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ABSTRACT

The yield of the reaction N14(p, vy) was measured between 220 and
650 kev using targets of beryllium nitride and tantalum nitride. The
relative yield obtained by counting positrons was normalized to the
absolute measurement at 285 kev of the annihilation radiation and
prompt gamma-ray yields, Target composition was determined from
elastic scattering measurements and from the yield of the NM‘( s p)On
reaction, The cross section for the NM(p, y) reaction was determined
from 220 to 285 kev and from 400 to 600 kev, A resonance in the re-
action was observed at 278,14 + 0,4 kev with a width of 1,7 + 0.5 kev.

The spectrum of prompt gamma rays was observed, The ratio
of yield at 0 and 90 degrees was 1,00 + 0.07 for the 0.75 Mev radiation
and 0,97 + 0,045 for the 1,34 Mev radiation, The 7.6 Mev radiation
was less than 10 ®/o of the 6,26 Mev radiation.

The cross section for NH(p, p)N14 was measured from 200 to 650
kev at 152 degrees. Measurements at 90, 125 and 152 degrees near
the 278~kev resonance indicate that the 7,61 Mev state in 015 is J = 1/2+.

Energy levels below 9 Mev in N15 and 015 are compared, It is
found that one level near 7 Mev in N15 has not been detected in 015.

Extrapolation of the cross section to lower energies is uncertain due

to this undetected level. The rate of the CN- cycle is discussed,
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. L. INTRODUCTION

Energy generation in stars resulting from the conversion of hy-
drogen into helium by a series of nuclear reactions occurs in several
distinct ways, the two most important being the direct proton-proton
chain and the carbon-nitrogen cycle, Previous measurements of the
cross sections for the reactions in the CN- cycle indicate that the
reaction of nitrogen 14 with protons has the smallest cross section at
the proton energies found in stars (1) The rate of this reaction thus
limits the rate of energy production by the CN- cycle and it is of in-
terest to measure the reaction cross section as accurately as possible,

The cross section for this reaction is too small to be measured
in the laboratory at the proton energies to be found in stars. It is
necessary to extrapolate from measurements made at higher energies.
The extrapolation is guided by the properties of levels in the compound
nucleus and involves the Coulomb penetration factor,

The present work was originally undertaken to measure the cross
section in the energy range between 128 kev and 600 kev and thus connect
the measurements of Woodbury, Hall and Fowler (2) at 128 kev with the
measurements of Duncan and Perry (3) above 278 kev, However, the
cross section proved to be smaller than that predicted by the 128 kev
measurement, and it was impossible to measure the cross section be-
low 220 kev with the proton current available from the 650 kev electro-
static generator, The measurement of the cross section is described
in Section II,

The onl? reaction energetically possible in this energy range

other than the elastic scattering is gamma-ray emission:
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NS 4 p + 0P o4y Q = 7.347 Mev (1.1)
The ground state of the residual nucleus decays by positron emission:

15 5

o -+ NP +pT 4+ Q = 2.705 Mev (1.2)

It is povssible to measure the cross section by detecting the prompt
gamma rays, the positrons or the annihilation radiation., It was con-
venient to use each of these three methods of detection in different
phases of the pres‘ent experiment, the choice being determined by con-
sideration of background, counter efficiency and accuracy,

A resonance occurs in the reaction cross section at 278 kev proton
energy (4), In order to determine the spin and parity of the state in 015
corresponding to this resonance, the cross section for elastic scatter-
ing of protons from nitrogen 14 was measured, The spin and parity of
the state as determined from this measurement was inconsistent with
a previous measurement of the angular distribution of promvpt gamma
rays. The angular distribution of the prompt gamma rays was remeas-
ured and found to be consistent with the elastic scattering experiment,
The elastic scattering measurement is described in Section IIl and the
angular distribution of prompt gamma rays is described in Section II-
5-D,

The spectrum of prompt gamma rays was determined in order to
measure the yield and angular distribution of the prompt gamma rays,
The excitation funcﬁon for prompt gamma rays was measured from 275
kev to 330 kev in order to determine the width of the 278 kev resonance.
This rﬁeasurement of the width was used to distinguish between the as-
signments, J= 3/Z+ and J= 1/2+, as determined in the elastic scattering

experiment, The gamma-ray measurements are described in Section II-5,
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Section IV discusses the energy levels of Ol and the extrapolation

of the measured cross section to 25 kev,
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II. REACTION CROSS SECTION

General Procedure
The reaction cross section is determined by measuring the yield
of the reaction as a function of energy. The yield of a reaction for a
given incident particle energy is defined as the number of reactions
occurring per incident particle for a specified target, The yield deter-
mined by counting the prompt gamma rays from the NM(p, y) reaction

is simply

Y = e N
Q eff

(2.1)
where

Y is the yield for a specified target at energy E

Q 1is the charge collected on the target in coulombs

e is the electron charge in coulombs

N is the number of reactions detected

eff is the efficiency of the gamma detector,

The yield determined by counting the delayed positrons or annihi-
lation radiation is measured in a slightly different way. One method is
to bombard the target with a constant proton current for a specified
time and then to count positrons or annihilation radiation for a definite
counting period with no beam on the target, The yield in this case is

Y = e N (2'2)

LT eff (e~ t/T _g-t2/ T

where
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Y is the yield for a specified target at energy E
N is the number of positrohs or 1/2 the number of annihi-
lation quanta detected
eff is the efficiency of the detector
e 1is the electron cha;'ge in coulombs
i =i (- e~to/ Ty
1'_0 is the constant proton current in amperes
T is the mean life of the decaying nucleus in seconds
tg is the bombarding time in seconds

t, - t; 1is the counting period in seconds beginning at time

2 1

t, after the beam is turned off,

The factor, ioo’ is the equivalent constant current which produces
the same activity for an infinite bombarding time as io produces in the
bombarding time, toe A method of current integration will be described
in Section II-B which determines ico for a proton current that is not

constant,

The yield expressed in terms of the reaction cross section is

x E1
Y = o(x)ndx = f %((%-%dE (2.3)
0 EI-AE ‘
where
o4 is the reaction cross section in crn2
n is the number of target nuclei for the reaction per crn3
Ax  is the target thickness in cm
AE is the target thickness in kev

¢ 1is the stopping cross section per nitrogen atom in the tar-
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get expressed in kev-cm
E1 is the incident proton energy in kev,
A thick target is one that stops the incident proton. The cross section

in terms of a thick target yield is

G (E) = ¢(E) I (2.4)

where
o is the reaction cross section in c:rn2
¢ 1is the stopping cross section per nitrogen atom of the
target expressed in kev-—c:m2
Y is the thick target yield measured at the energy E.
A thin target is one in which 0 and e change very little in the energy

thickness of the target, The cross section in this case is given by

o (E) = % (2.5)

where

0 is the reaction cross section in cm2 at the energy E

¢ is the stopping cross section per nitrogen atom of the

target expressed in kev-cm2
Y is the thin target yield ineasured at the energy E1
AE is the target thickness in kev
E=E, - %AE all expressed in kev,
Since a yield can be measured for a target containing nitrogen along

with other elements, it is convenient for comparison purposes to deter-
mine the equivalent yield for a target of the same thickness containing

only nitrogen, For the approximation that e/eN is constant in the energy
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thickness of the target producing most of the yield, the equivalent nitro-

gen target yield, YN’ in terms of the measured yield, Y, is

Y =

€
N ?ﬁY (2.6)

where
¢ 1is the stopping cross section of the target per atom of
nitrogen expressed in kev--c:m2
N is the stopping cross section per nitrogen atom ex-
pressed in kev—cmz.
In the present work this approximation was more accurate than the ex-
perimentally measured stopping cross sections. Throughout the re-
mainder of this thesis we shall refer only to the yield of a nitrogen
target although this yield was actually determined from a target con-
taining a nitrogen compound,

The following different measurements were used in this experiment
to determine the yield: 1) Absolute thick target yield at 285 kev bycount-
ing annihilation radiation; 2) absolute thick target yield from 270 to 330
kev by counting prompt gamma radiation; 3) relative thick target yield
from 218 to 400 kev by counting positrons and 4) relative thin target
yield from 400 to 600 kev by counting positrons, The annihilation radia-
tion and prompt gamma-ray measurements could be made only for thick
targets above the 278 kev resonance since the reaction counting rate at
other energies was much less than the background counting rate, The effi-
ciency of the positron counter was much greater than the gamma counter
efficiency and the background was much lower permitting thick target yield

measurements appreciably below the 278 kev resonance and thin target
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measurements above 400 kev; however, the continuous spectrum of the
positrons and the back scattering from the target made absolute
measurements very difficult, All positron yield measurements were

normalized by comparison with the absolute yield measurements at

285 kev,

Equipment

The equipment used in this experiment was primarily that associ-
ated with the 650 kev electrostatic generator of the Kellogg Radiation
Laboratory, Much of this equipment is of standard design and will
only be briefly mentioned in this thesis,

The 650 kev electrostatic generator and its operation have been
described by Wenzel (6)s For the present experiment the ion source
was éhanged to an RF source of the type described by Moak (7), Only
the H+ beam was used in this experiment, Proton currents up to 100
microamperes were obtained from this source,

The energy of the protons was determined and stabilized by an
electrostatic ‘analyzer (8)s A magnetic field was used to separate the
various mass components before the beam reached the analyzer, Proton
currents up tc; 50 microamperes were available at the target.

