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I. INTRODUCTION 

If beryliura is bombarded with cx particles, neutrons 

are obtained by the reactions 

4Be
9 * 2He

4->~6C
12 6C

12 + 0n
l + Q 

The Q value for the neutrons to the ground state of C12 is 

equal to 5.71 Mev. For the neutrons to the first excited 

state of C12, Q is equal to 1.28 Mev. The ground states of 

Be9 and C12 have total angular momenta 3/2 and 0 respectively. 

The ground state of Be9 has odd parity, whereas the ground 

state of C12 has even parity.1 

This thesis describes additional experimental results 

for cx particle energies above 4 Mev of the type recently 

reported by Risser, Price, and Class.2 At the time of pub¬ 

lication there were several gaps in the energy range studied 

in which little or no data had been obtained, and the angular 

distributions had not been given least-square fits in terms 

of angular functions. It was therefore the purpose of this 

thesis project to secure additional angular distributions 

such as to fill in some of the gaps for the ground state 

neutrons and to obtain least-square fits to the angular dis¬ 

tributions previously reported. In addition, excitation 

curve data were taken for the ground state neutrons extending 

the previous work to higher cx particle energies. 

The subject reaction is of interest because it is 
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commonly used as a neutron source® aad knowledge of the 

differential cross-section as a function of angle and energy 

is useful* Also, since the spin of the cx particle and the 

ground state of C12 are both zero, it may be expected that 

angular distributions of the ground state neutrons will 

yield unambiguous information about states of C13, the com¬ 

pound nucleus* 

Hie larger of the two Rice Institute Van de Graaff 

accelerators was used in the experiment* Satisfactory ex¬ 

citation curve and angular distribution data for the ground 

state neutron group were obtained by means of the neutron 

spectrometer described by. Arthur Cole in his master *s 

thesis, 1953. Attempts to use this detector for the reso¬ 

lution of the neutrons to the first excited state of C12 

proved unsuccessful at angles greater than 90° for 

energies less than 4 Mev. The possibility of resolving the 

low energy group by means of a hydrogen-filled proportional 

counter was investigated. Such a counter was designed and 

constructed, and separation of the low energy group neutrons 

by this method is planned for the near future. 

Results included in this thesis are the angular dis¬ 

tributions of the ground state neutrons at o< energies 

4.14, 4.38, and 4.87 Mev, aad the excitation curve for the 

same neutron group in the bombarding energy range 3.8 to 

5.5 Mev. Also included is a table of coefficients of 

Legendre polynomials of least-square fits to angular 
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distributions previously reported* Results pertaining to 

the neutrons to the first excited state of Ci2 are included 

In the mater’s thesis of w* L« Anderson* who also studied 

the Be^C «3,0) react ion as a thesis subject* 
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XX* BKESRXMBNTAL METHOD 

A. Meatron Detectors, general 

The two most commonly used neutron detectors are the 

gas-filled counter and the scintillation counter. Two such 

detectors are combined to form the neutron spectrometer 

used in the experiment. Before discussing the spectrometer, 

it is perhaps well to consider each type individually. 

Both type detectors depend on ionisation from moving 

charged particles for the production of pulses which are 

amplified and analyzed electronically. In the gas-filled 

counter a charged particle is produced by either a nuclear 

reaction or by means of a scattering collision between a 

neutron and a "recoil nucleus”* Ions are collected at the 

central electrode and thereby form a pulse. 

The gas-filled counter, when operated with a suitable 

voltage has the favorable aspect that it produces pulses 

which are proportional to the specific ionization of the re¬ 

coiling charged particles. A pulse will be proportional to 

the energy of the recoil particle if the particle path begins 

and ends in the counter. A monoenergetic neutron group, 

however, gives rise to a broad distribution of pulse heights 

corresponding to all scattering angles from 0° to 90°. 

