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ABSTRACT 

A method has been developed for preparing thin 

films of carbon on tantalum, and the thick and thin target 

yields of the (p,y) reactions for cl2 and cl3 targets 

studied for proton energies of 0.4 to 2.7 Mevo 

With c13 enriched targets, five resonances were 

found, corresponding to levels in N14 at 8.05, 8.62, 8.70, 

9ol8, and 9.1.i9 Mev. The radiation spectrum from these 

levels has been investigated and found to involve several 

branches of decay, and transitions cascading through 

intermediate levels. 
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I. INTRODUCTION 

Nuclear reactions initiated by particle bombardment are usually 

considered to take place in several steps. The incident particle is first 

captured by the target nucleus, forming a compound nucleus, which is excited 

to a degree given by the expression 

(1) 

where M
0

, M1 , and M are the masses of the target, incident, and compound nuclei, 

respectively, and E1 is the kinetic energy of the incident particle (in the 

laboratory frame of reference). The factor M /(M + M1) gives the fraction of 
0 0 

E1 available for excitation in the center-of-mass system. 

The compound nucleus persists in this state for a time long compared 

with its time of formation ( -.-10-21 seconds) but very much shorter than is 

directly measurable ( << lo-
5
lO ). In this (relatively) long time, the ec. 

nucleus may be considered to lose track of how it was formed, subject only to 

general conservation of the total energy, angular momentum, and parity 

established by the experimental conditions. The energy of excitation is 

quickly distributed among the constituents of the compound nucleus by intra-

nuclear collisions, and the comparatively long lifetime of the compound nucleus 

may be interpreted as corresponding to the improbability of concentrating suf-

ficient energy on a single particle to ensure its ejection, or of establishing 

a mode of charge oscillation giving rise to multipole radiation. 

This state may subsequently decay through various different modes, namely 

emission of particles different from that incident, re-emission of the same ~r. 

equivalent ) particle, or y radiation. If each such mode has a probability w. 
]. 

of decay per unit time, the state has an inherent spread in energy 

Z w. 
i ]. 

(2) 

In the case of particle emission, the corresponding residual nucleus may also 
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be formed in an excited state, subject to decay by y. radiation to its 

ground state. If direct transition is forbidden, the radiation may involve 

several y in cascade. 

A study of the energy spectrum, yield per incident particle, angular 

distribution, etc., of nuclear radiation leads to information about the 

energy levels involved, and the coupling between these states. 

Generally speaking, particle emission from an excited state of the 

compound nucleus, when energetically possible, is a much more probable mode 

of decay than is direct de-excitation by y radiation, and the few cases where 

such radiation is observed at all are associated with severe restrictions 

on particle emission. Radiation associated with deuteron bombardment, for 

example, is almost exclusively associated with levels in the residual nucleus, 

whose radiation is ttforced11 by the primary process. 

There remains an important class of proton-induced reactions in light 

nuclei* where no particle competition other than scattering of the incident 

particle is energetically possible up to several Mev;states in the nucleus 

resulting from proton capture can be investigated only by (1) proton scatter

ing, (2) measuring capture y radiation, or (3) using an entirely different 

reaction in which the nucleus in question appears as the residual nucleus. 

Inspection of the energy level diagrams(l) will show that study of 

regions of excitation corresponding to the (p,y) process by means of other 

reactions is usually afflicted with formidable experimental difficulties, 

such as 

(1) unavailability of the necessary energy in present electrostatic 

accelerators, 

(2) insufficient energy resolution in other tJrpes of accelerators, 

* Proton capture resonances have been observed for Z ~ 19. 



-3-

(3) unavailability of the appropriate target nucleus, 

(4) problems associated with the detection of the emitted particles, 

especially neutrons. 

The levels which have been thoroughly investigated, as shown in Reference (1) 

are largely fortuitous, and very few levels known have been investigated by 

more t han one wode of excitation. 

The reactions of the (p,y) type which will concern us here are 

These are the first two reactions in the Bethe "carbon cycle" of (p,y) 

reactions responsible for energy production in the sun and hotter stars, 

which may be shown in a symmetric diagram: 

y 
+ 

The last reaction N15 + H1 ~> (o16)* ~He4 + c12 regenerates the 

c12 , and the net result of the cycle is a catalytic fusion of four protons 

into an alpha particle, with a net energy release of some 26 Mev per cycle. 

Reaction (3) has been studied by several investigators< 2 - 11). The 

Q of this reaction, 1.92 Mev is quite low, associated with the strong 

binding of cl2. Resonances in N13 are known at 2.4 and 3.5 Mev, and appear 

in (p,y), (p,p), and high energy (d,n) reactions. The Wisconsin group(l2) 

has carried the (p,p) scattering up to proton energies of 4 Mev, and find 

(3) 

(4) 
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0 

no further anomalies (at Qlab = 164 ). 

Reaction (4), which is the primary subject of the present work, has 

been investigated until recently only at low energy(3),(4),(5),(ll)• As it 

happens, the thick target yield from normal carbon (1.1% c13) exhibits two 

steps of comparable intensity near proton energies of 500 kev, corresponding 

to the c12(p,y)N13 resonance at Ep = 0.45 Mev and the cl3(p,y)Nl4 resonance 

at 0.55 Mev. The experimental problem of comparing these reactions will 

be discussed later. Reactions (3) and (4) are distinguishable by a marked 

difference in y energy,* and in addition the residual nucleus Nl3 decays 

to cl3 by a 10.1 minute, 1.2 Mev positron, while Nl4 is stable. The level 

at Ep = 1.7 Mev in c12(p,y)N13 was first located by Van Patter(?), from the 

+ thick target y yield, and confirmed by thick and thin target ~ activity. 

Unpublished work by Fowler and Lauritsen at this laboratory with a thick 

sample of c13 enriched lampblack was continued above l.J Mev on the 3 Mev 

electrostatic accelerator by Day and Perry, who discovered a very sharp 

resonance in the vicinity of 1.76 Mev, and a broad contribution between the 

Oo55 and 1.76 Mev resonances. It was recognized that this strong resonance 

should appear superimposed on the broader resonance at 107 Mev due to c12, 

even in a target of normal carbon. This was found to be the case by Day, 

using a thin lampblack target. He was in fact able to obtain angular 

distributions for both resonances separately(l3) 0 

The present work has involved preparation of thick and thin targets 

highly enriched in c13, and an investigation of the energy levels and y 

spectrum of N14 f rom proton energies of 0.4 to 2o7 Mev~ 

* (Q = 1.92 Mev for cl2, Q = 7.56 Mev for cl3). 
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II. APPARATUS AND EXPERil'i'.fENTAL SETUP 

The 3 Mev electrostatic accelerator recently constructed at the 

Kellogg Radiation Laboratory provided a steady source of protons, con-

tinuously variable in energy, and maintained homogeneous to better than 

0.1% by a 90° magnetic analyser of a double-focussing designC14). Current 

collected on the analyser exit slits was used to regulate the accelerator 

potential by modulating the corona drain from the terminal. Ashby and 

Hanson(l5) describe such a "Corona Triode". We have used a design giving 

a transconductance of about 70 )la/ kilovolt. This equipment has been 

described in detail elsewhere(l6). 

An auxiliary pump and cold trap between the analyser and target 

chamber helped minimize contamination of the targets by normal carbon and 

oxygen from pump oil vapor. 

The target chamber was a T-shaped assembly of 1/2" inside diameter x 

1/32" wall brass tubing, with a quartz window at the joint for inspection 

and alignment of the beam. The target support was affixed to one end of a 

drill rod passing through a sliding 0-ring seal in a brass plug fitting into 

one end of the transverse leg of the T; the plug was also sealed to the tube 

by means of an 0-ring. This arrangement made it easy to align (and reproduce) 

the target position, and to change ta.r gets rapidly. 

The basic detection unit was a system of three Geiger tubes{!- of 30 mg/ 

2 
cm glass wall and a sensitive region 3/411 in diameter x 3 1/2" long. These 

were placed in a geometrical arrangement standardized at this laboratory, 

shown in Figure (1). Secondary electrons produced in the aluminum converter 

which pass through both the front counter and either one of the two rear 

counters are registered by standard coincidence circt:its as a coincidence 

~~ Made by Radiation Counter Laboratories o 
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count. The spectrum of the initial y radiation may be inferred by studying 

the reduction in coincidence rate as a function of the thickness of aluminum 

absorber placed directly in front of the rear counters. Application of this 

method will be discussed later. 

For the thin target and absorption curve work, the counter system 

was enclosed in a special lead shield. A receptacle for a standard ThC" y 

source permitted periodic checks on counter operation. The preliminary 

thick target measurements were carried out in the setup previously used by 

Day and Perry for angular distributions(lJ). The arrangement differed from 

that described above only in that there were two separate sets of coincidence 

systems, and the entire system of target chair.her and counters wa-s enclosed 

in a large aluminum-lined house of lead bricks. The use of both sets simul-

taneously permitted securing greater statistical accuracy without increasing 

the time of bombardment. 
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COINCIDENCE COUNTER GEOMETRY 

Rear counters 
tied together 
electrically. 

~Shield 
Converter "-----· - -+ _J 

(schematic) 

~---- 131M 

Figure 1. Showing semi-schematically the coincidence counter geometry 

used. The absorbers are held in place directly in front of the rear 

counterso The ratio of coincidence counts with no absorber to front 

counts is 0.30 ± Oo03 for three to nine Mev gamma radiation. 
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III. PREPARATION OF THE TARGETS 

The original thick target used by Fowler and Lauritsen was unsatis

factory in that the copper backing used gave a strong y yield at the higher 

proton energies available with the larger accelerator. A new target blank 

was made from a strip of Sterling silver by milling a 3/8" diameter recess 

from one side to within .010 11 of the other, and soldering it to a brass 

sleeve. To secure a sufficiently durable target of this size, it was found 

necessa.ry to wet the lampblack with a dilute solution of shellac in alcohol. 

After evaporation of the solvent, the target material could be pressed into 

a pellet within the silver support. 

Preparation of the thin targets with a previously unattained thinness 

and uniformity was somewhat more complicated, and will be described in more 

detail. It was clear that thin soot films were quite non-uniform and gave 

rise to severe straggling in proton energy loss, and in addition could not 

be made thin enough for convenient investigation of narrow resonances. 

