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INTRODUCTION 

The analysis of measurements of the elastic 

scattering of protons by light elements can yield 

significant information about nuclear forces* Excitation 

curves that show resonance behavior can be explained in 

terms of nuclear phase shifts, and the study of these 

nuclear phase shifts can yield information as to the angular 

momenta and parity of states in the compound nucleus. This 

thesis describes experiments, and some interpretation 

of results, for the scattering of protons by 0^, The 

measurements were carried out using the large volume 

scattering chamber at The Bice Institute. Using gaseous 

oxygen as a target, the differential cross section was 

measured as a function of incident proton energy over 

the energy region of 2.5 to 5.6 Mev, 

Before under talcing this experiment it was decided to 

construct an additional detector for use in the scattering 

chamber. There were several reasons for this decision; 

with two detectors it would be possible to obtain two 

data points at once, thus doubling the amount of data 

that could be taken in a given time. With two detectors 

it would be possible to set one at a fixed angle and use it 

as a monitor. Further, it would be possible to use the 

two detectors in coincidence and study angular correlations. 



DESIGN CRITERIA FOR THE DETECTOR 

The large volume scattering chamber was designed and 

built by J. L. Russell, C. W. Reich, and G. C. Phillips1?2. 

It Is cylindrical in shape, approximately 30H vri.de and 

lV' high* A single detector was originally mounted 

inside by means of a shaft that was brought out through 

the bottom of the chamber. The position of the detector 

was changed by means of a handle fixed on the bottom of 

the shaft. It was decided that the second detector should 

be completely independent of the first detector and that 

it should not interfere with the angular range the first 

detector was capable of obtaining. The second detector 

itself should cover as wide an angular range as possible. 

Paramount in design consideration was accuracy;: the system 

should be able to reproduce angles to within one minute 

of arc. 

It was decided that the detector itself should be 

applicable to counting protons, deuterons, alpha particles, 

and gamma rays over a wide energy region. Since it was 

decided to use a scintillation counter, this requirement 

necessitated providing for changes in the scintillator 

used. In addition, an accurate slit system was needed 

with provision to change the slit width so that the solid 

angle could be adjusted to establish reasonable counting rates. 
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A vacuum seal was necessary to permit attaining a 

high, vacuum inside the scattering chamber and yet allowing 

the rotation of the detector from outside. The electronic 

components of the photomultiplier and cathode follower 

circuits should not be exposed to the vacuum system as 

tills would result in various electronic difficulties in 

addition to undesirable outgassing. 
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DESIGH AID CONSTRUCTION OP THE DETECTOR 

A, The Shaft and Bearing Assembly 
i 

Wien the chamber was originally designed and built , 

some provisions were made for the addition of a second 

detector* Referring to figure 1, A Is the shaft of 

the original detector. It is aligned with respect to 

the cradle of the chamber by two taper bearings B, and 

held under pressure by two loch nuts D. Wien shaft A 

was originally made, surfaces G and B were machined 

true so that if a second detector were later added they 

might be used to position it* For a detailed picture 

of the original shaft with respect to the entire chamber 
t»l 

one is referred to '‘A Large Volume Scattering Chamber , 

figure 2, p.8. 

It was decided that the shaft G of the second 

detector would be made from a -|u drill rod. Since the 

original shaft has an Inside diameter of 1*§-M this would 

leave *|-u clearance between the shafts for the emit of 

wires associated with the electronic components of the 

detectors* 

The lower bearing assembly H is positioned from 

surface E of the original shaft. It was machined from 

one solid piece of brass. The surface that meets the 

bottom of the original shaft as well as the surface that 





holds the hearing J are eoneentrie to within .001”. 

There is a one and an eighth inch hole in the side for 

the ©sit of cables. Bearing J is a Hew Departure 

precision taper hearing. The lower inch and a half of 

the shaft G is threaded and the lower hearing assembly 

is held in position by pressure exerted when the lock 

nuts L are tightened. 

The upper hearing assembly H is somewhat more complex. 

It also was machined out of one solid piece of brass with 

the exception of the pipe and flange 0 through which 

the wires to the first detector pass. These were 

separately machined and later silver soldered to the 

main piece since they require no precision. The surface 

that meets the top of the original shaft and the surface 

that accepts the hearing Q are precision machined. They 

’were tested for coaxiality and were true to within less 

than .001”» On top of the $n steel shaft is a precision 

brass boss P that fits inside the upper bearing Q, Thus 

the shaft and the boss are free to rotate. Fastened to 

the top of the boss is an eight inch table R on which 

the second detector is mounted. There are four 5/16n 

holes drilled vertically in the boss through which the 

cables to the second detector pass. An "O'1 ring makes 

the vacuum seal between the plate that fits on top of 

piece H and the boss. A sealed Fafnir urecision ball 



bearing Is used and the inside and outside surfaces are 

round to within *0006n, Eadial play is less than .001". 