A double focussing, magnetic analyzer was completed and tested
during the latter part of this experiment, It was used only in the meas-
urement of the gamma-~ray angular distribution, Proton currents of 90
microamperes were obtained at the target,

The double focussing magnetic spectrometer used in the elastic

scattering measurement is shown in fig, 1. This spectrometer, which
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is very similar to the one described by Snyder, Rubin, Fowler and
Lauritsen (9), deflects charged particles through 165 degrees, The
solid angle of the spectrometer is 0,006 steradians. The momentum

resolution, P/ AP, can be varied from 50 to 600,

TARGET CHAMBER, The target chamber used in the positron
yield measurements is shown schematically in fig, 2. The target could
be rotated from a vertical position in the proton beam to a horizontal
position near the thin CsI(Tl) crystal used to detect the positrons. A
similar arrangement was used to measure the yield of annihilétion
radiation, The CsI{Tl) crystal was replaced by 'ab lucite plate to stop
the positrons and a NaI(Tl) crystal was used to detect the annihilation
radiation,

Standard techniques were used to insure that the charge measured
on the target was due to only the incident protons. A tantalum aperture
trimmed the proton beam to 3/16 of an inch in diameter, A guard ring,
held at minus 300 volts, was located between this aperture and the
target chamber. The target chamber including the target was held
at a positive 300 volts, The guard ring thﬁs prevented electrons scat-
tered from the beam trimming aperture from reaching the target and

also prevented secondary electrons from leaving the target,

ANNIHILA TION RADIATION DETECTOR, A NaI(Tl) crystal, 1.5
inches long by 1,5 inches in diameter, was used to detect the annihilation
radiation. The crystal was mounted on a Dumont type 6292 photomulti-
plier, The crystal was separated from the activated target in its counting

position by a 1/2 inch thick lucite plates The positrons were stopped by
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this lucite plate and by the target backing in a small volume near the tar-
get surface,

The pulse height spectrum was recorded on a ten channel pulse
height discriminator. A typical spectrum for annihilation radiation
is shown in fig. 3. The background increases for lower pulse heights;
therefore, only the photo peak of the annihilation spectrum was used to
measure the yield,

The photo peak efficiency of the counter is the number of pulses
recorded in the photo peak of the spectrum divided by the number of
annihilation quanta., This efficiency for annihilation radiation was
measured directly by the coincidence method using a Na.22 source and an
auxiliary counter, Sodium 22 decays 90 %/o of the time by positron emis-

22

sion to the 1,28 Mev state in Ne™ , 10 o/o by K capture to the same state

and less than 1 %/o by positron emission directly to the ground state (10)

of Nezz. The 1,28 Mev state emits a single gamma ray to the ground
state, Therefore, for every one hundred 1,28 Mev gamma rays, one
expects 90 positrons or 186 annihilation quanta, The Naz'Z source

was placed in the same position occupied by the targef after bombard-
ment, A tantalum backing was used to stop the positrons; The auxiliary
counter was placed nearby and biased to count only the 1,28 Mev radiation,
The auxiliary counter was used to gate the ten channel analyzer which re-
corded the spectrum of pulses obtained from the main counter, The photo
peak efficiency of the main counter was therefore the number of counts

in the photo peak divided by 1.8 times the number of gate pulses. This

method of measuring efficiency takes into account the absorption of the

radiation in the lucite between the target and the counter,
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The relétive probable error in the measured photo peak efficiency
is due to 1), change in photomultiplier and amplifier gain during the
measurement and 2), the statistical uncertainty of the pﬁoto peak
counts, For this experiment, all of the spectrum above the minimum
just below the photo peak was used for the photo peak. See fig, 2. The
spectrurﬁ of the photo peak covered 8 channels on the pulse height
analyzer. A change in gain resulting in a 1/2 channel spectrum shift
would affect the number of counts in these 8 channels by only 5 °lo. A
larger change in gain would have been cor.rected. The counting statistics
were 3 °/o, Thus the relaﬁve probable error in the photo peak efficiency
is 6 °/o, The measured photo peak efficiency was 0,0265 + 0,001 for a
positron source located 0,52 inches from the counter and with a 1/2 inch
thick sheet of lucite between the source and counter,

As a cheék on the efficiency measurement, the total efficiency
for annihilation radiation was computed using the linear absorption coef-
ficient of Nal (11)s The ratio of the number of counts in the photo peak
to the total number of counts in the spectrum was measured, See fig, 2,
The photo peak efficiency determined in this way was 0,025 + 0,0025,
The accuracy of this number is somewhat uncertain, The linear absorp-
tion coefficient was obtained from a curve which could be read to 5 /o ac-
curacy. The uncertainty in the measured ratio of photo peak to total spec-
trumris approximately 10 °/o due to counting statistics and extrapolation

of the spectrum to zero energy.

EFFICIENCY OF PROMPT GAMMA DETECTOR, The same 1.5 x
1.5 ‘inch Nal crystal located 1,5 inches from the target was used to measure
the absolute yield from the prompt gamma rays, Analysis of the p’rompt

gamma-ray spectrum (see Section II-5-A) shows that the efficiency of
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the counter must be known for 0,75, 1.34 and 2.4 Mev gamma rays.
Due to the complex spectrum it is convenient to use the photo peak
efficiency, The total efficiency for gamma rays of each of these ener-
gies was computed using the linear absorbtion coefficient of Nal (1),
The raﬁo of photo peak to total efficiency was measured for the 0,661

37, the 1,28 Mev radiation of Na.22 and the 2,61

Mev radiation of,Cs1
Mev radiation of Th C", The ratios at the required energies, 0,75,
1.34 and 2,4 Mev, were obtained by interpolation,

The photo peak efficiencies obtained in this way are 0,0049 +
0,0006 for the 0,75 Mev radiation, 0,0022 + 0,003 for the 1.34 Mev
radiation and 0,0009 + 0,0002 for the 2,4 Mev radiation, The relative

probable error is slightly larger for the 2,4 Mev radiation since the

pair plus one peak increases the uncertainty in the photo peak,

POSITRON DETECTOR. The positron detector used in this ex-
periment was a thin crystal of Cs(Tl), 1/2 inch in diameter and 0,02
of an inch thick, A Dumont type 6291 photomultiplier was used, The
target after bombardment was 0,005 of an inch from the front surface
of the crystal resulting in a counter solid angle of almost 2T , The
maximum energy positrons from O‘L5 have an énergy of 1,733 Mev (12).
A crystal 0,02 of an inch thick does not stop the higher energy posi-
trons that enter perpendicular to the surface. Thus the pulse height
spectrum is not a true representation of the energy spectrum of the
positrons. Every positron entering the crystal gives a pulse propor-
tional to its energy loss in the crystals The very thin crystal was used
to minimize the cosmic ray background, Since the cosmic ray back-

ground increased rapidly for lower pulse heights, the pulée height dis-
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criminator was set to accept pulses corresponding to positrons losing
at least 400 kev in the crystal. The cosmic ray background for this

bias setting was 2.5 counts per minute.

CURRENT INTEGRATOR. A modification was incorporated in the
beam current integrator which permitted ioo (see equation 2,2) to be
determined without maintaining a constant beam current, The method
used was to allow the collected charge to leak off the integrator éapaci—
tor with an exponential decay constant just equal to the mean life of 015.
The voltage on the integrator capacitor at any time was then propor-
tional to the activity initiated in the target by the beam, The exponen-
tial decay constant of the integré.tor was created by placing a resistor
in parallel with the integrator capacitor such that RC = ,

The yield in terms of the integrator components can be determined

by comparing the differential equation for the 015 build-up with the

equation for the electrical circuit,.

dn _ Y dg =n
el (2.7)
v _ldq V
I °CTH CRC (2.8)

where
n is the number of O15 nuclei present at any time t
t 1is the time in seconds after the beam is turned on
T 1is the mean life of 015 in seconds
Y is the yield of the reaction per proton

q is the charge collected on the target in coulombs
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e 1is the electron charge in coulombs
V is the integrator voltage at time t
C is the integrator capacitor in farads
R is the parallel resistor such that RC' =71 ,
Equation 2,8 is identical to equation 2.7 with the substitution

V = en/YC. The yield is then given by

Y = en/VC = enR/V 1 (2,9)

The integrator is set to turn the beam off at a specified voltage, Vo.