Sometimes a difficulty in the use of gas-filled counters 

arises from the slow rise time of the pulses. The principal 

voltage pulse is due to the motion of the positive ions 
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near the central electrode* The collection time for these 

ions depends on the pressure but is generally on the order 

of 10"^ seconds* l£ a faster counting rate is required, this 

difficulty may be circumvented at the cost of pulse height 

by clipping the pulses with an appropriate R-C time con¬ 

stant or delay line. A clipped pulse ©a the order of 1 

microsecond duration can generally be obtained. 

If the gas counter is filled with a gas of low atomic 

number, such as hydrogen or deuterium, high gas pressures 

are required in order that a sufficiently large percentage 

of recoil nuclei be completely stopped in the counter. The 

addition of a noble gas, such as argon, reduces the pressure 

required bat causes an increase in the positive ion collec¬ 

tion time, 

Gamma radiation accompanying neutrons produces in a 

gas counter high energy electrons by means of pair formation 

or by the production of photoelectrons from the wails of 

the chamber* Most electrons will not effect as much ionisa¬ 

tion as recoil nuclei that expend all their energy in the 

gas, and the pulses due to the electrons may to a large 

©stent be biased out by means of a discriminator component 

of the amplifier* 

The scintillation counters are divided into two classes 

according to the type of scintillator $ (a) Organic phosphor, 

Cb) Inorganic crystals. The pulse height for both types is 
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a non-linear function of the recoil particle energy$ and 

each siaeh detector seat therefore be calibrated* 

Scintillation counters using organic phosphors are 

analageas to gas coootere costaiaisg hydrogenous gases is 

that tlie recoil nuclei are protons* Hie high density of the 

phosphor compared to that of a gas causes a greater efficiency* 

Moreover* phosphor is highly affective-in stopping the 

recoils so that total recoil energy Is enpended Is the scia* 

tillator* For the neutron energies involved in this esperi* 

mat the theoretical distribution of the number of recoil 

prof ©as as a function of their energy Is a constant from sero 

to the mslissa recoil energy § thus* analysis of the data i© 

somewhat simplified* The rise t&m of pulses from phosphors 

is usually short C~l5® seconds or less) 5 mad the pulse dura* 

tions ate correspondingly short* 

Inorganic crystals are effective In detecting heavy 

charged particles originating outside the counter* Such 

crystals yield relatively high pulses from charged particles 

a© compared to organic scintillators* and they produce only 

lew energy recoils fro© neutrons* 

la both type© of scintillation counters the pulses from 

high energy electrons my be of the mm order of magnitude 

m the.pulses due to recoil protons* A crystal may be re* 

disced in stse (within limits) In order to minislsse the pro* 

portion of the electron range within the crystal* 
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B» Neutron Spectrometer 

The neutron spectrometer used in the experiment combines 

a gas and inorganic crystal counter and provides a fair 

degree of energy resolution for neutrons above 4 Mav* The 

spectrometer consists of a proportional counter and crystal 

counter mounted in series and connected electronically in 

coincidence, its chief advantage is that X ray background 

can be eliminated since the proportional counter in con¬ 

junction with a discriminator circuit can distinguish be¬ 

tween the specific ionisation of electrons and protons of 

the same energy* The spectrometer* on the other hand* has 

the undesirable characteristic of low counting efficiency 

due to the geometry of the arrangement• 

A schematic diagram of the spectrometer is shown in 

Figure 1* The gas proportional counter is enclosed in a 

cylindrical aluminum shell which contains in its back face 

a thin Csl crystal in contact with the window end of a photo¬ 

multiplier* The photo-multiplier tube extends from the back 

of the aluminum can. Mounted concentrically to the shell is 

a 1 mm thick brass cylinder which defines the active volume 

of the proportional counter* Along the axis of symmetry 

through the photo-multiplier * 3 cm holes in the brass cylinder 

allow the passage of recoil protons from the radiator to the 

crystal* Several thicknesses of polyethylene and a blank 

radiator frame are made available through the use of a 
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radiator carriage which can he rotated as desired from the 

outside by means of a magnet. For the detection of the 

ground state neutrons, a radiator 15 rag/cnP thick was used. 