Attempts to deposit films of carbon by evaporation of the matrix from a 

colloidal suspension of graphite were unsatisfactory. So far as I know, no 

attempt at vacuum evaporation of carbon, as from an electric arc, has had any 

success at all. 

G. c. Phillips(l?) prepared thin targets of normal carbon by "cracking" 

benzene vapor on thin silver foils. In view of this, an attempt was made at 

this laboratory to crack other hydrocarbons, starting with methane. Films 

were obtained readily by passing current through .00) 11 tantalum strips in 

about 1/2 atmosphere of illuminating gas. On the metallic surface, a thin 

film was quite invisible, but was detected and measured by the y yield at 

t he 1.76 Mev proton resonance due to the 1.1% c13 present. By comparison 

with a soot target, these films were shown to be nearly pure carbon, within 

the statistical accuracy attainable (5%) on such a weak source . The la76·Mev 
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resonance was very convenient to use, since the coincidence rate from the 

J.S rfav radiation from N13 could be attenuated markedly compared with the 

9.2 Mev radiation from .Nl4, and since the targets were much thicker than 

the width of that resonance (about 2 kev), the yield was independent 'Of 

target thickness. (See Equation 15). 

Carbon enriched in c13 was found to be available* in the forms 

Baco
3

, KCN, and cH3I, of which the methyl iodide appeared by far the most 

promising. Preliminary experiments with normal CH
3

I indicated that carbon 

films were indeed formed by cracking the vapor directly, but that a tendency 

to "blister" and peel off observed with methane, was more serious, and the 

voluminous production of I 2 vapor was a nuisance in the cracking chamber, as 

it rapidly obscured inspection of the Ta strip. 

Chemical methods of removing the iodine from the methyl iodide were 

considered, of which the most direct seemed to be hydrolysis or alcoholysis 

of a Grignard reagent prepared from the methyl iodide sample, according to 

the reactions 

CH3I + Mg --+ Mg(CH
3
)r (Grignard reagent), (5) 

followed by 

Mg(CH
3
)I + H(OH) __,.. MgI(OH) + CHh (Hydrolysis) ( 6) 

It appeared however, that an elaborate setup would be required to handle the 

precious enriched material without appreciable loss or contamination or 

dilution (by exchange of carbon if alcoholysis used instead of hydrolysis). 

An order was placed for a drop of methyl iodide containing O.l grams of actual 

cl3 at an absolute concentration of 61 atom %, and the direct use of cH3I 

vapor studied in a "cracking tower" constructed for the purpose, shown in 

Figure (2). 

* From Distillation Products Industries, Eastman Kodak Company. 
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A tantalum strip 0.00211 x 1/211 x 311 is clamped at its ends to two 

heavy current leads of 1/4" copper rod, bne of which is soldered to a brass 

plug, and the other passes through Koroseal packing in a modified Imperial 

fitting, which provides both electrical insulation and a vacuum seal. The 

chamber proper is a pyrex tube, sealed by 0-rings as shown. The lower valve 

assembly was made to fit directly on a laboratory vacuum system. The method 

developed for handling the hydrocarbon phases is shown semi-schematically 

in Figure (J). Pyrex was used throughout, and convenient condensing tubes 

were made by shellackingneoprene stoppers into side-arm test-tubes. The 

system was assembled with Koroseal tubing. cH
3

I is quite active, attacking 

rubber (and skin) readily, but the simple apparatus described worked so well 

in tests with normal cH3I that it was used with the enriched material without 

further refinement. It was necessary to seal an iron plug in glass, and in-

elude it in the inner-sealed container in which the enriched material was 

vacuum-packed, so as to admit the vapor directly into the evacuated chamber, 

by breaking the inner seal. 

Transfer of the material was simply effected by condensing the vapor 

in the traps, and by allowing it to vaporize and enter into the chamber 

previously evacuated. A flask of liquid Nitrogen was used as the refrigerant, 

and suffi cient vapor pressure was attained by warming the trap gently by 

cupping it in my hand. 

The straggling of protons observed with the first films made was nearly 

eliminated by careful polishing of the tantalum, the balance being on the 

order of "natural" straggling expected from the nature of the energy-loss 

process since the carbon is presumably laid down atom-by-atom, and sho'l;]_d 

conform to the surface on which it is ''cracked". The polished strips were 

carefully cleaned in alcohol and t hen in distilled water. No difference was 

detected between films made on Ta outgassed in a hard vacuum (10-S nnn Hg) and 

those 11vacuum-cleaned11 by a glow discharge while the chamber was being evacuated 
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with the forepump alone (to about 5 microns). Since the latter process was 

easily arranged by connecting the secondary of a "neon" transformer across 

the pyrex tube, no further attempt at high vacuum outgassing was made. A cycle 

of operation of the chamber is described: 

(1) Close off supply tube and evacuate chamber and trap. Produce 

glow discharge. 

(2) Immerse supply tube in refrigerant until CH3I frozen, then 

purup off any air introduced with the sample. 

(3) Seal the trap, and close valve to pump. 

(4) Allow the CH3I to melt and expose it to the evacuated chamber, 

until the vapor pressure reaches the desired value (normally 3 

or 4 in. Hg). 

(5) Seal the supply tube. 

(6) Cracking proceeds when the Ta strip is heated to 600 to 650 °c 

(bright orange) and is allowed to continue for 10 to 20 seconds, 

depending on the pressure and film thickness desired. For the 

strip described, this required 70 to 90 amperes from a current 

transformer. 

(7) The trap i s now opened to the system and immersed in the refrig

erant, and in a few seconds virtually all the vapors (except H2) 

have condensed in the trap, which is then sealed. 

(8) Air is admitted and the chamber opened and cleaned (of iodine 

crystals), and a new strip put in place and the chamber evacuated 

as in (1). It is now possible to run several cycles, using the 

reclaimed vapors in the trap, without opening the supply tube. 

Indeed, the H2 (together with some CH4) can be pumped off as in 

(2), while the rest is frozen. 

It was found that the majority of the iodine present was cracked free 
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from the methyl group during the first cycle. Substantial carbon films 

could be obtained from the residual vapor with very little iodine generation. 

Apparently a reaction like 2cH3I ~ I 2 + c2H6 can proceed at a slightly lower 

temperature than the cracking of the C:H bond to release carbon. I 2 vapor 

was observed at about 500 °c (dull red), when no carbon was deposited. 

Trouble was encountered early in the investigation with blistering of 

the carbon film from the tantalum, and appeared to be associated with high 

rates of deposition and with buckling of the Ta strip due to thermal expansion. 

To minimize this effect, vapor pressures less than 4" Hg were used; a spring 

was attached to the copper rod above the vacuum joint to maintain tension; and 

the strip was heated and cooled as slowly as possible. The enriched targets 

made were free from the effect, though part of one did blister during sub-

sequent handling. However, by encouraging blistering, it is possible to 

remove sections intact as large as 5 x 5 mm, which should be of interest when 

an unsupported target is desired. In appearance these "foils" greatly resemble 

thin beryllium foils. It is hoped to investigate this technique further, in 

the near future. 

Several strips of nclJ,, films on tantalum were made in the above 

manner, of which the most satisfactory were 16, 8, and <: 1 kev thick, as 

measured by the resonance at 1076 Mev. 

It is of interest to calculate the amount of carbon in such films. The 

stopping cross-section for 1.76 Mev protons on carbon is E= 3o32 x 10-l5 

ev-cm2• Then, assuming the film had the density of graphite, f' = 2.25 gm/cm3, 

and using Na= 6,002 x io23 mol-1 , and an effective mol weight W = 12.61 gm/mol 

in the relation 

we obtain a thickness of 4o5 x lo-5 cm or 0,,1 .. 6 microns for an energy loss 

of 16 kev. This is then a surface density of 100jlg/cm2, and it requires 

( 7) 

about 100 Jl mol of carbon to cover such a strip. The volu.~e of the chamber 
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is about 100 cm3, and at 1/10 atmosphere contains 450 p mol of carbon in 

the vapor. Thus about 20 percent of the carbon atoms present are used in 

making such a film. In addition, the Ocl gm of c13 represents 7.7 milli

mols, so a great many such targets could be made even if each chamberful 

were "used" but once. 

Richardson(lS) has developed a similar method for producing thin films 

by cracking. He employs a thick Hickel disk on a quartz support, and heats 

it by means of a.n induction furnace. He states that the use of high vacuum 

is essential, to prevent formation of NiO. He found the degree of heating 

more critical than reported here, and got no deposit at yellow heat, as the 

metal evaporates and NiI2 is formed o Nickel was chosen since it is employed 

in large-scale cracking of heavy hydrocarbons to lighter fractions. It is not 

clear that any strictly catalytic action ta.kes place, unless Ta happens to do 

the same thing. In view of our rough agreement on the temperature at which 

the cracking takes place, and the very different physical properties of Ni 

and Ta, such action seems doubtful. It is gratifying that the considerably 

simpler methods employed here give highly satisfactory resultso Possibly 

Richardson's method would be the more useful for making thicker targets, but 

the principal interest for nuclear bombardment experiments lies in producing 

very uniform thin targets, as were employed here. 

IV. THE EXCITATION FUNCTIONS 

Before presenting the excitation functions, it will be convenient to 

collect here the mathematical expressions for the shapes expected in the 

excitation function (Yield as a function of energy) for a general resonance(l9). 

