of total events, which was then used to 

calculate a dead time correction for the smaller number of events as 

recorded in the 400 channel analyzer. One channel of an analyzer 

records the number of counts falling within a given increment of pulse 

height—that is, within a given increment of detected particle energy. 

Thus the use of the 400 channel analyzer was necessary in order that 

the shape of the energy spectrum would be recorded in finer detail 

and the limits of the elastic scattering peaks could be chosen with 

greater precision. It was necessary to determine which channels of 

the 400 channel analyzer corresponded to each channel of the 5 channel 

analyzers, in order that the number of counts recorded in each system 

could be compared over identical energy ranges. For this experiment, 

two calibration techniques were used for the above determination, as 

will be explained below: 
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The calibration technique first used was described by Swint^) 

and Duval,(8) The 5 channel analyzer was adjusted using a pulser 

and an oscilloscope such that one channel would record pulse heights 

over 55 volts, the next channel over 50 volts, the next channels over 

45, 40, and 55 volts. The gain of the linear amplifier in the 5 channel 

analyzer system was adjusted until the scattering peak of interest would 

fall across the central channels. For this experiment, a study of the 

kinematical relationships involved revealed that the scattering peak 

of interest, which was generated by the incident particle, always had 

the greatest energy in any given spectrum, therefore counts with energy 

above this peak were few. The linear amplifier was adjusted as above 

and the few counts above the peak were made to fall into the 55 volt 

channel. This channel then contained 5 percent or less of the counts 

registered in the channels below; this small number of counts was counted 

back from the top of the energy spectrum of the 400 channel analyser 

and the channels containing these counts were assumed to correspond 

to the 55 volt channel of the 5 channel analyzer. As the 400 channel 

• * 
analyzer is linear, ratios were then calculated to locate the other 

channels of the 5 channel analyzers and a dead time correction factor 

was calculated by comparing the number of counts in these equal energy 

ranges in each analyzer system* The potentiometers used to adjust the 

5 channel analyzers to a given voltage level are linear to i 0.25 

percent; a modification to the above procedure was introduced by 

adjusting these analyzers via the potentiometer dials, thus simplifying 

and shortening the calibration technique. 
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In order to maintain acceptable resolution in the energy spectrum 

of the 400 channel analyzerj it was occasionally necessary to increase 

the gain of this instrument such that some of the few counts above the 

peak of interest would fall above the range of the analyzer and would 

no longer be counted, although they would still be counted with the 5 

channel analyzers. This introduced an error into' the counting-back 

technique described above. Occasionally the distribution of the few 

counts above the peak of interest was such that several adjacent channels 

contained no counts and channels with counts contained a very small 

number. This introduced an error of up to 10 channels in the reliability 

of the positioning of the 55 volt level on the 400 channel spectrum. 

A more regular distribution of the few counts above the peak of interest 

was obtained as contamination in the chamber increased, as a function 

of time; but in this case calibration accuracy was improved at the 

expense of decreased true counting rate. For the above reasons, a 

second calibration technique was devised; 

The gain of the 400 channel analyzer was adjusted until the scat¬ 

tering peak of interest could be easily resolved. Five convenient 

channels in this analyzer were chosen, three below and two above the 

peak, which lay in regions of relatively low counting rates. It was 

desired to set the channels of the 5 channel analyzer to correspond 

to these chosen channels, such that not only would the true counts 

be monitored only across the peak of interest but also any drifting 

of the electronic equipment would be across channels containing only 

a few counts. A pulser was arranged to feed the test input of the 

detector preamplifiers as shown in figure 4. Pulse height was adjusted 
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until the pulses were being stored in one of the chosen channels of 

the 400 channel analyzer,~ as determined from observing its digital 

memory readout counter. The appropriate 5 channel analyzer was then 

adjusted until it barely began to count at this pulse height. The 

procedure was repeated for each of the 10 channels to be calibrated, 

pulsing one detector preamplifier at a time. 