The crystal scintillator is located 10 cm from the radiator. 

The brass cylinder and a 5 mil tungsten wire form the 

electrodes of the proportional counter. For detection of 

ground state neutrons, the aluminum can was filled to 1 

atmosphere of argon plus 5% C02* 

The five most important factors that determine the energy 

resolution of the neutron spectrometer ares (1) Target 

thickness, (2) Radiator thickness, (3) The variation of the 

angle at which the neutron is emitted, (4) The variation 

in the angle at which the recoil protons are scattered, 

(5) Non-linearity of crystal pulse height as a function of 

recoil proton energy. 

The neutron yield of the target was compared to that of 

a standard Be^ target of known weight. The thickness thus 

determined was 213 /*g/cm2. This corresponds to thicknesses 

of 160, 153, and 142 kev at bombarding energies 4.14, 4.38, 

and 4.87 Mev respectively. These values were obtained using 

the experimental results of S. D. War shat? for the stopping 

power of berylium for protons.^ The above thicknesses ex¬ 

pressed in kev give a measure of the difference in energy of 

the neutrons which originate at the front and back surfaces 

of the target. The maximum energy spread due to this effect 

was calculated to be 4%. 
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A spread in proton energy results fro® the variation 

of radiator thickness traversed* The radiator consisted of 

3 layers of polyethylene, each S mg/cm2 thick. A 10 Mev 

proton loses approximately 0.6 Mev in passing through the 

entire radiator. This value was determined fey considering 

the stopping power of a CHg unit of polyethylene'equal to 

that of 1 atom (average) of air. 

The third factor affecting the energy resolution 

results from the variation of neutron energy with the angle 

between the team direction and the neutron path. Let this 

angle fee designated as -©•. It my fee readily shown that4 

B3 ti 

cosO(m^ 

, *5* f cos2 -0 ♦ (nu*®.,) f®cQ 

where rac » mass of C
12 nucleus 

mot e mass of c< particle 
ma » mss of neutron 

The maximum ■©■ for this experiment was 7.2° at B » 4.87 Mev. 

Using Q w 3.71 Mev, the maximum spread due to this effect . 

was calculated to fee less than 1%. 

A large factor was that due to the finite widths of the 

crystal and radiator. The energy of the recoil proton, Ep, 

is found fey the relation 

S ® Ejj cos2$ 
F 

where 0 is the angle between the incident neutron path and 
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the proton path after collision. The maximum angle 0 in the 
experiment was 19°. It follows that Bp for this extreme 

case is 0.89Bn such that the maximum energy spread from this 

effect alone was 11%. 

Other factors which affect energy resolution are the 

differences in distance travelled by recoil protons through 

the gas counter and the non-linearity of crystal pulse 

height with proton energy. Both of these effects wete 

small for the high energy neutrons of this experiment. 

In order to convert the number of neutrons counted for 

a particular set of conditions to differential cross-section, 

it is necessary to know the efficiency of the counter? i.e., 

the number of neutrons analysed per number incident on the 

radiator. The probability of interaction between an inci¬ 

dent neutron and a proton is 

p c i&jjHg- 

where t is the radiator thickness, A is the molecular weight 

of polyethylene (14), N is Avogadro*s number, and <? is the 

n-p cross-section. The only energy dependent factor is <r , 

The efficiency is then given by the relation 

.Efficiency * (8.61 x lcHfyt £<r *6 

G is a geometrical factor, and is expressed in rag/cm? of 

polyethylene. 

The geometrical factor was determined using the fact 
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that n-p scattering for the neutron energies of the experi¬ 

ment is isotropic in the center-of-mass frame of coordinates. 