It will be assumed that the resonance is characterized by a (consta.nt) width 

at half-maximum r , and a cross-section ~R at the resonance energy ERo For a 

single resonance, 

(8) 
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Then if the bombarding beam suffers an energy loss 5 in traversing the 

target, the yield 

Y= L E (<:r/£d) dE, 
E -~ 

(9) 

where £. d is the "stopping cross-section" per disintegrable nucleus in the 

target. Since l d and ~ vary slowly with energy, for a reasonably narrow 

resonance we can evaluate them at the resonance energy and carr; out the 

integration in Equation (9)_ analytically, and find 

It can readily be shown that Equation (10) has a maximum at E = ER +(l/~j 

given by 

and an apparent width at half maximum 

1/2 
/? ' = ( /7 2 + 5 2) 

(10) 

(11) 

(12) 

In the case 

in Equation 

of a thick target ( 5 > > r ) ' the second term inside the brackets 

(10) ~ + ...:n::o It is sometimes convenient to interpret the "bell-
2 

shaped" function (10) as the difference between two infinitely thick target 

yield functions, one centered at E = ER' the other displaced to 

by the target thickness ~ . It follows from Equation (11) that 

higher energy 

Y (ro) = n- c-Rr , 
max 2 £ d 

(13) 

and that Ymax< s ) = ; tan-1 ( * ). 
Ymax( oo) I · 

(14) 

Another relation involving the target thickness computes the average energy 

loss from the area under the excitation curve: 

A ( ~ ) = fy dE = .!!:._ o-R r ~ = y ( ro) • C 
S _/ J 2 t d ) max 5 (15) 
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This result can be shown( 20) to be independent of the homogeneity of the 

beam and the exact shape of the thin target yield. 

The excitation function obtained with the c13 enriched lampblack target 

is shown in Figure (4). Since Nl4 produced is excited to about 9 Mev while 

Nl3 is excited to about 3 Mev, an 0.15011 aluminum absorber was employed in 

the coincidence setup described previously.* This thickness of absorber 

reduced coincidence counts from N13 radiation to a negligible level, while 

attenuating 9 Mev radiation only about .50%. The coincidence excitation 

function shown is thus a measure of the high energy yield only. The bombard-

ment was carried down to · 6oo kev, as low as it was convenient to operate the 

accelerator. The low energy data was in agreement with the data obtained by 

Fowler and Lauritsen on the 1 1/2 Mev accelerator for proton energies of 400 

to 1200 kev. The two sets of data were normalized at 700 kev, as shown. 

The strong sharp resonance at 1.76 Mev manifests itself as an abrupt 

"step"o The "rise above resonance" observed in the low energy data is seen to 

exhibit the general features of an extremelJr broad resonance centered near 

1.3 Mev, and extending over several Mev. In this case the assumptions under-

lying Equation (10) do not apply. 

A small bump appears at 1.16 Mev, and is more marked in the front 

counter data (not shown), as is a similar bump at 2.1 Mev which is not 

resolved in the coincidence curve at all. These weak resonances thus give 

much softer radiation than do the principal resonances. 

Data is given in Table I for the relative thick target yield of the 

three principal resonances: 

* Absorption equivalent to 0002011 of aluminum provided by the counter walls 
has been included in labelling the drawing 110.170 11 Al absorber 11 o 
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TABLE I 

ER Y1 (front) c ( coinc) C/yl Eex Ymax( co) 

Oo55 l l 1 Sol 1 

lo) 109 1.8 .95 8.8 1.8 

1076 1.67 2.2 1.3 9.2 lo.5 

It is apparent from the C/y1 column and the attenuation of secondaries 

from softer radiation in the coincidence measurements, that (a) the radiation 

at 1.76 is harder than that at 0.55 Mev, and (b) the radiation from the broad 

resonance may contain softer components. In the values given in Table I for 

C and y
1 

(counts), account has not been taken of the Geiger tube efficiency 

(counts/quantum), which increases with quantum energy. In the following, it 

will be a3sumed that this efficiency is accurately given by Fowler's expression* 

(16) 

valid at least above 2 Mev, for the counters employed with aluminum converters. 

Allowance for this difference and the different attenuation in the 

absorber is sufficient to reconcile the front and coincidence rates at the 

1. 76 Mev resonance if the radiation there and at 0.55 Mev is primarily of the 

available energy Eex• Conclusion (b) is supported since C/y does not_ increase 

with E • It may be pointed out here that if a state of given excitation 
ex 

decays by cascade, or even in several branches of cascade, the several quanta 

of lower energies are detected with correspondingly lower efficiency, so that 

the single counter measures the number of primary disintegrations, independent 

of the details of the spectrum. Relative values of y
1
/Eex are given in the 

column of Table I labeled Y (o:>). 
max 

With the original thick target, Day and Perry determined the location 

* Compare Reference (19), p.264. 
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o f the sharp resonance as 1754 ~ 3 kev, and its width as 2.5 ~ 0.5 kev. A 

later value of 1757 = 3 kev on the same target may have been shifted up by a 

layer of contamination deposited by the beam. It was hoped to secure more 

precise values with the more highly enriched and uniform targets, but dif

ficulties with regulation of the magnetic analyzer arose and made it difficult 

to validate a more precise determination of the energy. A sharper value for 

the width will be discussed below. It is planned to carry out this important 

experiment as soon as the electrostatic analyzer now being tested can be 

calibrated. Indeed, the resonance should prove very useful as a standard 

itself, as it is believed the sharpest proton resonance now known in the light 

nuclei (Z ~ 10), and its high energy radiation makes detection convenient. We 

shall continue to refer to it here as the ttJ.. 76 Mev resonance". 

Sections of several c13-coated tantalum strips were selected and their 

"profiles" examined by means of the sharp resonance. A 16 kev target par

ticularly free from straggling was used :i.n most of the following work. 

A preliminary survey was made with one such 1116 kev" target, in roughly 

15 kev steps from proton energies of 0.7 to 2.2 Mev, using only o.05on aluminum 

absorberi~, with the current integrator set to accumulate 111 microcoulombs. 

The coincidence curve is shown in Figure (5), and brings out the weak resonances 

at 1.16 and 2.10 Mev. By the use of Equation (12) and the known variation 

with energy of the stopping cross-section for carbon to find the thickness 

at other energies of a target 16 kev at 1.76 Mev, the widths were found to be 

about 5 kev at 1.16 Mev and 45 kev at 2.10 Mev. In addition, the broad 

resonance centered near 1.3 Mev is seen to be rather unsymmetrical. Some pre

liminary absorption curves were made, confirming the soft nature of the radiation 

at the weaker resonanceso 

* Added absorber~ see footnote Page 170 
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Witp. 0003011 absorber, to suppress only the annihilation quanta from 

the Nl3 positron decay, a complete excitation curve was run, with twice the 

charge and more closely spaced intervals. As is seen in Figure (6), P.2lb, 

a good deal of structure was revealed. Attention is called tc the scale, on 

which the 1.76 Mev yield is 16 times the height of the paper. 

The regions of the principal resonances were repeated, and examined 

with thinner targets. Successive runs were made with a large overlap, and 

It the operation of the counters checked periodically with a standard ThC source. 

Background readings were t aken by bombarding a 20 kev nonnal carbon film de-

posited on tantalum in the same manner as those enriched in c13. The two 

targets were mounted on opposite sides of the target support, which could be 

rotated, so that background checks were made without delay or other changes 

in the system. The background of coincidences was small. Above 2 Mev, a 

large amount of very soft radiation from the tantalum produced many singles 

counts, giving rise to accidental coincidences. This effect was suppressed 

by the addition of an extra 1/811 lead .converter> without affecting appreciab-

ly the high energy radiation. 

The data has been plotted showing the statistical error :: Vil"" for n 

counts, which becomes important when working with the small yields studied 

here. 

The smooth background curve i s also shown. The normal carbon target 

was bombarded in the regions of the resonances presu.'Tl.ed due to c13 for a suf-

ficiently long time to insure statistically significant values of the normal 

yield. The assignment of the resonances at 1.16 and 2.10 Mev was confirmed 

in this manner. In between background checks were merely observed to be 

consistent, and were generally negligible. The 1.70 Mev resonance due to c12 

is clearly shown in the "background'' curve.* Because r cc13) << J << r (cl2) 

* The enriched (61%) cl3 target is of course impoverished (39%) in cl2, while 
the "background" is taken with a normal (98.9% cl2) fractiono 
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( compare Equation 14), the sharp c13 peak stands out cle8rly and indicates 

the width and uniformity of the target. The 0.55 Mev resonance was examined 

using the "Mas~ Two" (H
2
+) component of the beam, and the data overlapped 

with the Mass One data for 200 kev, justifying its use free from serious 

contamination with deuterons.* 

Because of their very small yield, the resonances at 1.h7 and 1.55 

Mev could not be definitely assigned to cl3 by comparison with normal carbon. 

The region was examined with a target half as thick, and the reductions in 

yield and observed width favor values of about 16 and 6 kev for the widths 

if that assignment is correct. However the region was also examined with a 

"normal" target, and a bump about 1/5 as large found at 1.55 Mev. A somewhat 

larger bump was found about 60 kev below 1.47 Mev. A fresh "normal" target 

showed no effect at all. An attempt was made to identify possible impurities. 

The light nuclei are ruled out by their well known excitation functions, as 

is phosphorus, the only impurity anticipated from the chemistry of preparing 

the enriched material,** whose yield function( 2l) does exhibit resonances in 

this region, but also shows stronger resonances which we did not observe. 

Blank (and negative) runs were also made on Ta strips exposed to CS 
2 

and to I 2 vapors in the cracking chamber. Iodine would hardly be expected 

to admit proton resonances, because of the forbidding barrier factor for 

Z = 53. It would not be surprising to find a "trace" of iodine trapped in 

the target, however. One of these targets was used in scattering experiments 

(22) and a small Unidentified bump appeared in the analyzer Bf' spectrum just 

before the strong Ta rise. Interpretation as scattering due to 53I127 is 

* The gamma yield following (d,p) and (d,n) reactions in carbon would be 
at most only a few percent of the (p,y) yield if the beam had a normal 
isotopic content of deuteriumo 

if* D. W. Stewart (Eastman Kodak Company), private communication. I also 
understand that our "normal methyl iodide'; al though also made by Kodak, is 
made by a different process than the enriched material. 
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plausible, in which case the intensity relative to carbon scattering would 

' * imply an iodine contamination of :not_more · than 0.5%. 

In view of (a) the weak intensity of these 1.47 and 1055 Mev peaks, 

(b) the difficulty of unequivocal assignr.i.ent, and 

(c) the complexity of interpreting even the much stronger 

resonances, 

these two resonances will not be treated further. 