B* The Detector Assembly 

Detail of the detector assembly is shown In figure 2. 

The detector itself and the slit system are mounted on a 

piece R of figure 1 (piece C of figure 2.) The 

photomultiplier tube E and the cathode follower are 

contained In the detector housing D. Wires for the 

electronics come up through the four holes in the boss 

and pass through the tubing B to the interior of D, which 

is at atmospheric pressure* The phototube Is surrounded 

by a Mil-metal shield F and faces the center of the chamber 

G Is a piece of lueite against which the face of the 

phototube mounts. A light seal between the tube and the 

Incite is made with Dow Corning silicone stopcock grease* 

The tube is held firmly against the Incite by three 

springs attached to the tube socket. This method seems 

to work well if care is taken that the axis of the tube 

is exactly perpendicular to the face of the Incite. 

A vacuum seal between the Incite and the detector assembly 

Is made by an n0n ring H* Since the interior of the 

detector assembly is at atmospheric pressure, sufficient 

force is exerted against the lueite when the chamber Is 

evacuated to seat the ”0" ring properly. The piece B Is 

removable so that the detector may be moved closer to 
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the' center of the chamber. Ms feature is useful in 

experiments where one wishes the detector to subtend 

a large solid angle. A photograph of the inside of 

the chamber showing both detectors is shown in figure 3» 

G, Electronics 

Since the output of the phototube must be fed through 

some 10 to 15 feet of cable before it arrives at an 

amplifier, a cathode follower was a necessity. The 

circuit diagram employed is shown in figure A 6M5 

was Used because of its short length, protruding only 

li;" above the tube socket. The photomultiplier is a 

Dumont 6291. It was chosen in preference to 6292 because 

of its small physical size, The output of the cathode 

follower and the high voltage for the phototube are fed 

through coaxial cables. 

D, The Azimuth Circle and Vernier 

To accomplish precision scattering experiments a 

precision angle measuring device is a necessity, A used 

Queens transit was purchased in order to obtain its azimuth 

circle and verniers. The azimuth circle was tested for 

accuracy by setting the verniers l80° apart on one position 

of the circle and rotating the circle to see if the 

continued to read 180° apart, 

~7~~ 

verniers This test proved 
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the circle to he accurate to -within one minute. The 

azimuth circle, K of figure 1, was then mounted near the 

"bottom of the second detector shaft. It is held fixed 

with respect to the shaft by means of two set screws, 

A vernier was then mounted securely to the cradle of the 

chamber,* Thus the angle of the second detector is read 

relative to the chamber itself, and not relative to the 

first detector, A light illuminates the scale of the 

circle and a magnifier is provided to facilitate the 

reading of angles, 

Ef Slit System 

Hie slit system was designed for versatility. It 

was decided that it should he equipped with two sets of 

slits that would be readily interchangeable. These two 

sets of slits would have different geometrical, 

factors, so that the “G” factor could be used that was 

most appropriate for the experiment being performed, 

The body of the slit system, A of figure is fitted 

with two sliding slit holders, B and C, These move 

vertically in the slots D and E which were milled in the 

body of the slit system* Each slider holds two sets of 

slits so that the appropriate set may be moved into position 

The slits themselves, F and G, are made of 20-mill  - -    

tantalum and are fastened to the slider by small screws* 

The edges of the slits are beveled at a five degree angle. 





The larger slits are approximately 2mm id.de, both front 

and rear, while the width of the other set is about 

The two sets of slits give '‘G** factors that differ by 

about a factor of nine. The actual dimensions of the 

slits were determined by the "G" factors that would give 

reliable counting rates when employed in experiments* 

The dimensions and positions of the anti-scattering 

slits H were determined geometrically. They are placed 

so that any particle entering the front slit cannot suffer 

a single collision from the walls of the slit system and 

arrive at the rear slit and consequently be counted. Tills 

is very necessary since the beam traverses some 8U from 

the end of the differential pumping tube before entering 

the Faraday cup, and particles are scattered along all 

points of its path in the chamber. 

In order to compensate for particles scattered out of 

the solid angle subtended by the rear slit, tMs solid 

angle is surrounded by an envelope of scattered particles. 