Comparison of equation 2,9 with V = Vo and equation 2,2 shows that

i =V /R (2.10)

The relative probable error in ioo as determined by this method
of integration depends on the uncertainty of Vo’ R and T , the equality
RC = 7 , and the magnitude of the current, For the case of constant

current, ioo is given accurately by

Vo (L-eTf/T)

i = 2,11)
—— 7RG (2.
© R (1-et/RC
For this case the relative probable error in using ioo = V/R is
2 2 -to/T 2 2 2-..1/2
_ [(8Vo S8R [ e © _gg] [6'5 RC-T }
RPE = {(3~ ) +(88) + et | (:)+( . )] (2,12)

where RPE stand for the relative probable error and & refers to the un-
: -to/7T

. . . . e to .
certainty in the various quantities, The factor -——7—1 o _q: of the third
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term of equation 2,12 has its maximum value of 1 when t, = 0, In the
present experiment the uncertainty of V,is 2 °/o, Ris 1'°/0, and RC
is equal to T within 2 ®/0., The maximum value of the relative pro-
bable error for 1'.00 computed from equation 2,12 is 3 °/o. The accuracy
of this integrator was checked experimentally by making runs at the
same energy with different beam currents., The initial counting rate
in each case was within a few percent of the same value indicating

proper operation of the integrator,

Target Preparation and Analysis

There are only a few target materials containing nitrogen that will
withstand the beam current necessary for this experiment, The protons
lose all of their energy in a very thin layer at the front of the target and
the heat produced must be conducted away fast enough to prevent the
target's decomposition, An ideal target would be stable at high tem-
perature and would be a good heat conductor, No vnitrogen compound
was found to be a good heat conductor thus making it necessary to keep
the actual target very thin and use a high conductivity target backing,
One method of doing this is to nitride a surface layer of certain metals,

Two types of targets used in this experiment were made by nitriding
beryllium and tantalum, The nitride layer was of the order of 50 kev
thick for 300 kev protons which corresponds to approximately 10'5 of an
inchs The targets were prepared by heating the metal in ammonia at a
pressure of approximately 0,1 atmosphere. Shget tantalum was availa-
ble that could be heated by electric current in the bell jar, The available

beryllium was of such dimensions that it had to be heated in a quartz tube
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with a Bunsen burner. The metal was first heated to a bright orange
heat to outgas. Ammonia which had passed through a cold trap af ap-
p'roximately -50 degrees Centigrade to remove the water was admitted
to‘the system, The metal was heated to an orange heat for several
minutes, The heating is rather critical for beryllium as too high a
temperature for too long a time causes the nitride to flake off, The
beryllium was heated several times at progressively higher tempera-
tures until the nitride formed a gray surface on the metal. It was
necessary to outgas the system very thoroughly for the beryllium to
prevent oxide formation, The tantalum heating was not critical and
no trouble was experienced with the fbrmation of the oxide, The tanta-
lum nitride targets made in this way are blue,

The tantalum nitride targets were very easy to rriake and were
used wherever possible in the experiment, The tantalum targets were
unsatisfactory for the thin target measurements above the resonance
as the nitrogen tended to straggle deep into the target and did not form
a well defined layer, The beryllium nitride targ’ets formed a better
layer with less straggling and were used for the thin target measure-
ments.

Although both types of target were used to measure the absolute
thick target yield below the resonance and at a single energy just above
the 278 kev resonance, they Were unsatisfactory to measure the variation
in the thick target yield with energy above the resonance. The concen-
tration of nitrogen varied too rapidly with depth in the target, A sintered
titanium nitride target used in the Woodbury, Hall and Fowler experi- ‘
ment (2) was used to measure the variation in thick target yield above the

resonance,
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TARGET ANALYSIS., In order to find the cross section per nitro-
gen atom, it is necessary to know the stopping cross section of the tar-
get per nitrogen atom, See Section II-l This was measured by elastic
scattering of 1.65 Mev protons for the beryllium nitride target and by
the NM( a, p)O17 reaction at the 3,1 Mev resonance for the tantalum
nitride target. The stopping cross section of the target per nitrogen
atom as measured using a spectrometer to analyze the scattered or

reaction particles is

E do
2qQ 2 d¥
L~ : 3G (2.13)
(a+n+ ELO _3E10) N

where the subscript 1 refers to the incident particle, the subscript 2
refers to the reaction particle, the subscript 10 refers to
the incident particle just before the reaction and the sub-
script 20 refers to the reaction particle just after the
reaction
€ 1is the stopping cross section per nitrogen atom in kev-
cmz

E 1is the energy in kev

0] is the angle between the particle direction and the target
normal

q is the charge collected on the target in coulombs

e 1is the electron charge in coulombs

Q is the center of mass solid angle of the spectrometer

R is the spectrometer momentum resolution, P/AP

do

I0 is the differential cross section

N is the number of particles counted
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n = (ez/el)(cos(pl/coscpz)

+M

M (M
E Mﬁ%{Zcose-k o( 2 3)[-E—+1-
20 2 l 2
CTEL M _(M,+M,) 1
2 773 1
+ 2 cosb cosze +-—°—————-[ +1-—-—]}
- MM, Eo M
€ 1is the spectrometer angle,
The value of ei is actually determined for some energy between
E
. 1 dE .. .
E, and E,, such that ¢, = (El- Ew)/f €_1 o Similarly, ¢, is for an
10
E20 aE
energy between E,, and E, such that e, = (EZO- Ez)/f - The
E 2

2
partial derivative, %E%O , is zero for the elastic scattering but is im-
portant for the (d, p) reaction, The derivative of 1 with respect to E10
has been taken to be zero which is a good approximation for both re-
actions at the energies used in the measurements,
Protons of 1,65 Mev were used for the beryllium nitride analysis
rather than protons of several hundred kev in order to separate the pro-

tons scattered from the layers of O16 and N14.

The momentum profile
is shown in fig, 4. The value of the NM(p, p)N14 cross section was
measured by Webb, Hagedorn, Mozer and Fowler (13), It is useful to
determine also the stopping cross section per atom of oxygen and per
atom of beryllium in the target, Using the scattering cross sections
measured by Laubenstein and Laubenstein (14) for oxygen and the cross
section for beryllium measured by Mozer (15), the composition of the
target is found to be Be3N1' 7OO 4> Which differs little from the known

chemical compound, beryllium nitride, Be3N2. This measured compo-
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sition represents the greatest nitrogen concentration which occurs at
the front surface of tﬁe target. Several points on the target were checked
and found to have the same maximum concentration of nitrogen,
The relative probable error in the peak value of € at 278 kev as
determined by the measurement at 1,65 Mev is 11 °/o, The individual

uncertainties are shown in Table I,

| TABLE 1
Source of error Relative probable Relative probable
error in source error in € (278 kev)

ggz (NM) 8 °/o 4 %o
Rme”) 10 7
g%(o”’) 10 | 1
¢(Be) 1,65 Mev 3 2
€(N) 1,65 Mev 5 2
€(O) 1,65 Mev 5 <1
€' 0.28 Mev
€ Be «65 Mev 5 2
el
— N " 3 2
€
o o 5 <1
< .
qQ/R 5 5
9

=0 1 1
ﬁw 9
N for N 4 2
N for Be9 1 1
N for O 5 1
a <1 <1
E2 . £l L1

RMS total = 11 %0
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The reaction NM( a, p)O17

was used to analyze the composition of
the tantalum nitride targets. The cross section for this .reaction at 90
degrees center of mass angle and at the peak of the 3,1 Mev resonance

has been measured by Heydenburg and Temmer (16) to be 5.2 x 10'27

cmz and more fecently by Herring et al. (17) to be (6.1 + 0,1) x 10'27
cmz. The Q value of the reaction is -1,198 Mev and the resonance is
120 kev wide, The 16 inch magnetic spectrometer with resolution width
much less than the width of either the target or the resonance was used
to determine the spectrum of protons produced in the reaction, The
scattered alpha particles were stopped by a 0,00025 of an inch thick
aluminum foil, Momentum profiles of the protons were obtained for
different bombarding energies near the resonance energy., The highest
peak counting rate which was obtained when the resonance energy
occurred at the target layer of maximum nitrogen concentration was
used in equation 2,13 to determine € for 3,1 Mev alpha particles in the
targete From this value the target composition was determined to be

T N. This assumes the target to be only tantalum and nitrogen

0,94
and uses the approximate relation that the stopping cross section of
alpha particles is four times the stopping cross section for protons

of the same velocity, There are two known nitrides of tantalum, TaN
and Ta3N5,\ The target analyzed in this experiment is almost com-
pletely TaN, The value of € at 278 kev for the peak nitrogen concen-
tration of the target as computed from the target composition deter-

mined in this experiment has a relative probable error of 14 °/o. The

individual uncertainties of this measurement are shown in Table II,
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TABLE II
Source of error Relative probable Relative probable
error in source error in € (278 kev)
dg o o]
o 5 /o 57/o
19
T 5 5
€, (165 Mev), N =10 5
€, (1,65 Mev), Ta =10 5
€' 0.278 Mev protons _
— N T Mev ¢ 0 >
1 .

f ., Ta, " 10 5
€
9
= 1 <1
aEw
N 5 5
a <1 <1
E, <1 <1
on

=0 <1 <1
BE,, _

RMS total = 14 %/o

Annihilation Radiation Yield

The abéolute thick target yield measured by counting annihilation
quanta was determined at 285 kev for both a tantalum nitride and a
beryllium nitride target, A typical run will be described. The target
was bombarded with 285 kev protons until the integrator reached 100
volts at which time the beam was automatically turned off, This inte-
grator voltage corresponded to an ioo of 22,2 microamperes (see
section II-2-F), The target was then rotated nearer the counter, as
shown in fig. 1. The counter was turned on twenty seconds after the

beam was turned off, Five 2-1/2 minute counting periods were used on
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each run to observe the 2 minute half-life of the O15 decay, One miﬁute
counter off periods were required between each of the 2-1/2 minute
counting periods to record the data. The ten channel pulse height
discriminator was used to analyze the photo peak spectrum of the anni-
hilation radiation absorbed in the 1.5 x 1.5 inch NalI{Tl) crystal (see
Section 1I-2-C).

The yield per proton at 285 kev for a thick nitrogen target was
computed from equations 2,2 and 2.6, Only the first counting period
of each run was used to determine the yield as the statistical accuracy
of the measurement decreased with longer counting periods, The aver-
age of two runs on each target was used to determine the yielde The
uncertainty in the number of photo peak counts on each run was 6 °/o;

3 °/o was due to cGunting statistics of the reaction counts plus back-
ground and 5 °/o was allowed for possible shift of the pulse height
spectrum (see Section II-2-C).