The target enrichments were checked by the yield at 1.76 Mev and found 

to be 64.6 ~ 3%, so it seems safe to take DPI 1 s value of 61% as exact. Identi

cal yields were obtained from normal films and normal lampblack, so the 

stopping power of the target may safely be taken as that for pure carbon. 

The principal resonances were examined with several targets and the 

yields and observed widths reconciled by the use of Equations (12), (14), and 

(15) to give values for the widths, which are tabulated in Table II: 

TABLE II 

ER (Mev) Oo55 1016 1.3 1. 76 2ol0 

r (kev) 32.5 6 - 450 2.1 45 

Error (kev) + 1 + 2 - +0.2 + 3 - - - -
In the case of the 1.76 Mev resonance, a target was prepared for which the 

(integrated) width was 0.5 kev. The 1.3 Mev resonance is so broad that its 

half-Y.ridth is a function of energy, and not very well defined. Also, it will 

be noticed that the detailed excitation function shows some non-resonant yield 

above 1.8 Mev, which must extend to somewhat lower energies, and how this may 

be related to the "tail" of the broad state is not certain. 

The lowest resonance was examined in somewhat greater detail, to find 

YmaxC g )/YmaxC ro), and to pursue prelimi?:le..ry evidence that the width was 

-i:- Ward Whaling, private communication. 
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rather less than the 40 kev previously reported.()) The resonance is 

somewhat unsymmetrical ( r is not a constant in the dispersion formula, due 

to the rapid variation of the penetration factor at low energies), so that 

interpretation plays a part in the value given for r . The excitation 

function for this resonance was studied with the same target at three angles 

to the beam, and the target profiles were measured at 1.76 Mev for each 

position, so that knowledge of the target thicknes ses was not dependent on 

accurate measurement of the target angle. At both 0.55 and 1.76 Mev, the 

target thickness was calculated by integrating t he yield function and using 

Equation (15). The thickest target used was sufficiently thicker than the 

resonance width that advantage could be taken of the ''infinitely" thick target 

yield function, Figure · (4), which was normalized in magnitude to fit the 

thickest "thin" target data at the point of inflection and below. Y ( oo) max 

was taken as the value at 700 kev. 

Finally, the interpretation of a thin target yield as the difference 

of two thick target yields mentioned in connection with Equation (10) -- which 

follows from manipulation of the limits of integration in Equation (9) and 

does not depend on the integrand having a particular form -- was used as a 

check on target thicknesses, by determining graphically the shift of the 

thick target functions required to "explain1t the thin target functions. These 

results are shown in Figure (7), where the symbols X denote values calculated 

graphically for the positions shown (dashed lines) of the displaced thick 

target yield function. The internal consistency of these procedures is shown 

in Table III o 
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TABLE III 

Target angle Q 0 60° 75° 

Integrated 51 • 76 15.5 57.9 
Target 

29.2 kev 

~1.76(00)/cos Q 
Widths 

(15.5) 31 58 kev 

2o) X ~ 1. 76 35o7 67 133 kev 

Integrated S 0.55 32 68 134 kev 

Shift for best fit 35 66 130 kev 
--

Ymax( S )/YmaxC oo) Oo50 o. 71 0.90 

Observed r ' 48 70 133 kev 

r = v'r ,2 - ~ 2 32.5 - - kev Resonance 

r from Equ. (14) 32 33.4 - kev Width 

Final Result: r = 32.5.: i kev at ER = Oo554 = 0002 Mev. 

The value for the resonance energy obtained from subtracting half the target 

thickness from the energy at the maximum (for the thinnest target) is 555 ! 

2 kev, while that from fitting the thick targe t yield function _is 552 + 3 kev. 

The latter is more uhcertain because during the long bombardment with Mass 

Two, a layer of contamination built up on the target. The low energy data 

was shifted by an amount calculated from the shift necessary at 1.76 Mev (2.J 

is the ratio of stopping cross-section at 0.55 and 1. 76 Mev). Vfo are thus in 

complete agreement with Fowler's value(S) of Oo554 + .002 Mev, but conclude 

that the resonance width is some 20% smaller than his value of 40 kev. 
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V THE ABSORPTION CURVES 

A study of the radiation from each of the principal resonances was 

made by measuring the coincidence counting rate as a function of' absorber 

placed between the counters. The absorbers were held in place directly in 

front of the rear counters by a phosphor bronze strap spring. These "absorp-

tion curves" were carried below 1% transmission until background, accidental 

coincidences, and statistical fluctuations became serious. The front counter 

was used as a monitor on constancy of the radiation from the target. Back-

ground readings were rr.easured with 00700 11 aluminum absorber in place and the 

radiation present, to include the effects of accidental coincidences. The 

data was corrected for this background and normalized to unit transmission 

for zero (added) absorber, and plotted as discussed below. 

A "master curve" for absorption of secondary electrons from y radiation, 

applicable to this geometrical arrangement, has been prepared by Schardt( 23 ) 

based on Reference 5 and an experimental study of several well known y rays. 

A copy of this set of curves is reproduced in Figure 8 on the same semi

loga.ri thmic scale as are shown the cl3(p,y)Nlh data in the f ollowing Figures 

9 - 12. 

Radiation of a single energy is expected to exhibit the shape of the 

interpolated "master curve". If the radiation consists of several y's of 

different energy, the composite curve could be calculated. If we call the 

transmission function of absorber thickness for a particular energy T(x,E), 

then the composite function for radiation composed of fractions fi of y's of 

energy Ei will be 

T(x) (17) 

where the factors Ei arise frofl the linear dependence of Geiger tube efficiency 

on energy given by Equation (16). As an example, if a 9 Mev state decays by 
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6 and 3 Mev y's in cascade, we would expect a transmission curve obtained 

from the (algebraic) sum of T(x,6) drawn to intersect the (logarithmic) axis 

at 0.67 and T(x,3) intersectinb at 0.33. In analysis of unknown mixtures, the 

process is reversed. The high energy tail of the experimental curve is fitted 

* to the master curve, and the fitted curve drawn across to intercept the axis. 

The intercept gives the fraction of counts due to that energy. Then the 

(algebraic) difference is replotted, and in principle the procedure could be 

repeated. Unfortunately, if proper account is taken of the probable errors 

of the data, and those inherent in such graphical solutions, the procedure 

outlined cannot be carried very far. In addition, the linear dependence of 

detection efficiency on energ'J causes high energy quanta to mask the low, and 

in the case of complex radiation, involving more than two y's in cascade, 

or involving competing branches of decay, the above procedure does not yield 

very satisfying results. This appears to be the case for cl3(p,y)Nl4 : both 

branching and cascades occur. 

In Figure 9, the absorption curve for the 1.3 Mev resonance is showno 

'!''.'le tail has been fitted by a curve corresponding to 8.8 Mev, the energy of 

excitation. For thin absorbers, the curves break away, and the difference 

is seen to correspond to much lower energy, suggesting the possibility of a 

triple cascade. Since the balance seems to be quite low energy, the impression 

of small competition given by the curve is especially misleading. To illustrate, 

suppose we assume rashly that the 20% of the counts (extrapolated to true zero 

absorber) are due to competition of a branch comprising three equal y's in 

cascade. Then 3/4 of the radiation quanta are of this sort, and l/h the full 

energy, which implies equal branching. 

That the discrepancy at thin absorbers is not simply a result of using 

* The use of the curves on tracing paper facilitates this operation. 
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inappropriate "master" curves is shown by Figures (10) and (11), where the 

radiation from the 0.55 and 1.76 Mev resonances is very well fitted by the 

assumption of pure ground state transitions. 

The radiation from the 2.10 Mev resonance does not exhibit 9 Mev 

quanta at all, and this time the graphical analysis indicates a cascade 

process by 6 and 3 Mev steps. 

The other weak resonance, at 1.16 Mev exhibits a mixed radiation also, 

but its analysis is further complicated by its location astride the broad 

1.3 Mev resonance. The same target was used as for the excitation function 

shown in Figure 60 Subtraction of 30% of the absorption function obtained 

at 1.3 Mev from that obtained at 1.16 Mev does not eliminate the 8.6 Mev 

tail, but reduces its contribution (at true zero) from 35% to 25% (in 

counting rate) and makes the bala.nce resemble 2.5 Mev rather than 3 Mevo 

We may conclude that 

(a) the strong resonances at 0.55 and 1.76 Mev radiate primarily 

to the ground state; 

(b) the broad resonance does so only about half the time, the 

balance being by low energy cascade; 

(c) the 2.10 Mev resonance decays by a cascade involving y's of 

about 6 and 3 Mev; 

(d) the radiation at 1.16 Mev cannot be disentangled by the present 

analysis. 

The absorption curves are summarized in Figure 12. 

Considerable interest has been aroused by this compl€x spectrum, but 

its low intensity makes spectrometer techniques difficult to apply. Pre-

liminary examination of' the stronger resonances with NaI scintillation 

crystals( 24) indicated much more sensitive detection of the softer components. 

More information on the spectrum should be forthcoming. 
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VI. THE ABSOLUTE YIELDS 

Although results obtained in rela.tive excitation functions and 

comparisons made with a given experimental ·set-up can be considered as 

reasonably secure, and in many cases relative intensities can be measured 

to high precision, the measurement and calculation of absolute intensities, 

or the comparison cf radiation differing greatly in intensity or composition 

encounters serious experimental limitations, some of which will be discussed 

below. 

Because of the dependence of cross-sections and radiation widths on 

absolute yields , and the interest in the part played by the carbon (p,y) 

reactions in the "carbon cycle" of energy production, the problem of the 

absolute yields has been approached in several different ways, involving: 

(a) direct calculation of detection efficiency; 

(b) comparison with the well known thick target yield from fluorine; 

(c) comparison of the yields due to cl2 and cl3 from a thick target 

of normal graphite; and 

(d) an independent determination of the c12 (p,y)N13 yield from the 

concomitant yield of N13(B+)c13. 