For this experiment, the p - d excitation functions were 

obtained utilizing the first calibration technique. The absolute 

accuracy of this technique was in error up to - 15 percent; the 

relative accuracy as one proceeded along an excitation function was 

on the order of i 5 percent. The dead time corrections for this 

phase of the experiment were found to vary from 1 to 5 percent; thus 

the error in the number of counts due to the first calibration tech¬ 

nique is approximately: absolute, i 1 percent; relative, i 0.25 percent. 

The d-d excitation functions and the p - d angular distri¬ 

butions were obtained utilizing the second calibration technique. 

For the excitation functions, the position of the chosen channels was 

recalibrated approximately every 6 hours. The average drift was found 

to be plus-or-minus one-half channel of the 400 channel analyzer; the 

calibration itself was accurate to plus-or-minus one-half channel. 

The chosen channels lay in regions of low counting rate. Therefore 

the general absolute and relative accuracy of this technique was better 

than * 5 percent; the dead time corrections were found to vary from 

below 1 to 5 percent; thus the error due to the calibration technique 

in the number of counts is approximately t 0.25 percent. For the 

angular distributions, the calibration was necessarily changed for 
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each new angle. At backward angles, the resolution of the scattering 

peak of interest decreased sharply and it became impossible to assign 

an upper and a lower limit to the peak. The low energy side of the 

peak merged with the noise immediately below, thus there was no region 

of low counts in which to choose appropriate channels. At forward 

angles, dead time corrections increased to 7 percent due to increased 

counting rate. The error due to the calibration technique in the 

number of counts for the 7.01 MeV angular distribution is 1 0.35 percent 

for center-of-mass angles between 30 and 55 degrees, and i 0.25 percent 

for angles between 55 and 135 degrees. For the 7.57 MeV angular distri¬ 

bution, the error is t 0,25 percent between 30 and 135 degrees. 

One of the objectives of this experiment was to acquire data with 

a statistical counting error of less than 1 percent; that is, with 

greater than ten thousand counts in a scattering peak. This objective 

was met. The data are displayed in figures 5 through 11 as statistical 

counting error bars; the calculated cross section is at the center of 

each bar. 

C. Measurement of Number of Target Nuclei 

In the cross section formula given above, it was necessary to 

determine the quantity d , which is the number of target nuclei 

per cm^ . Using the ideal gas law in the form PV=NkT,we 

have the density d = N/ V= P/ kT , where P is gas pressure, 

k is Boltzman’s constant, and T is gas temperature. The gas 

temperature was measured by inserting a thermometer into a hole bored 

part way into the chamber wall; it was assumed that the gas was in 
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thermal equilibrium with the chamber. The thermometer reading was 

accurate to i 0,7 degrees Centigrade; as T is measured in degrees 

Kelvin, this corresponds to a possible error of £ 0,25 percent for 

the value of T , 

The chamber gas pressure was measured with a manometer which 

used butyl phthalate pump oil, which has a density of 1,04578 gm/cm^ , 

The manometer oil level difference was measured in centimeters with 

a precision cathetometer; the error in this measurement is estimated 

to be ± 0,1 percent. The conversion from centimeters of oil to 

gas pressure is given by P = p g h , where g for Houston was 

taken as 979,272 cm/sec2 

In order to check the validity of the ideal gas law for the 

present experiment, and to check the validity of the empirical formula 

given above for energy loss as a function of chamber gas pressure, the 

d - d scattering peak was observed at approximately 8 MeV for gas 

pressures ranging from 7 to 40 cm of oil, the normal operating range 

for this experiment. The results are displayed in figure 5; it is seen 

that the deviation from the average value of the cross section ranges 

up to i 1 percent for the more forward angle (det, 1) and up to i 2 

percent for the more backward angle (det, 3), The variation in cross 

section of the individual data points follows no apparent pattern. 