The error in the timing of the counting period was 1 second for
t, and 1 second for ty (see equation 2.2). The relati%re probable error
in the yield due to the uncertainty in t, and t, is found to be 0.6 °/o.
The mean life, T, was measured to 1 0/o accuracy.. The relative pro-
bable error in the yield due to the uncertaintjr in T is 0.3 %/o.

The absolute yield determined at 285 kev was measured for a tar-
get with nonuniform nitrogen concentration, This yield is expected to
be only slightly less than the yield at 285 kev for a upiform target with
the same nitrogen concentration as the front surface of the nonuniform

targets, The difference is expected to be small since the 015 is made by

protons in a very small energy range near 278 kev,
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The effect of the nonuniform nitrogen concentration was estimated
in the following way. A method for finding the approximate stopping
cross section per nitrogen atom of the target as a function of depth in
the target using the yield measured above 278 kev is described in the
appendix. The ratio of the yield at 285 kev for the nonuniform and the
uniform target can then be found by substituting this stopping cross sec-
tion in equation 2,3 and numerically integrating the result. The reaction
cross section was taken to have the form of the single level resonance
formula with I'= 1,7 kev. The value of the ratio of yields for the
nonuniform and uniform targets was found to be 0,93 + 0.04 fo;‘ both
the beryllium nitride and tantalum nitride targets.

Table III shows the individual errors in the yield determination,
The thick nitrogen target yield over the entire resonance was found to
be (l.62 + 0.23) x 10"u betas per proton for the beryllium nitride meas-
urement and (2,18 + 0, 36) x 10-11 for the tantalum nitride measurement,
The weighted mean is 1,78 x IO'u betas per proton. The internal error

computed from the probable error of each measurement is 0,19 x 10-11.

The external error computed from the two measured yields is 0,16 x 10_11,
This indicates that the accuracy of the two measurements is consistant
with the assigned errors.

Previous measurements of this yield are somewhat higher than
this value, Duncan and Perry (3) obtain 3.5 x 10'u betas per proton.
Bashkin, Carlson and Nelson (5) obtain (2.2 + 0.5) x 10-1t by measuring
the positrons and (2.7 +0.5) x 10-—11 from a measurement of the prompt
gamma radiation.

The reason for the discrepancy is unknown, The yields obtained

from two different targets analyzed by independent methods give one con-
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fidence in the determination of the target composition in the present ex-
periment, As a check on the counting equipment, the Clg(p, y) yield
was measured using a solid graphite target, The reaction is very simi-
lar to the N’M(p, y) reaction and f.he yield has been accurately determined,
Using the same techniques of the NM(p, v) measurement the yield meas-
ured at 600 kev for the Clz(p, y) reaction was in good agreement with
the measurement by Seagrave (18).

The effect of 015 escaping from the target was determined to be
small by a measurement of the prompt gamma-ray yield described in

the next section,

TABLE III

RELATIVE PROBABLE ERROR IN THE
ABSOLUTE YIELD MEASUREMENT

Source of Error Error Error in the Berylium Error in the Tantalum
Nitride Measurement Nitride Measurement

¢(Be,N.,)

32 10 /o 10 %0 —-
€[N)
:(TaN) 14 14 %o
Correction for 4 4 4
target uniformity
is 3 3 3
Number of counts 4 4 4
Timing 1 1 1
Mean life 1 1 1

Relative probable error in the beryllium nitride measurement = 14 %o

Relative probable error in the tantalum nitride measurement = 17 °/o
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Prompt Gamma-Ray Measurements

SPECTRUM. A 4 inch long by 4 inch diameter NaI(Tl) crystal lo-
cated 1,5 inches from the target was used to study the gamma rays above
3 Mev. The pulse height spectrum obtained with this crystal is shown
in fig. 5. A 1,5 inch long by 1.5 inch diameter NaI(T1) located 1,5
inches from the target was used to measure the gamma-rays spectrum
from 0.65 Mev to 3 Mev, This spectrum is shown in fig. 6, It was not
possible to measure the spectrum below 0,65 Mev due to the large back-
ground of annihilation radiation,

The low energy spectrum shows well defined gamma rays at
04755 + 0,03 Mev and 1,34 + 0,05 Mev, There is also a weaker gamma
ray at 2,40 + 0,10 Mev, The energy scale of the pulse height spectrum

37 4t 0,661

was calibrated by using the natural gamma-ray sources, Cs1
Mev, Nazz at 1.28 Mev and Th C" at 2,62 Mev, The energies deter-
mined for the three low energy gamma rays are in good agreement with
similar measurements made by Johnson, Robinson and Moak (19) and by
Bashkin, Carlson and Nelson (5)¢ A summary of these gamma-ray
energy determinations is given in Table v,

The high energy spectrum although not as well resolved shows
three gamma rays at approximately 6,8, 6.3 and 5,2 Mev, The pairs
of gamma rays at 6,8 and 0,755 Mev, 6.3 and 1,34 Mev and at 5,2 and
2,40 Mev are in cascade,

There are also a few pulses correéponding to 7.6 Mev radiation;
however, most of these are due to capture in the crystal of both cascade
quanta.. This'_was determined by observing the ratio of 7,6 Mev to 6,3

Mev pulses as the counter was moved farther from the source, The ap-

parent“?.é Mev radiation decreased more rapidly than the 6.3 Mev radi-
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ation, An upper limit to the actual 7.6 Mev radiation was determined to -
be 10 %/o of the 6,3 Mev radiation, Johnson et al, (19) observe no 7.6
Mev radiation, Bashkin et al, (5) place an upper limit on the 7.6 Mev

radiation of 5 /o of the 6.3 Mev radiation.

TABLE IV

GAMMA-RAY ENERGIES

Johnson, et al, Bashkin, et al. Present Experiment
0.75 + 0,03 Mev 0.755 + 0,03 Mev
1439 + 0,03 l.34 + 0,05

2.38 + 0,10 - 2,40 +0.10

5.29 + 0,10 5.25 + 0,10 Mev 5.2

6.21i0.10 6,10i0.10 6426

6._84i0.10 6.65;!:0.15 6,85

PROMPT GAMMA-RAY YIELD, The three low energy gamma rays
were used to determine the total yield at 285 kev from the same tantalum
nitride target that was used in the annihilation yield measurement. The
efficiency of the counter for each of the three gamma rays was deter-
mined from the linear absorbtion coefficient of Nal as described in
Section II-2-D, The total yield of these three gamma rays for a thick
nitrogen target over the entire 278 kev resonance was found to be
(148 + 0.4) x 10”11 per proton., Table V shows the individual source of
error of this measurement, For purposes of comparing the prompt gam-
ma-ray measurement with the annihilation measurement, the error associ-
ated with the stopping cross sections and the target uniformity should not

be included, as the same target was used for both measurements, The
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ratio of the yield obtained by the prompt gamma-ray measurement to the
annihilation radiation measurement is 0,83 + 0,18, This. result implies
that the escape of 015 from the target is small since any loss of 015

during bombardment and counting would cause this ratio to be greater

than 1, |

TABLE V
RELATIVE PROBABLE ERROR IN
PROMPT GAMMA-RAY YIELD
Source of Error Error Error in yield
eff 0,75 Mev 15 °/o 4
1,34 15 . 9
2,4 , 20 3
Counts 0,75 25 6
1.34 10 6
2,40 50
Integrator 5 5
e(TaN) ‘
SN 14 14

Relative probable error in yield = 22 °/o

EXCITATION FUNCTION, The thick target excitation function of
prompt gamma rays was measured to determine the energy and width of
the resonance near 278 kev., The measurement of the prompt gamma-
ray excitation function required much less time than the positron or

annihilation radiation measurement thereby reducing errors due to drift
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of equipment, This prompt gamma-ray excitation function was also used
to determine the thick target yield from 271 kev to 335 kgv relative to the
absolute measurement at 285 kev, The target confained a small amount

of F19

contaminant which produced a large background of 6 Mev radiation
for proton energies near the 340 kev resonance in Flg(p, a, y)016 thus
preventing measurement of the excitation function above 335 kev, The
target also contained N15 which produced a large yield of 4,4 Mev radi-
ation near 430 kev from the resonance in le(p, a, y)Clz.
The resonance energy was determined from the energy of the half-

maximum point of the excitation function shown in fig, 7, The electro-
- static analyzer was calibrated by the 2,9 kev wide resonance in
Fw(p,a R y)O16 at 340.4 + 0,4 kev (20). The energy measured for the
nitrogeﬁ resonance was 278,14 + 0,53 kev. The probable error is due
to the following uncertainties: the fluorine resonance energy, 0.4 kev;
determination of the midpoints of the excitation curves for nitrogen and
fluorine, 0,2 kev each and possible surface layers on the targets, 0,2
kev,

| The width of an isolated narrow resonance can be determined from
the thick target excitation function, The width, r , of the resonance at
half maximum is the difference in energy between the 3/4 maximum yield
and 1/4 maximum yield points (21)s This difference was found to be
2.0 + 0,4 kev for the 278 kev resonance but must be corrected for
finite resolution, The resolution window of the electrostatic analyzer
is approximately 0,5 kev and the target voltage varies 0,1 kev, The cor-
rection for the energy window reduces the resonance width to 1,9 kev for
a Gaussian window shape or 1,95 kev for a square window shape, The

lower limit of the measured width was decreased by an additional 0.1 kev
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to allow for surface effects, Thus the resonance width determined from
this measurement is 1.9f8:§ kev,
The only previous measurement of the width and energy of this
resonance was made by Tangen (4). He reports the resonance energy
to be 277 + 2 kev and the width to be less than 2 kev, He also reports

the fluorine resonance to be at 339 + 2 kev indicating that his absolute

energy scale may be 1 kev low in this energy range,

ANGULAR DISTRIBUTION OF PROMPT GAMMA RAYS, The ratio
of yield at 0 and 90 degrees was measured for the 0,755 Mev and the
134 Mev gamma rays. The front surface of the 1,5 x 145 inch NaI(T1)
crystal was located 1.5 inches from the target, The crystal, photo
multiplier and preamplifier were mounted on an arm which pivoted
about the axis of a cylindrical target chamber 2-1/2 inches in diameter,
The target chamber was made of lucite with walls 1/4 inch thick,