The following considerations have been taken into account in making 

absolute measurements and comparisons: 

lo The detection efficiencyo Equation (16) for "aluminum wallstt 

may be used as the maximum efficiency approached by using a converter just 

thicker than the maxi~um range of the secondary electrons produced by the 

radiation in question. The counter tube was surrounded by a set of nesting 

cylindrical sleeves totaling 1.51 cm in thickness, which is sufficiently 

thick t o give saturation intensity of secondaries from 8 Mev radiation, and 

also to stop the pairs accompanying the 6.3 Mev radiation from fluorine o 

(see paragraph 4. ) 
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2. The effective solid angle of radiation intercepted, which is 

somewhat less than (area)/(distance) 2, since the ends of the sensitive 

volume are farther from a symmetrically placed source than is the center, and 

the actual counting volume is cylindrical, and secondaries are scattered 

into it from all directions. These geometrical factors are discussed in 

detail in Reference (19), P. 269. The corrections mentioned amount to 7% 

for the counter used, at a distance of 10.0 cm from the target spot. 

Measurement of the sensitive area is subject to an uncertainty of 5%. 

3. The attenuation of the primary radiation in the aluminum converter 

(7.8% for 6.3 Mev radiation), and in the brass walls of the target chamber 

(2.6%). 

4. In the case of fluorine, about 1/2% of the yield at 1 Mev is in 

the form of nuclear pairs, which could give rise to as much as 10% excess 

counting rate, were they not stopped in the converter. Detection of an-

nihilation radiation fro ir t he positrons is negligible. 

5o Angular distributions. The radiation from the low resonances in 

cl2 and cl3 are known to be essentially isotropic(ll), and the thick target 

yield from fluorine very nearly so. What has actually been measured is 41\ 
0 

times the differential yield at 90 • The thick target yield measured in this 

manner has been given as 6.9 x 10-7 disintegrations/proton at 960 kev by 

Fowler and Lauritsen(5), and found to be 3% greater at 1.000 Mev*, which is 

consistent with the value of 7ol x 10-7 obtained from the more recent results 

of Chao, et. a1C 25) taking into account the small anisotropy of radiation. 

6. Counting rate loss due to the dead time of the counters and 

associated equipment. The dead time and recovery time were found with the aid 

of a synchroscope to be about 2)0 microseconds each. Since these were 

* R. B. Day and E. J. Woodbury, private communications. 
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surprisingly low, the counting rate loss for the entire counter-scalar

register system was checked by varying the proton current on a fluorine 

target, and the effective loss found empirically to be 1% at 250 counts per 

second. Counting rates were kept well below this value. 

7. Current and charge measurement. The leakage rate from the 

current-integrating condenser was measured, and was found to be a source of 

not more than 0.1% error. The absolute value of the condensers was lm.own to 

1%. The integrator trigger circuit was set to stop the counters when the 

condenser had charged up to 50.0 volts. The target tube itself formed a 

deep Faraday cage for charge collection, and a guard ring held at ... JOO 

volts with respect to ground was used to suppress any secondary electronso 

Two sets of tantalum trimming slits and an additional diaphragm insured that 

no charge was being collected which did not strike the target. The CaF2 

crystal used as a fluorine target was crossed with fine tungsten wires just 

outside the area bombarded to minimize the tendency to charge up and spark 

to the target support. 

B. The c13 target was the same one used for the excitation functions 

and absorption curves, and for which Y = 0.50 Ymax as discussed in connection 

with the measurement of the width of the lowest resonance. A local excita-

tion curve was run to be certain no layer of contamination had shifted the 

peak. Mass Two (H2+) was used, but as discussed in connection with the 

excitation function any thin target yield from normal deuteron contamination 

should be quite negligible. In the calculations due account has been taken 

that each microampere o.f H2+ corresponds to two microamperes of protons. 

9. Since the intensities as measured (counts/p coul) for F and cl3 

differed by a factor of 111, and the background was about 0.3% of the maximum 

allowable counting rate, and moreover the accelerator would not operate and 

regulate properly for a beam-current range much exceeding a factor of a few 

hundred, it was necessary to place the counter at a distance from the target 
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so chosen that at the minimu.~ beam current the fluorine counting rate was 

reasonable, and yet that from c13 at the maximum beam was well above the 

background, in addition to satisfying the requirement that the geometrical 

correction discussed under (2) be small. A distance of 10 cm was chosen 

from preliminary estimates of the yields and operating conditions. 

10 0 To attenuate the large background counting rate, the counter and 

target tube were completely surrounded by a large box of lead bricks 2 11 

thick, lined with 3/8 11 aluminum to minimize scattering-in of radiation. A 

A smaller counter placed closer to the source would have shown a proportion-

ately smaller background, but it was thought desirable to use the same 

Geiger tube used previously as the front counter in the coincidence experi-

ments. The background values were obtained with the beam striking a clean 

tantalum surface mounted on the back of the rotatable target support, so as 

to include possible effects of radiation from the defining slits or X-rays 

from the tantalUill backing. In the case of the c1 3 target, the background 

from the accelerator amounted to some 7'f; of the counts, and to allow for any 

irregular variation, runs lasting about a minute were taken alternately on 

target and on background, and a small time-dependent correction made. Both 

the raw data and net values exhibited normal statistical fluctuations, and 

enough cycles were taken to insure results statistically significant to 1%0 

A yield of 1940 counts/microcoulomb was found for f luorine at 1 Mevo 

Using as the effective solid angle 1.62% of a sphere, the absorption cor

rections mentioned above, the ratio 6.24 x io12 protons/microcoulomb, and an 

efficiency of Oo 70 (6.3 Mev) = 4.417&*, the yield calculated is 6090 x 10-7y/p0 

This agrees with the expected yield to well within the uncertainties of the 

calculationso If we adopt 7.1 as the standard value, other measurements may 

* The actual thick target yield is a cow.plicated mixt\;_re of 6014, 6.91, and 
7.11 Mev radiation, but ii' the intensities in Table V of Reference (25) are 
weighted according to their respective energies, the effective energy is 6.J 
Mevo 
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be corrected in the ratio 7.1/6.9. 

The corresponding result for cl3 was 8070 counts/microcoulomb (of 

protons). By a similar calculation, including the additional factor of 2.0 

to correct the thin to thick target yield, a~d the 3.6% correction from the 
_o 

fluorine standardization, we find a yield of 4.9 x 10 / for the target taken 

to be 61% c13. The yield for pure c13 would then be 8.0 x 10-9, and Oo9 x 

lo-lO for a normal (l o12%) carbon target. 

This is in a.greement with previous comparisons made with somewhat 

larger uncertainties. It must be recognized in quoting "absolute" figures, 

and applying small "corrections", that it is very difficult to va.lidate the 

calculation of absolute yields to much better than 10%. The value used for 

the fluorine yield may not be very much more precise. 

VII. COMPARISON OF c12 AND c13 YIELDS IN NOfilli.AL Cf.REON 

Before enriched material was available, the thick target yield from 

c13 was estimated from the excitation function by an attempt to disentangle 

the "double step". This is a very difficult experiment. The yield is of the 

or der of l0-9y/p, or 6 x 103 y/ ).l. coul. In order to calculate the effective 

solid angle, and minimize uncertainties in the calculati on due to differences 

in the distribution of the secondaries from 2.h and 8 Mev radiation, it was 

necessary to place the counter so as to intercept only about 2% of the 

radiation, which moreover was detected with an efficiency of less than 2% 

(for cl2), so that the counting rate is only a few counts/sec with as much 

as a mi croampere of protons. This makes collection of statistically signifi-

cant information extremely tedious and insecure. In addition, the 2.nnihilation 

radiation from N13 positron activity built up during long bombardments 

contributes a noticeable part of the counts recorded. With the aid of 

coincidence counting of the high energy radiation and positron counting of 
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the N13 yield, Fowler and Lauritsen* were able to study the shapes of the 

two excitation functions in the vicinity of Oo5 Mev. They were f ound to be 

somewhat unsymmetrical about t he half-maximum point, and the widths reported 

were the energy differences between the 3/4 and 1/4 maxim~ points. Both yield 

functions were found to continue to rise well 11 beyondn the resonances. The 

yields reported were 7.2 x 10-lO for c12 and 1.8 x 10-lO for c13• The latter 

is twice that calcula ted above for the most reliable enriched target data. 

This discrepancy was noted in earlier preliminary calculations , and an in-

vestigation of possible contamination in t he thin target pursued. The thin 

** targets exonerated , it was thought of interest to try to repeat the above 

experiment on the 3 Mev accelerator. 

This was done with a similar counter at the same distance from the 

target (8 cm) used by Fowler, enclosed in the aluminum-lined lead house 

described above. By t he use of t he copious H2+ component of the beam, 

equivalent to 4 microamperes of protons, it was possible to obtain data 

with a 3% statistical error in a bombardment lasting only 2 minutes. In ad-

dition to the greater statistical accuracy attainable with the much higher 

counting rate, it is felt that in this case the contribution of the annihila-

tion radiation was nearly all included in the backgr ound measurements, which 

were made between every few points (during a 2 minute count the average 

counting rate due to a 10 minute half-life decay is only 7% less than the 

rate at the beginning of the counting period.) o The results are shown in 

Figure 13. The double exci ta ti on function was analyzed with the use of 

Fowler's positron excitation curve, and the thick target y curve obtained 

with enriched material. The positron data, normalized in amplitude to agree 

at the point of inf lecticn, is in compl9te agre ement with our y yield. The 

enriched target curve , whose shape is now well established, was adjusted in 

* This data is presented in Figure 1 of Reference (19), P. 2Lf3• 
-1H:- 1/2% of iodine would increase the stopping cross-section by only 2%. 
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runplitude to secure best agreement with the normal yield curve when added 

to the positron curve. The points on the positron curve marked "Annihilation 

Quanta" are from an entirely different experiment to be described in the 

next section. In view of the serious statistical scatter of the earlier y 

data (not shown), it is in (rough) agreement with the excitation function 

shown here, both as to shape and observed counting rate. 