Contamination of target gas from such sources as pump oil, vacuum 

grease, and small leaks was found to increase as a function of time. 

With contamination, the beam current as collected by the Faraday cup 

was not affected whereas the partial pressure of the deuterium gas 

decreased, resulting in fewer counts and a decreased apparent cross 
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section. This error was found to be on the order of 5 percent over 

a period of 12 hours;, thus the chamber gas was generally flushed and 

renewed every 6 hours. The chamber gas was flushed at even shorter 

time intervals and it was found that contamination and the associated 

error increased slowly and monotonically. Therefore, the cross sections 

were adjusted by linear interpolation 'between numbers obtained with 

fresh target gas. For the p - d excitation function, the absolute 

error introduced by this method is estimated to be +0.5 - 1.5 percent; 

the relative error is estimated to be i 0.5 percent. For the d-d 

excitation functions, the absolute error is estimated to be +1 - 2 

percent; the relative error i 0.5 percent. For the p - d angular 

distributions, the absolute error is estimated to be + 0.5 - 1 percent; 

the relative error i 0.5 percent. 

D. Reduction of Data, Chamber Design Factors 

In the cross section formula given above, it was necessary to 

determine the chamber geometrical quantities f and G ; and the 

number of incident particles in the beam Q . 

Consider a rectangular detector slit system oriented such that 

the incident beam appears aligned along the slit long axis, as viewed 

through the slits, when the detector is at the minimum angle or 20 

degree position. As the detector is moved to the 90 degree position, 

the apparent alignment of the beam will rotate until it is at right 

angles to the long axis; thus the effective target thickness in the 

gas, as defined by the slit system, is a changing function of detector 

angle. The factor f corrects for this variation in target thickness; 



Figure 5 

Cross section versus target gas pressure in 

centimeters?.of oil; with laboratory deuteron 

energy of 7;$5 MeV and beam current at . 

approximately 25 nanoamps. 
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it was calibrated by Harriswith a stated accuracy of 0.1 percent. 

The target thickness is also a function of the particular detector 

slit system used. Measurements of the geometrical factors involved 

were performed with a traveling microscope, a micrometer, and a meter 

stick; the calculation of the factor G from the above measurements 

and an estimated RMS error of less than 0.3 percent are given by Jones. 

The factor Q is given by Q = C V / e ; where C is the capac¬ 

itance of the current integrator as defined above; V is the discharge 

voltage for the current integrator,' V = Vj _ V2 = 9.171 volts; and e 

is the charge carried on each beam particle, which is one electronic 

charge for this experiment. In order to check the constancy of the Q 

factor and the calculated cross section as a function of beam current, 

the d-d scattering peak was observed at approximately 8 MeV for 

beam currents ranging from 15 to 60 nanoamps, the normal operating 

range for this experiment*- The results are displayed in figure 6; it 

is seen that the deviation from the average value of the cross section 
e> 

ranges up to i 1.5 percent, and that the variation in cross section 

of individual data points follows no apparent pattern. 

A program for the Rice University 7040 computer has been written 

to calculate cross sections from the relation: 

d S'lab D T N 

d«a CP f G 

where TtNfCfff and G are as defined for the previously stated 

similar relation above. The gas pressure P is measured in centimeters 



Figure 6 

Cross section versus- beam current in nanoamps; 

with laboratory deuteron energy of 7.95 MeV 

and target gas pressure of 13.85 cm oil. 
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of oil. The factor D contains all the appropriate conversion factors 

for units, as well as a factor which determines how many effective 

scattering centers there are per molecule of target gas. For this 

experiment, D = 1.1773 x 10"^ . 



Figure 7 

The d-d excitation functions taken from 
4 to 8 MeV, laboratory energy. The vertical 
lines represent statistical counting error 
bars; the calculated cross section is at the 
center of each error bar. 
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Figure 8 

The p - d excitation functions taken from 
5 to 8 MeV, laboratory energy. The vertical 
lines represent statistical counting error 
bars; the calculated cross section is at the 
center of each bar. The dashed lines represent 
our calculation of cross section using Van Oers 
formalism and phase shifts. . 