The fraction of recoil protons striking the crystal was 

calculated by numerical analysis to be 0,014, The above 

expression then becomes 
6 

Efficiency = (1,21 X 10"*)t£<y 

In order to resolve low energy neutrons it is necessary 

to decrease the thickness of the proton radiator, causing a 

decrease in the counter efficiency. Although the neutron- 

proton cross-section increases with the lower neutron energy, 

the overall change in efficiency is downward with decreasing 

energy, 

When detecting low energy neutrons, the background is 

found relatively high. Those background counts due to 

protons from brass or aluminum cannot be discriminated 

against. Many of the background counts, however, are due to 

electrons. Since the low energy protons passing through 

the gas have higher specific ionization, the bias of the gas 

counter discriminator can be raised as a counter measure, 

A block diagram of the electronic network associated 

with the spectrometer is shown in Figure 2. The pulse from 

each counter was sent through a cathode follower stage to a 

linear amplifier. The discriminator of each amplifier was 

set at 10.0 volts. A 3/8 microsecond delay line was added 

at the scintillation side discriminator output in order to 
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compensate for the alone* pulses from the proportional 

counter* Both amplifier output pulses were differentiated 

by means of delay lines before entering a 6BN6 coincidence 

circuit*3»$ A square pulse generated by the coincidence 

circuit "opened” a gate circuit and allowed the passage of 

a delayed pulse from the Csl amplifier* 

The output of the gate circuit was fed to a 20-ehannel 

analyser. The base line of the analyser was set at 20 volts 

throughout the experiment* Bach channel had a width equal 

to 0*S volts. By choosing suitable amplifier gain settings, 

it was always possible to resolve the ground state neutrons 

within IS or less channels. As the angle of observation 

was increased, It was always necessary to increase the Csl 

amplifier gain in order to keep the pulses in the channels. 

The gas counter amplifier gain was held constant for an 

entire angular distribution. To 'determine the amount of 

background, data were observed with and without the radiator 

in the forward position. 

For determining the neutron yield as a function of 

angular distance from the incident cx beam, data were taken 

at convenient 10© and 15° intervals from 0° to a maximum of 

ISO©* The total yield at each angle was observed for a 

fixed number of bombarding cx particles, which was deter®* 

mined by means ©f a charge integrator. In so far a© tins 

permitted, data for angles about either side of the target 
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were observed and averaged in order to reduce allignment 

errors. 

Excitation curve data were taken with the spectrometer 

directly in line with the incident ot beam. The neutron 

yield was recorded at intervals of approximately 60 kev 

bombarding energy. To determine the energy of the <x par¬ 

ticles incident on the front face of the target, use was 

made of an analyzing magnet associated with the Van de 

Graaff accelerator. The field of this magnet was measured 

with a Li7-moment magnetometer. 

C. Hydrogen Gounter 

Because of the poor results obtained in the effort to 

resolve the low energy group neutrons with the spectrometer, 

a gas counter was designed and constructed to detect 

neutrons of less than 5 Mev energy. A high-pressure hydrogen- 

filled ionization chamber has been reported successful in 

measuring neutron spectra up to approximately 13 Mev.7 The 

use of deuterium was considered in order to reduce the pres¬ 

sure requirement. However, for neutron energies greater 

than 2*5 Mev, n-d scattering is anisotropic.8 It vt&s there¬ 

fore decided to design a hydrogen-^filled counter to hold 

pressures as high as 70 atmospheres. 

A cross-section of the hydrogen counter is shown in 

Figure 3. The counter consists of a brass cylinder mounted 

inside a thick steel pipe which is sealed at both ends 
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by means of lead gaskets embedded ia 5/8” steel plates* The 