However, detailed interpretation of the curve in the manner shown (with 

the advantage of hindsight about the separate shapes) gives considerably 

different results. Fluorine at 1 MeY was used as a check, and a value of 

6.9 x l0-7y/p calculated from an independent set of geometrical valueso 

Using the above analysis, the yields calculated are 7.0 x lo-10 for cl2 (at 

1 Mev} and 1.1x10-lO for c13 (at 700 kev). 

At the ti~e this experiment was performed only 0.87 cm of aluminum 

converter was employed. From a curve showing the building-up of secondaries 

from 7.4 Mev Be9(p,y) radiation to within 4% of saturation for this thick-

ness, the loss for 6.3 and 8.1 Mev radiation can be estimated from our 

absorption curves as 2% and 5%, respectively. In the case of fluorine, this 

loss would be made up by about 2% excess counts from tte pairs. This cor

rection would raise the c13 figure to 1015: Ool5 x lo-10• We will return 

to the question of the c13 yield after discussing the independent measurement 

of the cl2 yield mentioned above. 

VIII. THE THICK TARGET YIELD OF c12(p,y)Nl3 

Advantage was taken of the scintillation counter and associated 

equipment used by Walker and Day( 24) to obtain the thick target excitation 

function of cl2(p,y)Nl3 from the Nl3(~+)cl3 activity produced in the targets. 

Difficulties attending absolute beta detection were circumvented by removing 

the targets from the vacuum system and placing them in a standard position 

on the light shield directly over the NaI crystal and photomultiplier. The 
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targets were covered by a recessed block of aluminum, so the positrons were 

annihilated in the immediate vicinity of the targets. The targets were 

pills turned (dry) from a block of Acheson graphite. They were held by 

the edge in a recess in a quick-change target probe, and clamped firmly 

in place from t he rear by a phosphor bronze spring strap. The target could 

be rotated to one side and the beam accurately aligned on a quartz window. 

Loss of Nl3 by d:i,.ffusion out of the graphite was considered to be negligible 

at the moderate temperatures developed in the targets, as no build-up of 

activity was detected by a shielded Geiger counter placed in the exhaust 

l·tne of. the -target system pumpi ng system. 

N13 has a half-life of 10.1 minutes< 26), and a corresponding decay 

constant A= 1.142 x 10-3 sec-1 • If the target is bombarded for a time tb 

with a proton current i, allowed to decay for a time td' and then counted 

for a time tc by a counter whose effective efficiency is f = 2 ( 
0
51 0 , 

then 

Counts recorded= Yield x f x i A -.... 1 (1 -..,!_ ).. tb) e- Atct (1-e- >- tc) (18) 

bombardment decay counting 

For A tb < < 1, the bombardment factor can be expanded in a rapidly convergent 

series, and (itb) set equal to the total charge q collected by the integrator, 

so that the bombardment factor in Equation (18) is 

q [1- < X tb)/2 + c A. tb)
2/6 + ••• ] . (19) 

The effect of rapid current variations was smoothed out, and since tb did not 

exceed a few minutes, the approximation made in obtcining (19) was negligible. 

For an exa."'llple of the quantities involved, bombarding at 1 Ivlev, collecting 

222 microcoulorr.bs in 200 seconds, followed by a deJ:ay of 90 seconds, and 

counting for 240 seconds led to about 15 kilocounts, about 1/5 of the ultimate, 

and giving less than 1% random counting error. 

The excitation function for the reaction was taken between 0.45 and 

2.2 Mev with (a) a single channel differential pulse analyzer etraddling the 
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annihilation photo-peak, and simultaneously with (b) a discriminator set just 

below the peak. Because of drifts in the differential channel setting, the 

differential data showed somewhat larger scatter than the integral data, 

which reproduced within the expected random error. The integral data, cor-

rected to ultimate values by Equation (18), is shown in Figure 14, and is 

believed to give the relative excitation function to ~ 1%. The upper 

resonance is located at 1.70 + .008 Mev, and has a width of 70 + 5 kev. The 

curve corresponds to the integral of a symmetrical Breit-Wigner resonanceo 

The ratio of yields at 2.00 and 1.00 Mev is found. to be 2.39 + .05. The 

yield at 2.00 Mev from a 70 kev resonance at 1.70 Mevis expected to be 

4.5% short of Ymai(oo), so from our data we may conclude that the total yield 

of the upper resonance is 1.45 + .03 ti~es that of the lower.resonance, a 

result which is in agreement with, but more precise than the value 1.3 + .2 

given by Van Patter(7)o 

The effective efficiency f was determined by comparison of the cou.~ting 

rate in the annihilation channel with the strength of a Na22 source placed 

in the standard position. The source strength was compared on a Geiger-tube 

"bench" with that of a "standard" Na22 source determined by T. Lauritsen in 

a ~-spectrometer as 3o53 x 106 disintegrations/sec (±_ 5%) on 27 February, 1951. 

This value itself was determined by compc>.rison of the 1. 2 Mev y line with a 

standard co60 source. Allowing for a 3% decay (2.6 yr half-life) since the 

time of determination, the weak source prepared was found to have a source 

strength of 3o0 x 104 disintegrations/sec (±_ s.5%). This gave the efficiency 

as 5.0%. Finall~r, two separate comparisons of the radiation in the annihila

tion channel from Nl3 at Ep = 1.00 Mev and that from the Na22 source were 

made, and allowing for a systematic error of about 10% due to radiation scatter-

ed into the annihilation channel from the 1.2 Mev line (determined from the 

complete integral and differential bias curves), the yield of c12 (p,y)N13 was 
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de te rmine d as 7.7 x 10-lO N13/proton for normal carbon at Ep = 1.00 Mev, 

which is in agreement with the value previously reported(5), 7.3 x io-10 

(~ 10%). Averaging these two independent deterrnihations, we may conclude 

that the yield is 7.5 x 10-lO N13/proton (! 7%). 

A further check on the ratio of cl2 to cl3 yields at 0.5 Mev may be 

obtained from the ratios at 1. 7 Mev in a somewhat circuitous manner indicated 

by the identity( cl2 ) ( cl3 

7 
( 012 ) ( 012 ) Oo4S 1076 1070 0.45 

C13 = cl3 cl3 c12 
Oo55 0.55 1.76 1070 

0 (20) 

0 
The first rcitio on the right is 1047 (at 90 ) from the enriched thick target 

yield (Table I), and the third ratio was determined in the e:xperiment just 

described, namely 1/(1.45). The c12/c13 ratio at 1.7 Mevis the limiting 

factor both in magnitude in precision, the others being kno'l\in to a few percent. 

In some respects, this ra.tio is harder to obtain than that at Oo5 Mev, 

since the yields are still small and both thick target "steps" must be sub-

tracted from the total yield, magnifying statistical uncertainties. Moreover, 

both upper resonances have a marked angular distribution (lJ). 

From the thick target data, Day estimates the upper ratio of coincidence 

0 counts at 90 as 2.8 + O.J. Ey a numerical integration of the two components 

of a thin target excitation curve, a corresponding value of 2.4 ! 0.3 was 

obtained (by use of Equation (15), the target thickness cancels out in the 

ratio). Using the everage value of these determinations, and allowing for the 

absorption in the converter and absorber, the counter efficiency, and the angu· 

lar distribution in the case of cl2( t hat of cl3 cancels out), the ratio of 

yields should be 8.8 + 1at1.7 Mev and 9.0 + 1..5 at 0.5 Mev. If the c12 

yield is 7.5 x io-10, t hat of c13 is predicted by this method to be o.83 + 

.15 x 10-10• This che ck confirms the determination of the yield found with 

the enriched thin target, but does not contr ibute a.ny additional precisiono 
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IXo SCINTILLATION COUNTER MEASUREMENTS OF THE Nl4 RADIATION 

E. J. Woodbury at this laboratory has used some of the cl3 enriched 

targets in an investigation( 29) of the yield of the (p,y) reaction at 130 

kev in connection with the extrapolation to 30 kev, the proton energy in the 

interior of the sun most effective for this process. For this very difficult 

measurement he has developed an ingenious electronic system, and made use of 

the scintillation pulses produced in a NaI crystal by y radiation. In ad-

dition to the advantage of greater efficiency for detecting y radiation than 

is found in Geiger counters, the distribution of pulse sizes detected by the 

p~otomultiplier is related in a characteristic way to the y energy. For his 

geometry, he found that the integral bias curve (number of pulses above a given 

size as a function of size) for a single energy was very nearly linear (almost 

uniform distribution), so that mixtures can be analyzed graphically in much the 

same manner as the Geiger coincidence absorption measurements, but on a linear 

scale. Also, the detection efficiency (proportional to t he absorption co-

efficient for NaI) is very nearly independent of energy between 2 and 10 Mev, 

which is a great advantage over the Geiger tube method for detecting low 

energy quanta in the presence of others of high energy. In the experiment at 

low energy (and extremely low yield), it was desirable to use as high a bias 

as possible to cut down background, and therefore necessary for him to know 

how the N14 spectrum appeared in his apparatus, at least for the 0.55 and 1.25 

Mev resonances. The latter, because of its great width, contributes appreciab-

ly to the yield at very low energies. 

Measurements were made with this apparatus on the 3 Mev accelerator, 

at all five resonances, and gave information to supplement the absorption 

curves. Details are given in Woodbury's thesis( 29 ), and only the general 

results will be given here, in Table IV: 
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T ABLE IV 

. E 
R 

Character of the Spectrum (y's) 

Oo55 Mev 70% 8 Mev, 30% - 2 1/2 Mev 

1 .. 16 40% ...- 4 Mev, 60% ._ 2 1/2 Mev 

1025 75% 8 Mev, 15% '-3 1/2 Mev, 10:0 < 1 Mev 

1. 76 85% 9 Mev, 15% ""' 2 1/2 Mev 

2.10 all h or 5 Mev. 

Table IV gives the coreposition of the N14 radiation as determined 

graphically from the integral bias curves. The fractions and energies 

indicated are subject to the s~~e uncertainties as were involved in i nter

pretation of the absorption curves, but with the important difference that 

here the soft components are resolved as sensitivel y as the hard. The 

results are consistent with the Geiger tube results which were (linearly) 

weighted in favor of the hard component. It is not yet possi ble to make 

definite assignments of levels and transitions, beyond ~he strong suggestion 

that the 112 1/211 Mev line is the transition to the ground state from the weJ.1-

known first excited level at 2.3 Mev. A very low energy contribution appears 

only in the broad resonance. 