A sintered tité.nium nitride target was bombarded at 300 kev with
a proton current between 70 and 90 microamperes, The beam spot was
1/8 inch in diameter, The distance from the cénter of the beam spot to
the front of the crystal was the same at 0 and 90 degrees to within 0,005
inch, The target was positioned at 45 degrees with respect to the beam
so that the gamma rays passed through the same amount of target ma-
terial to reach the detector at 0 and 90 degrees,

The pulse height spectrum obtained at 0 and 90 degrees is shown
in fig, 8, The channel width of the pulse height discriminator corresponds
to 25 kev of the spectrum, Each point represents the average of two runs
of 0,015 coulombs each, In order to average out any drift in the pulse

height spectrum, runs were alternated between 0 and 90 degrees (four
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runs for the same setting of the ten channel discriminator).

The shaded area of the spectrum between 0,9 Mev and 1,45 Mev
in fig, 8 was used to determine the ratio of the yield at 0 and 90 degrees
for the 1,34 Mev gamma ray, Only the photo peak counts were used for
the 0.755 Mev determination. The ratio of the number of counts attri-
buted to the 1,34 Mev gamma ray at 0 and 90 degrees was found to be
0,97 + 0,045, The ratio for the 0,755 Mev gamma ray was 1,00 + 0,07,
The relative probable error in these ratios due to counting statistics

was determined from the expression

2 2
0.67 «/z'ﬁ\xfr Nyt Nogt (6Ng o) + (8N g)

- Np - Npg - N

RPE =

(2.14)
CR

where

NT is the total number of counts at either angle due to a

single gamma ray and the background

NBG is the background due to higher energy gamma rays

NCR is the background due to cosmic rays

’SNBG and 6NCR are the uncertainties in the backgrounds,

Since the pulse height spectruin between 0,6 Mev and 1.5 Mev shows

no evidence for gamma rays other than the 0,755 and 1,34 Mev radiation,
the background due to higher energy gamma rays was determined from
the spectrum immediately above the gamma ray being measured., Although
the spectrum of this background may not be exactly flat, the shape of this
spectrum should be the same at both angles and thus the shape of the back-
ground Spectrum will affect the ratio, N(0)/N(90), only slightly, The

ratio of the background at 0 and 90 degrees due to higher energy gamma

NB G

Npg

rays was 1400 + 0,07 for the 1,34 Mev gamma ray (/2"

= 0,07)
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SNBG
and 1,00 + 0,06 for the 0,755 Mev gamma ray (,/2 '-ﬁ———- = 0,06).
- BG
The isotropy of these gamma rays determined in this experiment
is consistent with the assignment of 1/2+ for the state in 015 at 7,61

Mev, as determined from the elastic scattering experiment described

in Section 111,

Positron Yield Measurements

The thick target yield was measured from 218 kev to 300 kev by
counting positrons, Targets similar to the tantalum nitride target des-
cribed in Section II-3 were used for this measurement, The detector
and target chamber are described in Sections II-2-E and II-2-B,

The procedure followed in this experiment was very similar to
that of the annihilation radiation measurements, The target was bom-
barded until the integrator reached 100 volts, at which point the beam
was automatically turned off, This integrator voltage corresponded to
ioo = 22,2 micvroamperes.‘ The target was then moved nearer the
counter, The counter was turned on 20 seconds after the beam was
turned off, The counter was biased to count positrons that lost more
than approximately 400 kev in the CsI(Tl) crystal,

For high counting rates, 30 second counting periods were used
with 30 seconds between each counting period to record the data, For
low counting rates, the total number of counts was read from the scalers
every 30 seconds (no counter off time), The counting rate for each run
was observed until it had decayed to almost the background level (20 to
30 minutes),

This long counting period was used to determine the initial counting
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rate due to only the 015. Below the 278 kev resonance the counting rate
of positrons from N13 formed in the Clz + p reaction became troublesome,

The N13

half life is 10 minutes, The background due to 'cﬁe le could be
determined by observing the counting rate after the O15 counting rate
had died out. The _Clz in the target increased with continued bombard-
ment, Below 250 kev, targets were replaced after four runs which
represented a total charge of approximately 20, 000 microcoulombs.,

At 218 kev, the lowest energy for which the yield was measured,
the initial O15 counting rate was approximately equal to the background
counting rate of 2-1/2 counts per minute, Hall (22) has determined that
the counting period which minimizes the statistical uncertainty of a reac-
tion counting rate between 1 and 10 times background is between 2 and
3.5 half lives. Therefore, the number of counts obtained during the
first 5 minutes (2.5 half lives) was used to determine the initial counting
rate for each run.

The initial counting rate at each energy was compared to the
counting rate at 285 kev, Every fifth run was made at 285 kev to check
that the target had not deteriorated and that the counting efficiency had
not changed, Variations in the initial counting rate obtained at 285 kev
were less than 10 /o,

In fig., 9 the initial counting rate is plotted versus energy and the
point at 285 kev is normalized to the absolute yield determined for this
energy. This curve represents the thick target yield as a function of
energy. A small correction has been made for the nonuniform target
composition as discussed in the Appendix,

The same experimental procedure was used for the thin target

yield measurements, A beryllium nitride target was used as the layer
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containing nitrogen was more sharply defined than in the tantalum ni-
tride targets, The yield of this target below 330 kev was essentially
a thick target yield, The initial counting rate at 285 kev was nor-
malized to the absolute yield determined for this energy. The target
thickness was determined from the apparent width of the 278 kev reso-
nance, The target was found to be approximately 50 kev thick at 328
kev, The yield curve in fig, 10 thus represents the yield of a nitrogen
target 50 kev thick aﬁd is a thin target yield above 450 kev, The meas-
urements between 330 kev and 450 kev are not meaningful in terms of
either a thick target yield or a thin target yield, The yield from the.
resonance is decreasing rapidly in this region due to the rapid decrease
of nitrogen concentration with depth in the target,

Table VI lists the relative probable error in the yield of a thick
nitrogeﬁ target determined at energies between 220 and 285 kev., The
relative probable error in the absolute normalization at 285 kev is
15 °/o as determined in Section II-4, The error in integration is dis-
cussed in Section II-2-F and is 3 °/o. The error in timing the counting
period is less than 1 °/o, The relative probable error in the number of

counts due to the 015 decay was computed from the expression

2 2"
6N, 0.67\/N + N+ N, + (3-(; NJ) + (E—z N,)
< (2.15)
1 N-N -N :
o 2

where

N is the ‘total number of counts obtained in the counting period

N1 is the number of counts due to O15

N2 is the number of counts due to N13

No is the number of cosmic ray background counts
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: Co is the cosmic ray counting rate

C, is the initial N13 counting rate

2
6(30 and BCZ are the uncertainties in these rates,

The background due to NB was determined for each run by observing

the counting rate after the 015 counting rate had died out.

The effect of the nonuniform target composition on the yield is ex-
pected to be small since the cross section decreases very rapidly for
the lower energies and therefore most of the yield is obtained from the
front surface of the target, The ratio of the nonuniform target yield to
the uniform target yield, Y/Yo’ was computed at 220 kev and 250 kev
using the value of —5—- (Ax) determined in Section II-4, The effect on
Y/Y0 of the resonan?: and nonresonant yield was computed separately,
Using the fqrm of the cross section given in equation 4,9, the value of
Y/Yo at 220 kev was found to be 0,89 due to the resonant part of the
cross section and 0,81 for the nonresonant part. At 250 kev, the
resonant part of Y/YO is 0,90 and the nonresonant is 0,76, The average
Y/Yo for the resonant and nonresonant yield weighted according to their
relative contribution to the total yield is 0,84 + 0,10 at 220 kev and
0,89 + 0,07 at 250 kev,

The same type of uncertainties occurring for the thick target yield
measurement also occur for the thin target yield measurement, The
effect of the nonuniform target is slightly different, The ratio of the
nonuniform target yield, Y, to the yield, Yl’ of a target of finite thick-
ness which has the same composition as the front surface of the nonuni-
form target was computed., The ratio of the yield Y/Y1 is found to be

1.00 + 0,10 at 550 kev for a uniform target which is 50 kev thick for

328 kev protons, The value 1l is merely a result of the arbitrary choice
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TABLE VI

ACCURACY OF THE THICK TARGET YIELD

Proton Energy (kev) Uncertainty in N Uncertainty in Y
220 50 °/o 52 °/o
230 14 19
240 11 17
250 9 15
260 5 13
270 3 12
280 2 11
TABLE VII

ACCURACY OF THE THIN TARGET YIELD

Proton Energy (kev) Uncertainty in N Uncertainty in Y
450 7 °/o 14 /o
500 6 13
550 4 13
600 3 12
650 2 12
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of the comparison target thickness., The relative probable error in the
yield between 450 kev and 600 kev for a nitrogen target 50 kev thick

at 328 kev is listed in Table VII,

Cross Section
The cross section was determined from the thick target and thin
target yields using equations 2.4 and 2.5, Between 276 and 284 kev the
thick target yield was graphically differentiated, Below 276 kev it was
convenient to differentiate 1ogw Y rather than Y, The value of dY /dE

is then
dY /dE = (1ogme) Y d log Y/dE (2.16)

Between 220 and 250 kev the value of d log Y/dE is nearly constant,
The value of d log Y/dE is much more accurately known than Y, There-
fore, the relative error in the value of dY /dE was approximated by the
relative error in the yield, Between 250 kev and 276 kev the value of
d log Y/dE is increasing rapidly and the relative probable error of
d log Y/dE is comparable to the error in N, As an approximation in
this energy range, the relative probable error in dY/dE was taken to be
the sum of the relative probable error in Y and N, From 276 to 284 kev
the yield was graphically differentiatéd to approximately 10 °/o accuracy.
The error in the cross section due to the uncertainty in ¢ has been in-
cluded in the error determined for the yield, The error in the cross
section is shown as brackets for representative points in fig, 1l.