brass cylinder and a .046” diameter tungsten wire comprise 

the cathode and central electrodes respectively* Connections 

to the central electrode are made hy means of a spark plug 

to which the tungsten wire is soldered* Concentric to the 

electrodes.at either end of the counter is a brass "field 

tabs" which is mounted for the purpose of eliminating end- 

effects resulting from non-uniform fields,^ The cylindri¬ 

cal active volume is 3 3/4” in diameter and 4” long* 

The range of 5 lev protons in hydrogen at SO atmospheres 

is 1.4”, Practical considerations of weight and sire 

prevented making the counter longer* In order to reduce 

wall effects the diameter of the counter was made large 

relative to the proton range. Since the gas should have as 

high a stopping power as possible , the use of a mixture of 

hydrogen and a heavy noble gas is tinder consideration* 

To obtain a uniform radial electric field, the length 

of the field tubes should be made at least equal to the 

radius of the cylinder*^ The potential of the tubes should 

be equal to the potential at a distance from the center of 

the tungsten wire equal to the radius of the field tube* The 

ratio of resistors connecting the field tubes to the central-' 

electrode and the cathode was chosen such that regardless 

of the voltage applied, the field tubes will be at the proper, 

potential. 
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A copy of the type Ai preamplifier designed fey Bell and 

was constructed for use with the hydrogen coaster* 

It consists of a 3 stage feed-back group* using &MS tubes* 

followed by a cathode-follower output tube, Hie preampli¬ 

fier was mounted ©a a fra® which connects to the back 

plate of the counter. 
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III. RESULTS 

The angular distributions of neutrons obtained in 

the laboratory were corrected for the variation in n-p 

cross-section with energy and converted to differential 

cross-section in the center-of-mass coordiante system. 

Figure 4 shows the graph of &2L vs •©>;«,. The lengths of 
dii 

the verticle lines through the experimental points repre¬ 

sent the errors in the observations. 

Figure 5 shows the excitation curve of the ground 

state neutrons for otenergies ranging from 3.75 to 5.5 Mev. 

The closed circles and crosses are points previously 

reported.2 The closed circles are a result of data taken 

with an 8-ram-diameter spherical plastic scintillator, and 

the crosses were taken by means of the neutron spectrometer. 

The open circles are points obtained in this experiment, 

also with the neutron spectrometer. These data are ex¬ 

pressed as differential cross-section in the laboratory 

system* 

The angular distributions previously reported were 

given least square fits in powers of cos at Los Alamos 

by means of an IBM computer. The equations thus obtained 

have the form 

y « a0 4 a^x 4 a2x
2 * a2x

2 4 a^x^ 4 a**x^ 4 a^x6 

where x » cos d-cm and y is proportional to dor . pits 
dn 

were obtained with both five and seven terms? i.e., fourth 



and sixth degree polynomials. It was then possible to 

convert these equations into similar equations in terms 

of Legendre polynomials, such as 

17 

y * °<Q + cx1P1(3j) +C*2P2^3£
) +ot3*z(2b +0<4P4^) '♦•

C
^P5(X)+O^P6(X) 

Table 1 lists the coefficients c* for both five and seven 

term expansions for each distribution. The ©< bombarding 

energy, listed in the first column, designates the angular 

distribution. 

Another method of fitting angular distributions with 

Legendre polynomials consists of choosing n points on the 

experimental curve, equating the ordinate at each point 

equal to an expansion consisting of n Legendre polynomials, 

and solving the resulting simultaneous equations for the n 

unknown coefficients. These calculations were carried out 

for the general case for n = 5 polynomials. Table II gives 

the equations for the coefficients as a function of the 

neutron yield (or differential cross-section) at each of the 

five angles chosen. These equations are given for two sets 

of angles. The choice of angles depends on the nature of 

the curve to be fitted. Equations such as these are useful 

when there is no access to a computer. The equations of 

Table II were used by the author in fitting experimental 

distributions obtained from the C^^(«,n)0^6 reaction. 
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TABLE I 

Coefficients of Legendre Polynomials 
for Least-Square Fits to Angular Distributions 