The scintillation counter was calibrated with the thick target yield of 

fluorine at 1 Mev, and assuming the detection efficiency varies with the 

absorption coefficient, Woodbury calculates for t he yield of the 0.55 Mev 

resonance of c13 in normal carbon: 0.9 x lo-10 dis./proton for the hard 

component, and a total of 1.0 x lo-10 dis./proton if the sof t components are 

interpreted as three equal y's in cascade. This determination is also 

subject to a (systematic) uncertainty of + 10%, and is in agreement with the 

yields found previouslyo 
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It is also clear that more precise determination of the absolute 

yields awaits more precise knowledge of the spectrum. The theorem mentioned 

on P. 19 that Geiger tubes measure disintegrations, independent of 

branching and cascades, is not quite valid if the energies are very different 

and unknown, since softer components are more attenuated in the thick con-

verter necessary for the hard component. 

Taking into account all the approaches to the absolute yield discussed, 

we may conclude for the time being that the yield of the 0.55 Mev resonance 

in cl3(p,y )Nl4 is 1.0 x 10-lO dis./proton in normal carbon, or 9.0 x 10-9 

dis./proton in pure c13. These values must be regarded as subject to an un-

certainty of about 10% in excess of that on the fluorine yield. 

R. w. Walker and R. B. Day have recently reported( 24) on an application 

of differential scintillation spectroscopy to this and other problems. They 

find a 2.3 Mevy present at the Oo55 Mev resonance, but a. 5.8 l~~ev y line is 

definitely absent. There. is a suggestion of much weaker 4 Mev radiation 

(possibly from the broad resonance). It is hoped that their pronising 

technique will shortly be brought to bear in more detail on this and the other 

resonances, as it offers a most encouraging hope of disentangling this com-

plicated spectrum. It is also hoped to examine the more intense radiation 

with a ~-spectrometer. 

WIDTHS .Af.'TI C~OSS-SECTIONS 

More inf orrnation about the reaction can be obtained from the measure-

ments by examining more closely the structure of the cross-section formula. 

The complete single-level Breit-Wigner dispersion formula( 27) for a (p,y) 

process may be written 

(21) 
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where 2 ?r :X is the de Broglie wave length of the incident proton (in the 

center-of-mass system), ;-7'p is the width for re-emission of the proton fro~ 

the compound nucleus, /'y is t he width for radiation-;}, /' = / y + /7 p ~ /7 p 

since /'y ~<: /7 p , and (.() is a statistical factor involving t he spin i of the 

incident particle (1/2 for proton), the total angular momentum (or "spin") I 

of the target nucleus (0 for c12, 1/2 for cl3), and the total angular momentum 

J of the compound state: 

t.V = 2J + 1 = (2J + l) f 1/2 for c1
2] 

-( 2_i_+ _l_) _( 2_I_+_l_) ( 1/4 for c13 

Setting r = f' in Equation ( 21), 
p 

we find that 

(j = 47TXR2 wfY 
R /7 ' 

so that from Equation (13), the maximum 

2t:r2X 2 wr - y 
Ymaj oo) - £ d , 

thick target yield 

and is independent of the proton width. Noting that .X 2 is inversely 

proportional to the bombarding energy, we could compute relative values of 

u;~ without reference to the absolute yields . Numerically, however, 

2 ,,,. 2 ;X 2 = ~ (~ '\ = ~{!:_\ 2 (~ ) (~2)= 4.74 barns , 
2 2ME } 4 \Mc ) m E ) Elab' in Mev 

where h/Mc = 1.32 x io-13 cm is the "Compton wave length" of the proton, 

mc2 = 0.51 Mev, the rest energy of the electron, M/m = 1837, and one "barn" 

(22) 

(23) 

(24) 

(25) 

E · c.m. has been 

numerical factor in Equation 

converted to Elab by the factor (13/14)
2

• The 

(25) would be 4.79 for c12 • The cross-sections 

encountered here will be on the order of a millibarn (1 mb = io-27 cm2), 

which can be anticipated by writing Equation (23) as 

o-R = o. 301 ( \:•v) (- i:.~ Y) ( io;;v) millibarns . (26) 

* In the case of cascade radiation, /1 y is the width for the first stage. 
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The proton width (' p' which is a measure of' the rate of decay of the 

compound nucleus by proton emission depends on 

(a) The probability of penetrating the Coulomb barrier (the Gamow 

factor), 

(b) The proton velocity, or rate of encountering the barrier, 8nd 

(c) Specifically nuclear properties, selection rules, etc. 

If the angular momentum L of the incoming protons is known, factor (a) can 

be ca.lculated, and an estimate of the essentially nuclear width obtained. 

For this purpose it is convenient to so normalize this "width factor 11 to 

include the velocity dependence. Christy( 2S) has calculated these factors 

for the light nuclei in such a manner as to give the nuclear ''width without 

barrier11 G for a proton of 1 Mev energy. The results for carbon are re

produced in Figure ( 15), in which are plotted the "width factors" E1/ 2• ~ 

f -1/2 or E in Mev as a function of E , the scale being chosen so that ab .low 

energy the curves approach straight lines. 

Also shown in Figure (15) is the stopping cross-section for carbon, 

and a quantity ( € El/2)/P
0

, which was conveniently calculated graphically. 

The use of this quantity is illustrated in Figure (16), where it is shown 

plotted on a linear energy scale, together with the smoothed thin target 

yield for the 1.3 Mev resonance. Since for this very broad resonance, none 

of the quantities '.X , f , or r which appear in the yield integral of Equa-

tion (9) are constants, the observed curve is noticeably unsymmetrical. But 

since they appear in the combination ( X 2 £ / r' ) multi plying the resonance 

denominator term, the curve should be reducible to a function showing only 

the latter term by multiplying the yield curve by the inverse of the former 

term, or by what is more convenient, ( t, E1/ 2)/P 
0

• This "reduced11 curve is 

also shown, and does appear much more nearly symmetrical, with its peak 

shifted down to 1.25 Mev, and with a half-width of 500 kev. Of course, the r 
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appearing in the resonance denominator is (still) not a conste.nt, but has 

much less effect on the shape than do the multiplicative factors. The points 

plotted indicate how well the reduced curve may be fitted by 8. resonance term 

with (constant) r = 500 kev. 

Although the penetration factors are known for eRch possible value of 

the angular momentQm of the incoming protons, just ~hich one is responsible 

for a particular resonance is not often known. An upper limit may be 

estimated by requiring that a state not decay faster ths.n it can be formed, 

that is, in a time required to cross a nuclear dirur.eter without collision. 

'!'his corresponds to a width of a few Mev for 1 Mev protons. We may tabulate 

the reduced or nuclear widths for the several resonances. 

TABLE V 

Reaction ER rp G (kev) 

(Mev) (kev) L= o . L= 1 L= 2 

c12(p,y)Nl3 ./_i) 35 >1750 -- --
1.70 70 117 230 1900 

.55 32.5 880 > 4500 --
1016 6 18 60 670 

cl3(p,y)Nl4 1.25 500 >1400 > 4000 ---
1. 76 2.1 3.2 7.2 42 

2.10 45 60 1)0 560 

R. G. Thomas has shown (33) that this process may be in error for very 

broad resonances, so that the larger values (over 1 Mev) in the table should 

be somewhat larger. He uses a different parameter more intimately related 

to the nuclear wave functions. 

It appears to be a secure conclusion that the 0.45 resonance with c12 

and the 0.55 Mev and 1. 25 Mev resonances with cl3 are formed by capture of 
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s-wave ( L = 0) protons. This conclusion is supported by the observation 

of isotropic radiation from the two low resonances reported by Devons and 

Hine(ll) o 

From the absolute yields at the 0 • .55 and 1. 76 Mev resonances, the 

relative yield of the thin target excitation function can be used with 

Equations (14), (24), and the absorption curves to give absolute values of 

wf y , and the resonance cross-sections can be found by Equation (13), of 

(26). The results of these calculations are surnnarized in Table VI: 

TABLE VI 

ER YrnaxC ro )-*'~ t-V/'y 
' C'R Re~ction fl p 

(Mev) disint/proton (kev) (ev) (10-27 crn2) 
-

cl2(p,y)Nl3 
OoL5 7.6 x lo-10 3.5 o.67 Ool27 

x lo-9 le 70 lol 70 lo39 .OJ.5 

o • .s.s 0 .. 9 x 10-8 32.5 8.6 1 .. 44 

1.16 0.12 x lo-8 6 1.3 0.56 

cl3(p,y)Nl4 1 .. 2) lolJ x 10-8 500 12.8 0.062 

1. 76 l.lS x lo-8 2.1 14.8 12o0 

2 .. 10 o.48 x lo-8 45 6.15 lo96 

* For thick targets of pure isotope. Values at 1.16 and 2. 10 Mev 
calculated from 4 fr" Y(90°). All others are total yields. 

- --

XI. DISCUSSION 

Without better infoY'Jl'Rtion on the spectruxn (of N14) very few 

unequivocal conclusions can be dravm from the radiation widths found, even 

if the angular momentum of the r adiating state (and hence W ) were known, 

since theoretical expressions for the widths contain nuclear ''matrix elements", 

or quantum-mechanical averages involving the initial and final 1nave functions 

about which exact information is lacking. The expressions for radiation 
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(:J ~ ( ::Jb 1mc2, 

~/ {~/ ( m:J mc
2 

,f 
= matrix element for an electric 2-pole transition, 

and for 

, where 

= e2/mc2, a convenient unit of length, about Oo8 x radius of N14o 

a = l/(137), the fine-structure constant, 

M/m = 1837, the ratio of proton to electron masses, 

p -- the radiation magnetic moment, and 

Jlo = the nuclear magneton. 

(27a) 

(27b) 

137 mc2 = 70 Mev, so even for r = r , electric quadrupole radiation of 7 Mev 
0 

quanta will have a width 100 times smaller than for electric dipole. Magnetic 

dipole widths are of the same order as electric quadrupole. Since the nuclear 

wave functions are not known, we know only that r may be at most of the same 

order as the extent of the nucleus, say r
0

, for the most favorable cases, 

and will frequently be considerably smaller. 