The cross section could not be measured with meaningful accuracy

between 284 and 450 kev., The relative change in the thick target yield
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with energy above the resonance was too small to be accurately deter-
mined, The nitrogen in the thin targets was not in a well defined layer
but tended to straggle deep into the target, thus preventiﬁg thin target
yield measurements in this layer,

The relative probable error in the cross section determined from
the thin target yield is equal to the relative probable error in this yield,
The error in cross section due to € and to A E of equation 2,5 has been

included in the error determined for Y,



38
ELASTIC SCATTERING
Cross Section Measurements

The cross section for elastic scattering of protons from nitrogen
has been studied by several observers (13), (23), (24); however, pre-
vious measurements do not extend below 620 kev. Of special interest
is the energy region near 278 kev where capture cross section work has
shown a resonance which is approximately 2 kev wide.

A thick target suitable for elastic scattering measureﬁents of
protons from N14 must contain no element heavier than nitrogen; the
stopping cross section must be known; it must have a smooth surface;
and it must be stable under proton bombardment., The target material
used in this experiment was the organic compound, melamine, Its
chemical composition is (NZCH2)3. The target was prepared in
vacuum by evaporating a thick layer of melamine on an aluminum backing,

The counting rate versus incident proton energy, with the spectro-
meter field held constant, is shown in figs. 12 and 13, It is seen from
these two energy profiles that the number of protons scattered from
only the nitrogen in the target can be easily determined at scattering
angles greater than or equal to 85.9 degrees. These profiles also show
that there are no elements heavier than nitrogen in the target. The
peakingof the Clz step in fig, 12 shows the effect of carbon build-up on
the front surface of the target with continued bombardment, A new tar-
get spot produced the step without the carbon peak,

The cross section for elastically scattered protons is given by the

expression (9)



where

E cos
do _ e R N [- 20 , — ‘1’1]
wE!= 25 T E LA, * 2 cosy, (.1)

g—% is the differential cross section in sz per steradian

at the energy E10 and the scattering angle ©
El is the analyzer energy, expreésed in kev
ElO is the energy of the incident proton just before it is
scattered, expressed in kev
EZO is the energy of the scattered proton just after it is
scattered, expressed in kev
E2 is the spectrometer energy, expressed in kev
is the number of incident protons

Q
e
R is the momentum resolution of the spectrometer, P/AP
)

is the center of mass solid angle of the spectrometer

?1 is the stopping cross section per nitrogen atom at an
energy between E1 and E'LO such that
E
- _ 1 dE
€ = (B - Ep)/ ,[E -
10

?2 is the stopping cross section per nitrogen atom at an

energy between EZO and E2 such that

_ szo 4
€2= (Eyp - Ep) / -
E2
both stopping cross sections expressed in kev-cm
N is the number of counts

P, is the supplement of the angle made by the target normal
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and the incident beam
?, is the angle between target normal and spectrometer,

The reaction energy is given by (9)

€, cosp E €, cosQ
E =(E, + 2 lE)/(20+ 2 1) (3. 2)
10 27 = 1 E =
€ cosP, 10 €, cos9,

The constant 2eR/Q Q was determined by scattering from copper
which is known to be Rutherford (25) except for a small correction due
to electron shielding, The shielding correction has been worked out by
Wenzel (26), The cross section for copper is

do _ dg . , 3.65
m(Cu) = -&Q(Rutherford) - = (3.3)

Elo

where EIO is expressed in kev,

The stopping cross section for melamine, (NZCHZ)S’ has not
been measured directly; however, CZI—I4 and N2 have been measured by
Reynolds, Dunbar, Wenzel and Whaling (27); They observe Bragg's
law to be accurate above 200 kev so that the stopping cross section of
melamine per nitrogen atom is given by 1/4 the stopping cross section
of CZH4 plus 1/2 the stopping cross section of NZ'

At lower energies an increasing percentage of the scattered protons
pick up an electron in leaving the target. Electron capture by protons is
dependent on the composition of the surface layer of the target; however,
the neutral fraction is negligible above 300 kev and still small at 200 kev
for all materials (28). The correction to the cross section used in this

experiment was 2 0/o at 250 kev and 4 0/0 at 200 kev corresponding to a

target surface composed of diffusion pump oil,
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The absolute cross section was measured at a center of mass
scattering angle of 152 degrees from 200 to 650 kev, The ratio of the
measured cross section to Rutherford is shown in fig, 14, The relative
probable error in the ébsolute cross section is 7 %/o made up of the
followihg individual uncertainties: stopping cross section of NZ’ CZH4
and Cu, 3 °/o each; counting staﬁstics, 2 °/o; reproducibility of the
integrator, 1 ©/0; effect of uncertainty in spectrometer and target
angles, 1 ®/o each ahd spectrometer energy, 1/2 °/o. The counting rate
was observed to decrease with continued bombardment of the same tar-
get spoty Therefore, each target spot was used for only two runs of
10 microcoulombs each, The correction for this bombardment was 1 “/o
on the first run and 3 /o on the second,

The cross section at the center of mass scattering angle of 152 de-
grees is within 5 °/o of Rutherford from 200 to 350 kev except for the
narrow resonance at 278 kev, At higher energies the cross section
rises, reaching 1,17 times Rutherford at 650 kev, This is in good agree-
ment with the value, 1,21 times Rutherford, obtained by Hagedorn,
Mozer, Webb, Fowler and Lauritsen (13), at 650 kev for a center ofj mass

scattering angle of 154 degrees,

Spin and Parity of the 7,61 Mev State
The angular momentum, & , of the incident protons forming a nar-
row resonance can be determined by measuring the scattering cross
section at angles corresponding to the zeroes of Liegendre polynomials,
Mozer (29) has shown that the interference term in the theoretical expres-

sion for the scattering amplitude of a narrow resonance with at most an s-
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wave and Coulomb background has the angular dependence of P: (cbs 0)
where £ is the orbital angular momentum of the incident protons
forming the state. Thus there is no interference minimum in the scat-
tering cross section at angles corresponding to the zeroes of Pz (cos ©),

Near the 278 kev resonance, the scattering cross section was
measured at three angles, 90, 125 and 152 degrees in the center of
mass, The ratio of the scattering cross section to Rutherford is shown
in figse 15, 16 and 17. Interference minima occur at all three angles,
The 90 degree minimum rules out formation of the level by odd ¥ -
value protons as 90 degrees is the zero of Legendre polynomials of
odd £ ., Formation by d-wave protons is ruled out by the minimum at
125 degrees, the zero of Pg (cos 6 ). Higher ¢ values can be excluded
on the basis that the measured width would then exceed the single parti-
cle limit, (The measured width is discussed in Section 1I-5-C,) Thus,
only s-wave formation is possible.

The spin and parity of N14 is known to be 1+, and the spin of the pro-

5 at 7,61 Mev formed

ton is 1/2 so that the spin and parity of the state in O1
by s-wave protons is either 1/2% or 3/2%, The size of the anomaly in
the scattering cross section at the resonance is determined by the spin
of the level., The theoretical expression for the scattering cross section
of s-wave protons at a narrow resonance with a background of s-wave
and Coulomb scattering as worked out by Mozer (29) simplifies to the

following equation in the case of no reaction cross section other than

gamma-ray emission,
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cos €) sin (6 + ©) cos (6 +9 )

-1= (304)
R 6 2 a2
+(~z + sin €) sin™ (6 + ¢ )

where
0‘(6) is the differential scattering cross section
O’R is the differential Rutherford cross section