Figure 9 

The same as figure 8 with excitation functions 
taken from 8 to 11 MeV, laboratory energy. 
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Figure 10 
'A 

The p - d angular distributions taken at 

7.01 MeV, laboratory energy. The vertical 

lines represent statistical counting error 

bars; the cross section calculated from the 

incident proton is at the center of each bar. 
The closed circles represent cross sections 

calculated from the recoil deuteron. The X ' s 

represent cross sections averaged from values 
calculated from the incident proton and the 

recoil deuteron. The dashed lines represent 
our calculation of cross section using Van Oers’ 

formalism and phase shifts. 

Figure 11 

The same as figure 10 with angular distribution 

taken at 7.57 MeV, laboratory energy. The dotted 

line represents the cross section as calculated 

and plotted by Van Oers for bombarding energy of 

7.85 MeV. 
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IV. RESULTS AND CONCLUSIONS 

A. Results and Error Analysis 

The experimental results are displayed in figures 5 through 11. 

Each data point is plotted as a statistical-counting error bar, with 

the exception of certain points on the angular distributions, as noted 

in the captions for figures 10 and 11. These points are the cross 

sections as calculated not from detecting the incident proton but 

rather from detecting the associated recoil deuteron; this procedure 

is useful at backward angles ( Q > 120 degrees) where the 

incident protons proved more difficult to detect than the corresponding 

recoil deuterons at forward angles (.Q < 60 degrees) , for the c 

present experimental arrangement. Other points on the angular distri¬ 

butions not plotted with error bars were obtained from averaging the 

cross section obtained from the incident proton and that obtained 

from the recoil deuteron. These points fall between smooth curves 

drawn through the two cross section measurements; the accuracy of 

these points is i 2 mb/sr which amounts to a possible absolute error 

of - 6 percent and a relative error of - 3 percent in the region of 

the averaging process. 

As stated earlier, the beam energy was estimated to be accurate 

within - 27 keV at the target area in the center of the chamber. The 

major part of this uncertainty is in the calibration of the 90 degree 

analyzing magnet; however, for the purposes of this experiment, the 

above accuracy is adequate and a recalibration was not performed. 



Table 1 

chamber geometry * 0,1 percent 

f factor i o.i 

G factor ± 0.3 

measurement of temperature T i 0.25 

measurement of pressure P ± 0.1 

RMS of above errors t 0.43 percent 

error in number of counts N absolute relative 

p - d excitation functions £ 1#0 percent i 0.25 percent 

d-d excitation functions ± 0.25 1 0.25 

p - d angular distributions ± 0.35 t 0.35 

error, contamination of gas absolute relative 

p - d excitation functions + 0.5 - 1.5 percent £ 0m5 percent 

d-d excitation functions. + 1.0 - 2.0 ± 0.5 

p - d angular distributions +0.5 - 1.0 - 0.5 

total RMS error, all sources absolute relative 

p - d excitation functions +1.2 - 1.85 percent i 1.0 percent 

d-d excitation functions + 1.35 _ 2.2 i
 1.0 

p - d angular distributions + 0.75 - 1.15 i 0.75 
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As discussed earlier, the following possible errors in cross 

section were found to exist and are here assembled in table 1, 

After the completion of the p - d excitation function measure¬ 

ments, it was discovered that relays in the charge integrator were 

not closing immediately upon discharge of the condenser to the 

reference voltage, resulting in too many counts being recorded per 

data point. This instrumentation error was found to be reproducible, 

.however, as a result of the consistency of the calibration measure¬ 

ments for redetermining C , as discussed earlier. Therefore an 

additional absolute error of +0 - 5 percent and a relative error 

of 1 1 percent must be compounded with the final values for the p - d 

excitation functions as presented in table 1, rendering a total 

absolute RMS error of + 1.2 - 5.3 percent and a total relative 

RMS error of * 1.4 percent. 