Certain types of trC!.Ilsitions are "forbidden", in that the matrix 

element can be expected to vanish if the differences in ruigular momenta and 

parity of the states in question do not have certain "allowed" values. These 

"selection rulesH Hre for electric dipole: 

A J = o, + 1, and parity changes; 

for electric quadrupole: 
4 J = O, + 1, + 2, and parity does not change; 

for magnetic dipole: 
Ll J ::: o, ~ 1, and parity does not changeo 

Another selection of which use will be made is that transitions between two 

states for both of which J = 0 are strictly forbidden. 

These relations can be used in conjunction with all other information 
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available to choose the most con~istent assignment of properties to the 

levels in question. We consider first the somewhat less complicated example 

of c12(p,y)Nl3, which may be written out as 

cl2 + Hl (Nl3)~' ~ Nl3 + hv 
( L -wave) 

. ~ 

(28) .e 
I = 0 s = 1/2 J I= 1/2 (2 - pole) 

even even odd 

The "spin" I = 0 for cl2, and it is taken to have even parity. The ground 

state of Nl3 is taken to have I = 1/2, and odd parity (in the shell model, 

this would be a proton loosely bound to a cl2 core) o For the Oo~5 Mev 

resonance, which is surely formed by s-wave ( L = 0) protons from its reduced 

width and isotropic radiation, the compound state at 2o4 Mev in N13 will have 

J = 1/2, and even parity. Then Ll J = O, with a change of parity for the 

transition to the ground state, and electric dipole radiation is allowed. 

The statistical factor is then unity, and f'y = Oo67 ev. Inverting Equation 

(27a) for this width and 2.4 Mev radiation, we find r = Ool54 r 0 • 

For the upper resonance, the situation is not so clear-cut. From Table 

V, (P. 54), the reduced width suggests only that L '!ff 2 for the incoming 

proton. The state is at 3.5 Mev in Nl3, and is observed to radiate directly 

to the ground state. The observed value of vV r y is 1. 39 ev. L = 1 protons 

coulci form the excited state with J = 1/2 or 3/2 and odd parity, requiring 

electric quadrupole or magnetic dipole radiation. On that assumption, for 

J = 1/2: r = 408 r
0 

or )l = 3o4 p0 ; while for J = 3/2: r = 4.1 r
0 

or }l=2o4 µ
0
-

in all cases insupportable results. For L = 2, J = 3/2 or 5/2, and the 

parity is even. Electric dipole ra.diation is again allowed, and we find for 

J = 3/2: r = .09 r 0 ; while for J = 5/2: r = .073 r
0

• We cannot distinguish 

between J = 3/2 and 5/2 by this line of argument. Fortunately, Day(l3) has 

studied the angular distribution of this radiation and finds it to have 8. 

term in cos2~ with a lar5e negative coefficient (radiation strongest at 90° , 
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and symmetrical). Moreover, the coefficient varies with energy. Day finds 

the assignment of J = 3/2 and a small amount of interference from the lower 

resonance to best explain his results·. 

We may set up the sa~e type of argument for c13(p,y)N14 , and write it 

013 + ~ Nl4 + hv' 

I = 1/2 ( L - wave) s = 1/2 J I = 1 (2 ,,t - pole) 
(29) 

odd even even 

Some question has arisen(30) about the assignment of even parity to 

the ground state of N14, based on anomalies in the ~-decay of 014 and cl4 
I 

and the slow neutron N14(n,y)N15 spectrum. Re cent work by Butler, et. a1( 3l) 

on the N14(d,p)N15 reaction with 7.9 i\liev deuterons (stripping of a neutron 

from the deuteron) show that the ground state transition requires an 

angular momentum transfer Ln = 1, i.e., that the parities of N14 and Nl5 

differ. We will consider the parity of N14 to be even. 

For the Oo55 Mev resonance, which we assume formed by s-wave protons, 

the excited state can be formed with J = 0 or 1, and with odd parity. In 

either case, electric dipole radiation is allowed. If we assign the entire 

observed width to the ground state transition, then for J = 0: w = 1/4, 

f y = 34 ev., and r = .177 r 0 ; for J = 1: W : 3/4, r y = 11.5 ev., and 

r = 0069 r , either of which is acceptable. If the branching ratio is 10'6 
0 

for a cascade process initiated by a 3 Mev y, also by electric dipole 

radiation, then r~ o2 r
0

, in line with the above values. Assignment of 

J = 0 would forbid the 5.8 Mev direct transition to the first excited state 

at 2o3 Y-ev, which is almost surely J = 0 and even, as it is presumably the 

analogue of the c14 and 014 ground states (see below). 

For the L76 Mev resonance, the nuclear width argument is useless. 

However, the anisotropic angular distribution observed by Day(l3) excludes 

L = O, and he finds the assignment J = 2, odd parity is consistent with his 
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resul ts, although that assigrunent is not unique. In that case W = 5/4 arid 

f'y = 11.8 ev., which for electric dipole radiation gives r = .0725 r
0

• 

For the 1.25 Mev resonance, we may again assume L = 0 protons, and 

obtain results very similar to the case of t he 0.55 Mev resonance. 

The evidence found in the scintillation measurements for a very soft 

component in this resonance only suggests the possibility of another 

mechanism at work in the decay of this particular case. We have remarked in 

the introduction that in these (p,y) reactions the only competition is 

between radiation and re-emission of the proton. Any low states in N14 

excited in a ca.scade process are 11bound11 , and must radiate, since proton 

emission is no longer energetically possible. In the case of the 1.25 Mev 

resonance, it is separated from the 0.55 Mev resonance by only 650 kev (in 

the compound nucleus), and both have a nuclear width on the order of 1 Mev, 

so a transition between them might be much more probable than between two 

sharp levels. As the proton width for the lower resonance is several thousand 

times its radiation width, the suggested o .. 65 Mev y would not be followed 

by further radiation in this branch. To permit this soft r adiation, it is 

necessary to assign different J values. If J = 0 for the 0.55 Mev resonance, 

J = 1 for the 1025 Mev resonance. Why the upper state is forbidden to go to 

the 2.3 Mev level is left unanswered. A strictly ad hoc "explanation" mic;ht 

be found if the upper state were J = 1, but formed by L = 1 protons (reduced 

width > 4 Mev) • It would then have ~ parity and be unable to go either 

to the ground state or the 2.3 Mev l evel by electric dipole radiation, in 

which case the observed branch would be decay by the favorable transition to 

the 8005 Mev level. Were this actually the case, the broad resonance would 

net contribute to the yield at low energies, due to the even more rapid 

variation of the L = 1 barrier factor. Possibly an extension of Woodbury's 

technique to the region between 130 and 400 kev would clarify this point, 

as would the measurement of angular distributions. 



-60-

For the 1.16 and 2.10 Mev resonances, it wHl be remarked only that 

the observed widths give values of r ~ 0.,1 r
0 

for 4 Mev electric dipole 

radiation. 

Figure 17 is an energy level diagram for N14, showing the levels now 

known, and the regions explored by this and other work. The reader is 

referred to Reference (1), P. 335 for a complete diagram, including the 

levels known above 11 Mev, with which we are not concerned here. It is clear 

that our cascades could take place in a number of ways. Only the very well 

established transitions have been indicated. The region of excitation between 

9 1/2 and 10 1/2 Mev remains unexplored, and requires proton energies up to 

3.2 Mev for the (p,y) reaction. Also the re gion between 6.7 and 7.7 is 

inadequately explored. With the advent of thin c13 targets, the cl3(d,n)Nl4 

reaction may be used, and the yield of slow (threshold) neutrons investigated. 

2.7 Mev deuterons would be necessary to reach the region covered by the (p, y) 

reaction. 

Also shown in Figure (17) are the levels of cl4 and 014. The ground 

states occur at the energies shown in parentheses, but when the Coulomb energy 

and n1 - H1 differences are removed, they correspond very well to the first 

excited state of N14. Also shown is a level at 6.11 Mev in cl4 found as a 

level in the residual nucleus in the cl3(d,p)cl4 reaction(32). This state 

must have J '/- 0 to radiate to the ground state (I== O), and is presumably 

J = 1, odd parity, corresponding to electric dipole radiation(33). This 

state should correspond to an analogous level in N14 at 2.32 + 6.11 - 0 41 = 
8002 Mev, where 0.41 Mevis the anomalous level shift calculated from Thomas's 

* theory p By this analysis, the c14 level at 6.11 Ivlev is to be identified 

with the Nl4 level at 8005 Mev. If this argument is correct, the 8.0.5 Mev 

* .R. G. Thomas, private communication., 
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level must (also) have J = 1, odd parity and the 8.70 Mev level J = O, 

odd parity, but a more complex explanation is required for the failure of 

the 8.05 Mev level to radiate to the 2.3 Mev level. This discrepancy is 

pointed_ to as another aspect cf the anomalous behavior of N14 radiation. 

The 2.32 Mev level has been assumed to have J = 0 and even parity as 

the analogue of the cl4 and 014 ground states, but this assignment, on which 

some of the above discussion depends, is not altogether secure, as the 

o14(f3+)N14 decay is observed to go primarily to this excited state (apparent-

ly a 0-0 transition, highly forbidden by Ga~ow-Teller rules, not by Fermi 

rules), with a large transition probability, while the c14([3-)Nl4 goes to 

the ground state ( 4 J = 1) with an anomalously low transition probability. 

The measured magnetic moment of the ground state of Nl4 implies a 

strong mixture of "spectroscopic" states, or looked at in another way, that 

the L - S coupling model is inadequate t.o give a unique description. If this 

is the case, it may not be surprising to find strong branching and other 

anomalies in the radiation from the excited states. N14 has seven neutrons 

and seven protons, and is the heaviest of the four known stable ''odd-odd" ( 1) 

nuclei. The next lightest, B10, was found to have I = 3 and likewise to 

emit rather complex radiation. 

CONCLUSION 

Five states in Nl4 have been imrestigated, and shown to emit a complex 

radiation spectrum, suggesting and challenging further experimental and 

theoretical work. The next L~portant step s~ould be an all-out attack on 

the energies, intensities, and branching ratios of the spectrum. It is 

hoped that the new techniques of scintillation spectroscopy may prove a 

useful tool in that investigation. The properties of more levels in regions 

of excitation not yet investigated may supply additional information. 

The final denouement of the character of Nl4 should have important 

implications in the general theory of nuclear states ~ 
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