A. Ground 

E (Mev) ^0 

4.18 339 
357 

4.67 258 
270 

3.73 197 
206 

3.83 266 
276 

4.18 115 
114 

4.18 461 
472 

5.07 123 
131 

2.50 371 
371 

3.22 157 
154 

3.94 425 
437 

4.54 318 
341 

3.92 140 
141 

2.69 114 
116 

3.73 89.7 
92.0 

2.29 149 
149 

2.02 83.4 
81.9 

State Neutrons 

, °<1 cx2 

-113 277 
-164 346 

-65.2 175 
-90.1 225 

-25 .6 -38.4 
-48.0 -3.34 

-56.6 28.2 
-90*7 66.1 

-12.1 85.4 
-17.5 92.2 

-170 361 
-189 406 

57.5 56.6 
38.3 117 

239 84.2 
240 82.2 

64.9 -124 
66.9 -133 

-130 203 
-153 240 

-138 201 
-192 283 

-10.7 50.3 
—14.6 54.0 

104 24.2 
102 31.0 

-3.10 -22.7 
-11.4 -15.4 

147 29.1 
140 27.2 

52.0 25.7 
53.6 19.0 

o<3 

64.2 504 
-36.3 570 

46.9 239 
5.45 306 

-22.1 140 
—66 .8 181 

7.39 287 
-72.4 315 

-22.3 204 
-8.87 173 

48*4 690 
21.2 751 

-33.3 -64.9 
-14.6 46.8 

75.0 115 
73.1 108 

-57.4 -4.66 
-59.4 -20.7 

14.9 602 
-37.4 612 

10.1 376 
-56.1 449 

41.2 146 
31.1 147 

52.9 34.4 
52.2 45.7 

-1.56 51.3 
-22.8 54.1 

31.7 -2.14 
16.1 -4.19 

54.7 42.6 
54.2 29.7 

.°<5 °< 6 

-146 167 

-132 58.7 

-85.2 73.9 

-77.2 149 

-16.1 37.5 

-169 79.9 

-214 -48.7 

8.52 5.67 

31.1 5.22 

-78.4 116 

-213 155 

-9.54 23.1 

-22.6 -0.69 

-19.2 49.4 

-0.21 30.7 

24.7 4.09 



TABLE I. (continued) 

B. First Excited State Neutrons 

E (Mev) °<Q °<1 2 °<3 c^4 ,°< 5 

4.19 108 74.0 109 68.4 30.3 
108 76.2 105 65.0 18.8 19.9 

5.08 198 2.49 177 28.7 81.9 
198 1.78 178 32.2 87.3 -7.37 

4.65 350 119 184 114 65.4 
353 115 191 101 61.3 -12.1 

4.00 272 104 237 103 76.5 
268 115 220 107 55.2 52.6 

°<6 

2.65 

-5.46 

33.0 

19.6 



TABLE H. 

Equations tot the Coefficients of Legeodre Polynomials 

la the equations listed helot# the 09s represent the neattoa 
yield os differential cvosMection at the corresponding 
eeatee«mf«masB angles* 

A. 0X — 0®$ 02*3—W°* 4 110°s J»5-i85® 

«0 » O.1S160J * G93SS802 ♦ 0.931003 * 0.471904 4 O.74480s 

<*l » I*S883(04 - 03> * 1.9856(1% « 0$) 

<*2 a 0v46270g m UO7O502 * 1#3QO103 * 2.980404 ♦ 2*2S820g 
04 3 «* 1.6443(02 «* 0<j) * 3*7877(04 * 03> 

<*4 S3 0o383701 • 3*303802 ♦ 2.394903 - 1*174O04 * G»5969J% 

B. 0^“*- 0°§ 02 30^1 03-^ 7O°S 04-- 110° S 05-*-130° 

^0 » «O*OO5?01 ♦ 0.179402 ♦ O.33470g ♦ 0.331304 ♦ G *17020- 

°<
i © 0.3465(03 - 04> ♦ 0.4405(02 * 0$) 

042 © *0.029703; ♦ 0*571102 « O.549603 * G*518304 ♦ 0.523405 

s 0*3648(02 * 0g) 03 0*9238(03 *» 04) 

«4 © 1.03530^ * 1*588902 ♦ O.8O2203 « O»393204 ♦ O.1U605 
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