Adding together the plus and minus portions of the RMS error, 

we obtain an absolute value for the RMS error which we define as 

the error band width. The experimental values were found to lie 

within error band widths as tabulated below; 

* 
absolute relative 

p - d excitation functions 6#5 percent 3 percent 

d-d excitation functions 4.5 2 

p - d angular distributions 2 1.5 

Note that for the angular distributions an additional error in the 

region of averaging, as discussed earlier, must be compounded with 

the above values; however, the above tabulation is applicable over 

the greatest part of the data. 
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A check on the above error analysis follows from earlier dis¬ 

cussion of figures 5 and 6, where cross section was measured as a 

function of beam current and of target gas pressure. The fluctuation 

in cross- section was found to be random, and on the order of i 1.5 

percent. This implies a relative error band width of 3 percent, which 

agrees with the above tabulation. 

B. Theory and Phase Shift Analysis 

The elastic scattering of protons and deuterons by deuterium is 

interesting in that it represents two of the simplest few-nucleon 

problems. Such problems should be capable of yielding important infor-. 

mation concerning the nucleon-nucleon interaction. The first step in 

analyzing such processes is to make a phase shift analysis. From thence 

one can begin to generate a suitable potential for the nucleon-nucleon 

interaction, bearing in mind (a) the hard core of about 0.5 fm radius 

postulated from high-energy scattering, (b) spin dependent forces 

as postulated from polarization experiments, and (c) a tensor force 

as implied by the existence of a quadrupole moment for the deuteron. 

The phase shifts must' be complex when it becomes possible for the 

deuteron to break up; this occurs at proton bombarding energies of 3.3 

and 4.4 MeV for p - d and d-d scattering, respectively. The 

existence of spin-dependent and tensor forces requires that the phase 

shifts be "split". Thus the total number of parameters which must be 

obtained from scattering data to solve the complete case becomes large 

( ^ 14 ) ; therefore the amount of data collected in the present exper¬ 

iment is not sufficient to generate unique phase shifts with the usual 
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computer search routines which minimize the deviation between cal¬ 

culated and experimental cross sections. The present experiment may 

be analyzed by comparison with published phase shifts, however. No 

such phase shifts have been found for d-d scattering; the phase 

(2 } shifts and analysis of Van Oers and Brockman' for p - d scattering 

will be treated below: 

Van Oers first calculates Born approximation phase shifts for 

partial waves with 1 < Jl < 11 , using potentials with either 

Yukawa or Gaussian radial dependence. These phase shifts are given by: 

— k0 j f(0) Px ( COS0 ) sin9 ae 

where kQ is the wave number of the relative motion, 

k0 “ 

_ -/2 /• Ec.». ' 
with 

/■ 
the reduced mass 

and the scattering amplitude f(©) is given by: 

- 1 2 JJL 
f(0)   p2 f a^ce) + a2J2(0) + a3J3(0) + C (0) + € C3(0) 

4Tf di2 . I 

Here p^ is the penetration factor which reduces the p - d scattering 

amplitude from the n - d scattering amplitude; the two factors 

and C3 are integrals which compensate for the charge of the deuteron 

being bound to the position of the proton in the deuteron rather than 

being uniformly distributed# The integrals J describe the three 

possible interaction mechanisms: (1) potential scattering of the 

incident proton from one of the two particles in the deuteron; 
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(2) pickup by the incident proton of the neutron in the target deu- 

teron, thus forming a new deuteron and making the proton left behind 

the scattered particle—this process accounts for back-angle peaking 

in the angular distributions; (3) knockout by the incident proton 

of the proton in the target deuteron, with the incident proton re¬ 

maining to form a new deuteron. 