Thus particles that originally are traveling in a straight 

line between the front and rear slits and suffer a 

collision so to miss the rear slit area are almost 

entirely compensated for by particles that are scattered 

into the rear slit area from the envelope surrounding the 

solid angle. Tills method of compensation is discussed by 

Worthington, McGruer, and Findley^* 



EXPERIMENTAL DATA 

Data were taken over the energy region of 2.5 to 

5*5 Mew The Rice six million volt Van de Graaff 

accelerator was used as a source of protons. Excitation 

curves were obtained at four angles over the entire 

energy region (Figs. 6-9) as well as one excitation 

curve over the energy region of 4.0 to 5.6 Mev (Fig. 10). 

The angles and cross sections are given in the center of 

mass system. Fig. 10 shows the presence of three 

previously unreported resonances. They occur at 5.169 

5.385 and 5.56 Mev and are of approximate widths 60, 509 

and 60 Kev respectively. 

The elastic scattering of protons by Gr0 has been 

studied by Laubenstein5 Laubenstein5 Eoester and Mobley 

up to 4.5 Mev of bombarding energy. The shape of the 

curve shown in fig, 9 obtained at a center of mass angle 

of 166is practically identical with the data of 

Laubenstein, et al„ 5 in the energy region where the two 

curves overlap* Later investigations by Eppling and his 

% ~~ o 

colleagues gave the cross section at 2.00 Mev and 167*2 

to be 0,094 i: 0,002 barns per steradian. Thus it would 

appear that the cross section scale quoted by Laubenstein 

and Laubenstein is something greater than a factor of three 

high* If tills is the case, the cross section curves reported 
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Here agree favorably with all the earlier measurements* 
5?he differential cross section is given by the formula 

I 

Y sin 0 <r(e)- Mzr^ ’ 
where <T(0) is the laboratory differential cross section, Y 

is the number of particles scattered into the detector, 

is the laboratory angle be Ween the incident beam and the 

scattered particles, N the number of incident particles, n 

the number target atoms per unit volume and G the 

geometrical factor of the analyzer slit system* G is 

given by the formula 

r-M G ~ RS 9 

where A is the area of the rear slit, ¥ the width of the 

front slit, H the distance from the rear slit to the axis 

of rotation of the chamber and S the distance between the 

front and rear slits, The laboratory cross section thus 

obtained is related to the center of mass cross section by 

means of a function 0 (0): 

crCK = c(e) <n* , 
where 

c(e):di£S^F’and^ Si * 
where a, and m ^ are the masses of the bombarding particle 

and target nucleus respectively. 

In the measurements of n, the number of target atoms 

per unit volume, one must know the pressure and temperature 

-11-r 



of the gas inside the chamber. Pressures Here read with 

a manor,leter filled with butyl sebacate. She specific 

gravity of this oil is 0.932. Hie height of the oil in 

the manometer column was read with an Eberbach cathetometer, 

This instrument can measure relative heights to within 

0,1 mm, The actual pressure of oxygen gas used in the 

experiments was about 6 cm. of butyl sebacate or Off- cm. 

of Hg., 

Temperatures were read with two mercury thermometers. 

An average of the two readings was taken. The readings 

of the two thermometers never varied by more than 0,1 

degree. The number of bombarding particles H was 

determined by collecting the beam in a Faraday cup and 

letting the collected charge neutralise the charge on a 

capacitor that had previously been charged to a precisely 

known voltage. A quarts fibre electrometer was used as a 

null detector to determine when the charge of the capacitor 

was completely neutralised. This method of current 

integration is about an accurate as the calibration of the 

condensers, which was about one percent. The total estimated 

error on absolute cross sections is about four percent. 
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PRELIMIMBY ANALYSIS OF THE DATA 

She formula for the differential cross section for 

the elastic scattering of spin particles by spin zero 

particles is given by the following^* s 

Vl= A L,m 

= -|cscl| tLXf{LY) l»cscl|)+f (e-H) \(fosSj exp((.'*( +L'4+)six4 + 

+ ^ l^(cae) ei<p(i.'«i + t'‘i£ ' s"l4 
1=1 

B = S"1 p/ccose) ew' i**4*pGO- l 
fci 

1 

*,= 2 2. are’ta'' ^ > °^=6 
S-l 

Pi'(c6ie)= dtfiICcneil/dCcoie) 

f 

5 

where Z is the charge of the nucleus (esu), Zt! is the 

charge of the target nucleus, v is the velocity of 

relative motion, m is the reduced mass of the system, and 

0 is the angle of scattering in the center of mass system*. 