J is the spin of the state

—%
\ 2pE
. . cm
k is the wave number given by —‘—F_x_——
u is the reduced mass
E is the center of mass energy of the reaction

cm
2
. . . _Zep . 2 6
€ is the Coulomb phase shift given by £ _h_i_EE In sin

E-F,

R

6 1is the resonance parameter given by -6 = arc cot I

, , > T
I' is the half width of the resonance

ER is the resonance energy

© is the scattering angle

¢ is the nonresonant phase shift,

The nonresonant s-wave phase shift is expected to be small at

278 kev, An upper limit for it can be obtained from the absolute value
of the off-resonance cross section, The absolute cross section is
Rutherford within a 10 %/o uncertainty at 250 and 300 kev, This uncer-
tainty corresponds to a possible nonresonant phase shift of 8 degrees.
A zero degree phase shift was used to compute the theoretical curves
in fig. 15, 16 and 17; however, an 8 degree phase shift alters these

curves only slightly,
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It is seen that the anomaly for a J = 3/2 resonance is twice as
large as a J4= 1/2 resonance; however, the measured anomaly is
never quite as large as the theoretical one due to the resélution of the
measuring equipment, The apparent width of the 278 kev anomaly is
about as large as the 2 kev computed resolution, The measured size
of the anomaly is approximately 70 ®/o of the J = 1/2 theoretical value
or 35 /o of the J = 3/2 value, On the basis of just this elastic scat-
tering data it is impossible to distinguish between a J = 1/2 level with
a width approximately equal to the resolution and a J = 3/2 level with
a width of about one quarter the resolution, Howevei', the width of
this resonance has also been measured in the (p, y) reaction, This
measurement described in Section II-5-C was made with 1/2 kev reso-
lution and shows the resonance to be 1.9 + g:g kev wide, The elastic
scattering measurement is then to be interpreted as J = 1/2+ level of
width 1.5 + 0.5 kev, The experimental cross section at 152, 125 and 90
degrees center of mass is shown in figs. 14, 15 and 16 along with the
theoretical curves fora J = l/2+ level 1.5 kev wide,

The asgignment, J = 1/2+, is in disagreement with the measure-
ment of the prompt gamma-ray angular distribution made by Bashkin,
Carlson and Nelson (5), They obtain the ratio of the yield of the 6,2 and
5.2 Mev gamma rays at 0 and 90 degrees to be 1,07 + 0,03, Their
measurement indicates that the state could not be formed by s-wave pro-
tons; however, the elastic scattering experiment is much more conclusive
than the 7 °/o deviation in the very difficult gamma-ray measurement,
The angular distribution of the 0,755 and 1,34 Mev gamma rays was found

to be isotropic in Section II-5-D of the present experiment.
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1V, EXTRAPOLATION OF THE CROSS SECTION

Energy Levels of N15 >

and O
A resonance in the N14 + p reaction occurring below 100 kev could
have a very large effeét on the rate of the CN-cycle and yet not be
noticed in the measured yield above 200 kev, Other types of experi-
ments must be used to discover any levels in this critical energy
range., Reactions which lead to the same compound or residual
nucleus yield additional information about states in this energy range.,
Another method of locating states in this region involves using infor-
mation about corresponding states in the mirror nucleus, le. The
states of N15 -are well determined from the N14(d, p) reaction (30), (31).
Of the various reaction which yield direct information about states
in 01‘5, only the NM_(d, n)O‘ls reaction has been examined carefully in
the energy range of interest. The results are inconclusive, The d,n
stripping reaction was measured by Evans, Green and Middleton (32)
for 7.7 Mev deuterons using nuclear emulsions to detect the neutrons
and determine their energy. The statistical acduracy and energy reso-
lution of this experiment were insufficient to detect a weak group corres-
ponding to a level near 7.4 Mev. The N14(d,n)015 neutron threshold
measurement of Marion, Bruggers and Bonner (33) was also inconclu-
sive in this energy range due to the large background of neutrons to
the 6,8 and 6,91 Mev levels which obscured any weak thresholds at
higher energy.

15 and le are shown in fig. 18. Dotted lines

The energy levels of O
are drawn joining corresponding levels of the two nuclei, This pairing

of corresponding levels was determined on the basis of level shift calcu-
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lations and the measured spin and parity of thé states,

The difference in energy of corresponding levels in mirror nuclei
due to 1, nuclear boundary conditions, 2, spin-orbit interaction and 3,
nuclear volume expansion with excitation has been discussed by Thomas
(34). He computes the level shift to be the order of 50 kev due to 2 and
3 for corresponding levels near 3 Mev in N13 and CB, Larger level
shift differences are due to 1. The effect of 1 is of the order of 1 Mev
for levels with large reduced widths, Accurate data for computing
the small effect due to 2 and 3 are not available for O15 and N15. The
level shift referred to in the remainder of this thesis is that due to the
boundary conditions only.

The level shifts were computed from formulae derived by Thomas
(34). Only the level shift due to the proton width was considered for
the levels in 015 and only the shift due to the neutron width was con-

sidered for the levels in N, The level shift is then given by

M = Yog e (4.1)

where

[_\}é. is the level shift in Mev for the level c

yz is the reduced width of this level in Mev-cm

gCRe is the real part of the logarithmic derivative of ¥

evaluated at the nuclear surface
F 1is the solution of the external wave equation for outgoing
‘ waves,

The quantity of interest, A)r: - A}S , is the difference between the level

shifts for the corresponding levels in each nucleus, This difference is
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just equal to the difference between the energy of the corresponding
states in N15 and 015, assuming the ground states to have no level shift,

For bound levels in 015

, the value of the reduced width, yz, is
unknown., The procedure used for these levels was to assume the
W”igner' sum-rule limit for the reduced width and thereby compute the
maximum possible level shift, This maximum possible value is useful
when it is less than the level spacing as it is for the 5.2 Mev and 6,26
Mev levels in 015. The reduced widths for the 7.6 Mev and 8,32 Mev
levels of O15 were computed from the measured proton widths using

the penetration factor calculated by Christy and Latter (35). The re-

duced width, yz, is given by

Y _ Ip
a = -W& ka (4'2)
where
a = (l.4l x 10-13 cm)( 3 14 +1) = 4.8. x 10-13 cm
ka = Ecm
R

E is the center of mass proton energy
cm 2
E_ = ﬁ- = 0,97 Mev
R 2
Zpa
u is the reduced mass = 14/15 a,m.u.

P& is the penetration factor for angular momentum ¢
f‘p is the measured proton width

The Wigner sum-rule limit, yzm , is given by

ax

= R (4.3)

R

The value of 8¢ © for the bound levels in 015 and the corresponding
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levels in N15 was computed from the WKB approximation (34)
E

2 .
(8 +1/2)° + 5p—
R
ag Ro= - £+ (4.4)
2*
where 1/2
| E—\(a cuzle ne o em |
ER ER ol
Ec = eZ/a = 2.1 Mev for 015
Ecm = Eo -Q |
Eo = energy of the state above the ground state in Mev
Q = binding energy of a proton in O15 or a neutron in N1

(7.347 Mev and 10,83 Mev respectively)

Ep = % /2pa’® = 0.97 Mev
£ is the angular momentum of the proton or neutron

From elastic scattering measurements (23), the 8,33 Mev level of

O15 is found to be 3/2.+. Thus both the 7.6 Mev and 8,33 Mev levels are

formed by s-wave protons, The value of AA for the 7,6 Mev and 8,33

Mev states of 015 was computed from the exlz.ct expression for gcRe for

s-wave protons

Re 8F0 GGO 2 2
& ~ [F0W+Go or 1/ [F,"+G,7 ] (4.5)

where Go and Fo are the Coulomb wave functions tgbulated by Bloch et al,
(36)s The level shift for the level in N2 corresponding to the 7,6 Mev
and 8,33 Mev levels in 015 were computed from the exact expression

for states formed by s-wave neutrons:

agCRe = -ka (4.6)
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The maximum possible level shift, At} - Arll\ , determined for
the 5,28 and 5,31 Mev levels in le is -0,75 Mev, This value was ob-
tained using the Wigner sum-rule limit for the reduced width and for
s-wave neutrons, It is slightly less for higher angular momentum
neutrons, The corresponding levels must lie between 5.31 Mev and
4,53 Mev in 015. Only one level in 015 has been reported in this region.
It is at 5.2 Mev, Either this reported level represents two unresolved

5 petween 4,53 Mev and

levels in 015 or else another level exists in O1
5.31 Mev,
The level at 6,33 Mev in le has a maximum possible level shift,
AN - A?rs.l, of -0,6 Mev, This value was obtained using the Wigner
suri-rule limit for the reduced width and p-wave neutrons. The stripping
reaction indicates that the level is J < 5/2°, There is only one level

between 5,73 and 6,33 Mev in O

. It is at 6,26 Mev, The N (d,n)
stripping reaction indicates that this state is J < 5/27,

The maximum possible level shifts for higher energy levels is not
useful as the level shift, AA - A% , is considerably greater than the
level spacing; however, thz level shift for the 7,6 Mev and 8,33 Mev
levels of 015 formed by s-wave protons (13), can be computed using the
measured widths in 015. The level shift, A% - Arjl\ , is found to be
0,62 Mev and 0,007 Mev for the 7,6 Mev and 8,33 Mev levels respective-
ly. This predicts the corresponding levels in N15 to be at 8,22 and 8,34
Mev, The only levels found between 7.58 and 9,06 Mev in N15 are at
8432 Mev and 8,57 Mev., The N14(d,n) stripping reaction shows these
two levels to be 1/2+ or 3/2+. The stripping reaction also shows the higher

energy level to have a much smaller reduced width, Thus the 7,6 Mev
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level of O15 corresponds to the 8,32 Mev level of N15 and the 8.33 Mev
level of O15 corresponds to the 8,57 Mev level of N15. It is apparent
that there is an additional level shift of the order of 200 kev in this
region of excitation which is not accounted for by the nuclear boundary
conditions.