These Born approximation phase shifts were used as the starting 

point for the calculation of the final phase shifts, which were 

determined with a computer program set up to minimize the deviation 
«■»jfc mm 

between calculated and experimental cross section. No Jt • s coupling 

was considered in the calculation of the final phase shifts; that is, 

these phase shifts are not "split", and they therefore do not completely 

describe p - d elastic scattering. However, Van Oers notes that 

measured polarizations in the energy range under consideration have been 

small and thus he hopes that the calculated phase shifts will be a good 

approximation to phase shifts derived from a complete analysis. 

The angular distribution cross section was calculated by: 
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The first terra within the absolute value signs describes the Ruther¬ 

ford scattering; the second term, a sum of nuclear scattering. There 

is interference between these two scattering mechanisms, as given when 

the square of the absolute value is performed and cross terms are 

generated. For p - d scattering, we have an incident particle of 

spin 1/2 and a target nucleus of spin 1; thus in the entrance and exit 

channels we may form quartet and doublet channel spin states. The 

factors 2/3 and 1/3 leading the absolute value terms are the statis¬ 

tical weights of these spin states. Van Oers considers only up to 

P - wave phase shifts, Jt = 1 , for the energy region of the present 

experiment. In addition, we have; 

21 % &2 
= ■■ Q ~ Q °f the scattered particle 

vincident c*m« 

“i. “ h -f 
Here the are the Coulomb phase shifts. As mentioned earlier, above 

3.3 MeV bombarding energy the phase shifts become complex and must be 

written in the form + i^ . Thus we may write; 

= 7A 

with y^ = exp |-2^j , y^ real , 0 < < 1 . 

As the possibility of three-body breakup becomes more prominent, the 

damping parameter y^ serves to reduce the nuclear scattering ampli¬ 

tude below the purely elastic scattering case. 
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(12) 

It may be seen that the elastic scattering cross section 

formula given above by Van Oers is equivalent to the more familiar 

expression involving collision matrices U , such as given by Lane 

and Thomas 

d<r«' sV = 

with A 

ot s'v ,tx s D 

/// = —, ♦ i £ 1 

ocs'v.ocsv 64 « Vs.Vf«BJi yVi 
)V2 

exp { 21^, '| x S o * ’J.Vji'.Vtsjfvo J Y £ j 

for elastic scattering, we have: 

U 
tf s i V o, Of S Jtv 

<2i*l)1/2 

2ViT 

exp [2i{Vg 

P^ (COS $ ) 

4 l yis]Jexp{2iWtti} 

Thus we may write: 
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Utilizing trigonometric identities and rearranging terms, we may see 

that this is indeed equivalent to the formula given by Van Oers. 

C* Conclusions 

A program was written for the Rice University 7040 computer to 

calculate cross sections either as excitation functions or as angular 

distributions, using Van Oers’* formula and his published phase shifts. 

The results of these calculations are displayed on figures 8 through 11 

as dashed lines. In addition, the results of an angular distribution 

calculation at bombarding energy of 7.85 MeV as calculated and plotted 

by Van Oers have been replotted on figure 11 as a dotted line. The 

angular distribution of figure 11 was taken at 7.57 MeV; however, the 

calculated cross sections throughout the whole energy range of the 

present experiment are a smooth and slowly varying function of energy, 

as may be seen by inspection of the calculated cross sections plotted 

on the p - d ^excitation functions, figures 8 and 9. Therefore the 

difference between the calculations at 7.57 and 7.85 MeV is negligible. 

The replotting of Van Oers’ calculation was accurate in absolute posi¬ 

tioning to *5 mb/sr 'at forward and back angles and to i 3 mb/sr 

in the intermediate angular range; the relative accuracy of the plot— 

that is, the shape of the curve—was therefore everywhere accurate to 

within i 2 mb/sr . The discrepancy between our present calculations 

and those of Van Oers is. not resolved. 