In the work of Laubenstein, et al, a method of graphical 

analysis was developed whereby the quantities A and B of 

the above formulae are represented as vectors in the complex 
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plane. It will to noted that each term of A and B is in 

general a complez number, Thus each term can he represented 

by a vector of a certain length inclined at a certain angle 

in the complez plane. The moduli of A and B can he squared 

and added, and their sum multiplied by to yield the cross 

section <r(^. (TO) will of course he a function of both angle 

and energy. This method lias been applied successfully by 

7 3 
C* Wc Belch and J„ L, Bussell at the Bice Institute,, 

A preliminary analysis of the 2,66 Mev resonance has 

been completed. The purpose of this preliminary analysis 

was to determine which phase shift was responsible for 

the resonance9 and thus deduce the angular momentum and 

the parity of the corresponding excited state in the 

17 
compound nucleus F , Ho attempt has been made to fit the 

theoretical to the experimental cross section to better 

than within about 15$ because it was felt that excitation 
curves covering the resonance at only four angles would 

not warrant a more careful treatment. In the future, when 

more excitation curves and several angular distributions- 

are obtained, a more careful analysis may be attempted,, 



RESULTS OP THE ANALYSIS 

First attempted was the computation of hard sphere 

phase shifts. The hard Sphere phase shift Is 

defined by 

$t^[aretan-|-]r=a ’ 

where Fj^ and G _g_ are the regular and the Irregular 

Coulomb wave functions. She value for the nuclear 

radius used in the calculations is that given by Jackson 

and Galonsky^: 

a ® 1.45 [jA)^ 4 (1)'/3J XlO-^cm. 
Shis is the sum of the radii of the proton and the 

target nucleus. In this case the value Is a = 5*11X10"-*-3cm. 

She P and D wave hard sphere phase shifts were found to 

he -9>6° and 0° respectively at an energy of 2.47 Mev. 

Computation of the S wave phase shift was considered 

useless because of the presence of a bound state in F“^ 

at 0,^10 Mev. 

First an attempt to fit the data at 2.45 Mev bombarding 

energy was made. It was found that a very good fit of 

the data could be obtained assuming l4l° of S wave phase 

shift and negligible amounts of higher angular momenta 

phase shifts. Howevers varying the S wave phase shift 

by some five degrees in either direction showed little 
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effect upon tlie cross section. For simplicity, this 

value of tlie S wave phase shift was taken to he a constant 

over the resonance.. Further graphical analysis showed 

that a fairly good fit of the data could he obtained 

assuming that <£,” varied from aero to 180° going over the 

resonance*. 

Then variations in S0 and6*were made in an attempt 
to obtain a better fit. It was found that the fit 

obtained by giving 6* its hard sphere value of about -9° 
was no better that the fit obtained assuming this phase 

shift negligible. Values were given <£*and S~ but these 
made the fit worse and in some instances distorted the 

shape of the curve, file curves obtained are shown in 

figures 11-1!?, It can be seen that the general shape of 

each theoretical curve follows very closely the curve \ 

obtained in the experiment, She circles are the experimental 

points and the solid black lines are the theoretical fit. 

Figure 15 gives the variation of <£, with energy over the 

resonance. Shis fit, while not exact, shows conclusively 

that the 2,66 Mev resonance is due to a P.w state in 
8 

This is in agreement with the results of Eppling and his 

colleagues^,. The excited states of are tabulated in 

Table I, 

•*•3.6*"'* 
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fable 1 

Excitation 
Energy of J,ir Bp r (Kev) ^ (!-Iev-cin) Reference 

pl7 
rs 

0 7/2 + 7 

0.710 1/2 + 7 

3.10 1/2- 2,66 -27 o.87xio“13 

3.88 7/2- 3*l'-7 -20 ls*57 

(l:-.36) (3/2+) (3>99) -700 7 

<
L
:-.73) (3/2-) (^♦39) -.2^-0 7 

7,16 —60 

5.6? 7.38 -70 

7,8^ 7.76 ~60 
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CONCLUSION 

A valuable and versatile second detector has been 

added to the Rice Institute large volume scattering 

chamber* By making changes in the scintillator and 
( 

position of the detector it is possible to use it for 

the detection of several types of particles. It is 

capable of reproducing angles to a half minute of arc* 

The slit system is adaptable to widely varying counting 

rates. It is significant that the second detector does 

not in any way limit or affect the usefulness of the 
f* . 

previously existing detector. 

She elastic scattering of protons by 0-6 has been 

studied in the energy region from 2.5 to 5*5 Mcv. Three 

previously unreported resonances have been observed. A 

preliminary phase shift analysis has been completed which 

shows that the 2.66 Mev resonance is due to a Rj. state in 

F**-?. In the future more data on this experiment will be 

taken* In particular, angular distributions are desired 

at various energys. With this data, a more exact phase 

shift analysis will be attempted* 
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