Between 6,33 and 8,32 Mev there are three levels in le and
between 6,26 and 7,6 Mev, the corresponding range in 015, there
are only two reported levels, The 7.32 Mev level of le and the 6,85
Mev level of O15 are believed to be corresponding levels on the basis
of similarb stripping results. It is not possible to say whether it is
the 7.58 Mev or the 7.16 Mev level in N15 that corresponds to the

6,91 Mev level of 015

, but in either case, there is one undetected level
in O15 near 7 Mev,

The extrapolation of the measured cross section to 25 kev is very
much uncertain due to this undetected level, The level in O15 corres-
ponding to the 7,58 Mev level of N15 could lie in the region which would
greatly affect the rate of energy pi‘oduction in the CN- cycle, At pre-
sent, the region' Olé(Hes, a )015 is being studied in this laboratory in

an attempt to locate this level in 015.

Method of Extrapolation
A theoretical expression for the reaction cross section (37) is

given by

I vy
o;(E) = LT D O (4.7)
S

1.;
u Eu-E"Z 1I-‘uu
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where
j refers to the incident particle, £ refers to the reaction

product, and u refers to a particular resonance

. - R . . 27 +1
gy is the statistical weight factor given by T

k is the wave number

E is the energy of the incident particle

I’ is the observed width of the resonance,V<< level spacing

yz is the reduced width

J 1is the spin of the state

Within the accuracy of the present experiment, the cross section

can be represented by three terms: a term representing the 278 kev
resonance, a term for the constant phase s-wave background with J = 1/2
and a term for the constant phase s-wave background with J = 3/2, This
representation implies only s-wave contribution to the cross section in
the energy range of the experiment. The constant phase background
implies that other resonances are distant, Equation 4,7 can then be

written as

— + kzei62 l : + k32] (4.8)
E E - 278 + 0.851
where
E 1is the proton lab energy in kev
Po is the Coulomb penetration factor for s-wave protons
kl’ kZ’ k3 and 62 are experimentally determined constants,

This equation can also be written in the form
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) ;
Ec _[ k1 2k1kz cos (6-52) 2

2
+ s+t k, +k ] (4.9)
o P, 2 3

(E-278)%+ 0.7 (E-278)" + 0.7

where

cots = E-218)

Equation 4,9 is convenient to use in evaluating the constants kl’ kZ’ k3
and 62. A plot of the function, (Ed)/@/ﬁJ—‘Po) , on logarithmic scale is
shown in fig, 19,

It is seen that this function is almost constant above 450 kev, The

2 27

value of k2 + k

2 is found to be 6,0 x 10~ kev—cmz. The constant,

3
klz, evaluated at the peak of the 278 kev resonance is 2,0 x 10_23 kev-cmz.
The present experiment is not accurate enough to evaluate the
ratio, kZ /k3, and the constant, 62. There is evidence based on very
poor cross-section accuracy at 220 kev for a small amount of destructive
interference below the 278 kev resonance, The curve for 62 = 0 and
kz/k3 = 0,4 is shown in fig, 19,

Since the resonance term and the interference term of equation 4,9
show no appreciable contribution to the measured cross section 150 kev

above the resonance, the value of the cross section from 0 to 130 kev

can be expressed by

“EPO 2 2

(k,” +k,) (4.10)

o(E) =

E

The value of kzz + k32 is constant if there are no resonances near the
energy region between 0 and 130 kev,

From the measurements of Duncan and Perry (3), it is seen that

most of the s-wave background at 500 kev is due to a level at 9.8 Mev
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with a width of 1.2 Mev. Assuming that the 9.8 Mev state is the only

source of s-wave background below 130 kev, the value of kzz-l- ksz in

equation 4,10 would be approximately 60 /0 of the value determined

2 2
for kZ + k3
k22+ k32 in the energy region between 0 and 130 kev to be greater than
2 2

the value determined for kz + k3 at 500 kev,

at 500 kev. States below 7.347 Mev in O15 would cause

For computing the rate of energy proddction in the CN- cycle, it

is convenient to write the cross section as

S
o ~212,3 '
G(Ecm) = 5 exp ( ) (4.11)
cm
cm

where Ecm is the center of mass proton energy in kev, The value of

So at 25 kev is 2.8 x 10'24 kev—cmz for constant kzz + k32'; So is

1.8 x 10724 for k22+ k32 determined by the 9.8 Mev state,
Comparison with Cross Section Measurements
Near 130 kev

The reaction cross section has been measured near 130 kev by
Woodbury, Hall and Fowler (2) and recently by Lamb (38), The two
measurements differ by almost a factor of 10, The Woodbury measure-
ment involved reaction counting rates less than background and it is
likely that the error in this experiment is much greater than Lamb's,

The present work when extrapolated to 130 kev is in good agree-
ment with the cross section determined by Lamb, The value, So =
2.8 % 10-24 kev—cmz, is approximately 20 %0 higher than Lamb's value

of S o but is well within the accuracy of the experiments and the extra-
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polation (see fig. 19).

Rate of the CN- Cycle
The rate of the CN- cycle is uncertain due to the possibility of a
state near 7.4 Mev in 015. The present experiment has shown, on the

5, that there is one level undetected

basis of known levels in N15 and O1
in O'° between 6426 Mev and 7,6 Mev, The value of S, determined in
Section IV-2 is thus a lower limit for the CN- cycle, An upper limit
to S0 is determined by the Clz(p, "{)N13 reaction which is the slowest
reaction of the CN- cycle excluding the NM(p, \,')O15 reaction,
Burbidge, Burbidge, Fowler and Hoyle (39) have computed the
rate of energy production in the CN- cycle based on the value of So
determined in this experiment and also for So determined by the
Clz(p, y) reaction (40). The rate of energy production in the CN- cycle
based on the present experiment is a factor of 10 smaller than the
previously accepted value based on the measurement of Woodbury,
Hall and Fowler (2).
15

Other experiments are necessary to locate all the levels in O

near 7,4 Mev and thus definitely determine the rate of the CN- cycle,
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APPENDIX
‘Calculations Involving Nonuniform Targets

The targets used in the yield measurements of this experiment
were of nonuniform coinpasition. It is convenient to express the yield
obtained from these targets in terms of the yield of a uniform target
which has the same coi’nposition as the front surface of the nonuniform
targets, In order to do this one must know the target composition‘as
a function of depth. An approximate method will be described for
determining the composition as a function of depth,

The stopping cross section per nitrogen of a nonuniform target

can be written as

n

€. (E)
e(x, E) = eN(E)[1+ y A4 J: eN(E)[l-i- A ] (5.1)
i=1 aN(x)eN(E aN(x)

where

eN(E) is the stopping cross section of a nitrogen atom
ei(E) is the stopping cross section of the ith element
an is the number of nitrogen atoms per cm3 at the depth x

a; is the number of atoms of the ith element per c:rn2

o a; e, (E)

=2 L,

i=1 N(E)
We treat only the case for which the concentration of all elements ex-
cept nitrogen is constant, The ratio of €1/€N does not vary rapidly with

energy and is taken to be constant over the energy thickness of the target,

The yield from a target can then be written as
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E
L
Y(E) =f oi{E) dE (5.2)
0 ey(E) [1 + 'a?{(fr]

where
Y(EI) is the yield at energy E1
o (E) is the reaction cross section
x is the depth in the target corresponding to the energy
loss E1 -E .
The value of x in equation 5,2 is a function of E1 and E and thus aN(x)
varies with E over the range of integration,

The value of ¢(0, ER) / e(x, ER) can be determined from the
measured yield near the 278 kev resonance, The value of aN(x) and
eN(E) for the targets used in the present experiment did not vary ap-

preciably over the width of the narrow 278 kex} resonanée T = 1.7 kev).
Equation 5,2 can then be written as
: fEl
0 o(E) dE
Y(El) = (543)

eN(ER)[l + @]

where
ER is the resonance energy, 278 kev

Xn is the depth corresponding to the energy loss E. - E

1 R’
The ratio of the stopping cross sections, e(O,ER) / e(x,ER) , is given

by

fERc (E) dE

)
R’ _ 0 (5.4)

E
e(x, Eg) Y(ER) j; L5 (E) dE

€(0,E Y(E))
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Using the single level resonance form of ¢ we obtain

-1
= 1 + arctan (5.5)

e Ep)  Y(Ep) r /2

E(O, ER) .- Y(El) [ El- ER ]
It is convenient to be able to express x as a simple function of
E1 - E, For the targets used in this experiment the nitrogen concen-
tration over the target thickness was represented by a constant and a
term linear in x,
- !
aN(x) =a ta'x (546)
Similarly the value of [GN(E)]-l over the target energy thickness was

represented by a constant and a linear term in E1 - E.

.___1 = —-1 + ——-—1 (El - E) (507)
: 1
eN(E) € L

Using equations 5,1, 5.6 and 5,7 we obtain

2

1 (e 2
AE = x(ao + A)eo + > [(——-—reo) + ao' x ] (5.8)
where AE = E1 - E. Since the concentration, aN(x), and the stopping

cross section, eN(E), vary only a small amount over the thickness of the

target, equation 5.8 can be written to first order as



AE = x(ao+ A)eo + 5 (5.9)

or

~ 1 171 35 2

= —— AE - —_— ot ——— | ( AE) (5.10)
: (a_+ Ae { . [e ' (a +A)2'€ 2] }
o o o o

™

(o]

The ratio of nonuniform to uniform target yield, Y(El) /Yo(El)’
at energies below the 278 kev resonance was obtained by using an ap-
proximate form of the cross section given in equation 4.9 and the value
of ¢(0,E)/e(x, E) as determined above to evaluate the integral in equation
52, The approximate form of the cross section is not too critical as
the Coulomb penetration factor is changing rapidly with energy and
only the cross section near E1 is important in determining the ratio

Y(E)/Y (E)).