The isospin of the proton is defined as T = 1/2, that of the 

ground state of the deuteron as T = 0 . A compound state in p - d 

scattering must therefore have isospin T = 1/2; possible excited states 



30 

in He with isospin T = 1/2 would be evident as anomalies in the p - d 

excitation functions. The nucleus 3He has a separation energy of 

5.494 MeV for breakup into a proton and deuteron; the present experi¬ 

ment included p - d excitation functions at center-of-mass angles 

90 and 120 degrees, ranging from 5 to 11 MeV bombarding energy in 20 

keV steps; this corresponds to a center-of-mass energy range of 3.3 to 

7.3 MeV. Thus possible excited states in ^He with isospin T = 1/2 

and excitation energy 8.8 to 12.8 MeV were covered by this experiment. 

No significant anomalies in the excitation functions of figures 8 and 9 

were noticed; therefore no excited states are postulated. This agrees 

with null results from other reactions which have been investigated in 

this energy renge. <14) tl5) <16) 

The compound state in d - d scattering must have isospin T = 0 . 

Hie nucleus ^He has a separation energy of 23.845 MeV for breakup into 

two deuterons. The d-d excitation functions at center-of-mass 

angles 60 and 90 degrees were performed in 20 keV steps, at center-of- 

4 
mass energies from 2 to 4 MeV. Thus possible excited states in He 

with isospin T = 0 and excitation energy 25.8 to 27.8 MeV were covered 

by this experiment. -No significant anomalies in the excitation functions 

of figure 7 were noticed and ho excited states are postulated at this 

time. This agrees with null results from other reactions which have 

(17 1 
been investigated in this energy range.' * 

D. Comments 

Two minor anomalies in the d-d excitation functions of figure 

7 may be noted at bombarding energies of 4.4 and 7.6 MeV. The first 
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anomaly corresponds to the onset of .the breakup of one of the deuter- 

ons, at 2.2 MeV center-of-mass energy. The second anomaly would cor- 

* « ’A 

respond to a possible excited state in He at 27.65 MeV. The d-d 

portion of the present experiment will be continued in order to inves¬ 

tigate more thoroughly these and any other anomalies of interest. 
i- 

The appearance of the p - d excitation functions of figures 

8 and 9 is so smooth that not only can ve postulate no excited state's 

in ^He of isospin T = 1/2; but also the existence of excited states in 

^He with excitation energy 8.8 to 12.8 MeV and isospin T ^ 1/2 may seem 

t 

doubtful. 

For the present experiment, the detector slit systems consisted 

of entrance and exit slits only, of small aperture compared to the 

cross section of the brass tube in which they were mounted. Jones 

suggests that secondary scattering of particles inside the brass tube 

contributes an error on the order of 0.5 percent to the true number 
e» ■ • 

of counts. True scattered particles could be secondarily scattered 

inside the tube and thus not detected; and particles scattered from 

outside the limits of the target thickness as defined by the slit 

system could enter the front slit and be secondarily scattered and 

detected. The two processes compete; the second process is more im¬ 

portant and the cross section will be slightly increased due to this 

consideration. The mounting of two or three baffles inside the brass 

tube, of slightly larger aperture than the defining slits, was suggested 
» 

to correct this problem. 

As the electron suppressor in the Faraday cup assembly is essen¬ 

tially a 2-inch diameter circle of wire perpendicular to the beam axis 



and charged to plus 300 volts with respect to the Faraday cup, Jones(18) 

suggests that the lines of flux from this circle are not efficient for 

trapping emitted electrons generated by the beam striking the cup or 

generated by the beam passing through the Faraday cup assembly entrance 

foil. A more efficient electron suppressor design was suggested to be 

a truncated cone, several inches in extent, with the apex pointed 

towards the incoming beam. The Faraday cup proper would be enlarged 

to match the size of the base of the cone; the cone would be charged 

to between 1 and 3 kilovolts. 
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