THE W0 4 BY REACTIONS

Thesis by
Aleois W, Schardd

In Partial Fifillment of the Requirements
Fopr the Degree of
Docter of Philoscphy

California Institute of Technology
Pasadena, California
1951



ACKNOGLLDGUMARTS

It is a pleasure to acknowladge my gratitude to Dr. C.

C. Lauritsen and Dr. W. A. Fowler. This research was started
at their suggeotion and completed with their guidance and help.
Y w#ish to thank Dr. R. F. Christy and Dr. T. Lauritsen for
rany illuminating discussions ana sug.estions.

The suthor is greatly indebted to Prof. Don Yost, Dr.
David L. Douglas and Mr. Sidrney Oibbins of the Chemistry
Department for tieir help in finding suitable nitrogen targstis
and the preparation of TiN and CrN targets. Further thanks ars
due to #r. E. J. Woodbury for operating the 100 kev generator,
Mre Lo J. Gililland for supervising the construction of the
counter and target arrangement, ¥r. V. Bhrgott and J. Antz
for exceuting the drawings,

This research wa: assisted by tne joins rrogram of the
Ofiilce of ¥aval KResearch znc the Atoemic Energy Courdsszion,

The author was helped by O0f{fice of Haval Research dssistantohipo

from 1947 to 1950,



ABSTRAU]

cUfeN L

The excitationfof the reactions (1) le(p,a)clz, (2)
%ls(p,a')clz*, (B)Aﬁlg(p,y)ol6 hag bzen measured/ffom 0.2
to 1.6 ¥ev. The thick target yioeld of reaction (1) was
alse wessured at LU0 kev. & sniclal preoporzionsl counter
was constructed for this puricse. Aprroxiwais theovrahical
and gwpirtcal sxpresslons for some characturistlies of pro-
porticnal couuters are ygiven.

Croas secticns and nuclear widbtns without barrier have
begen calculsted for all resonances found. Using intensity
arguments, an aesl;mment of parity and total angular momentum

16 2

is preposad for some levels 4n O and ¢ . As thess re-

[

actions ars psrt of Bethe's carbon cycle in stellar energy
production, the cross sectlons hiave basen extrapoiszted to

stellar cner;ies,
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I. INTRODUCTION
‘ On proton bombardment of le the following resactions are energetically
poesible 12 L

c + He Q= S Hev . (1)
15

1 16
B +H =30 ) —twep clz* + Heh Q= 0.53 Mev (2)

\016 LY Q= 12 Mev (3)

Until separated isotopes became available, the study of these reactions was
very difficult because le constitutes only 0.38% of ordinary nitrogen. The
£irst to observe reaction (1) were Burcham and Smith(l). They bombarded a
mixture of oxygen and nitrogen with 0.5 Mev protons and found an alpha perticls
group of the correct energy. The intensity of this group varied with the
nitrogen content of the gas used.

Fowler, Lauritsen, and Lauritsen(z)’(B) observed reaction (2) for proton

energies between 0,6 and 1l.h Mev using le

enriched ammonium chloride. They
observed the 4.5 Mev gamma rays and found resonances at 0.88, 1.03, and 1,20
¥ev. Due to the energy spread of their bsam, about 20 kev, they were not
able to measure the width of these levels, Tangen(h) obgerved & gamme ray
resonance at 0.428 Mev which he attributed to reactien (3)%,

Measurement of the absolute cross sections of these reactions bacame of

(s)
interest when Bethe suggested the carbon cycle as & source of stellar

energy. This cycle 1z as follows:

12 ~
(L) 6° & e D 4 % nn....>013+g3*+v
(s) s gt ....Hu‘ .
(6) Nlh"‘ﬂl-—-)ols«ﬁ-\’ 015....)3154.5"',4_7,

1)5(2) W2 + o —p 012 4 gelt

In addition reaction (3) would remove carbon permanently from the cycle., The

first attempt to measure the cross section of reaction (1) was made by

Holloway and Bethe . They measured oi near 360 kev but did not measure the

# Our results indicate that this resonance is due to reaction (2),
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energy accurately. Az the cross section changes rapidly in this region
- (Fipure 17), their measurement is not wery significant, Cochrane snd Hester(7)
measured the excitaticn of reaction {1) from 0.2 %o 0.5 Mev., They found a
resonance at about OJy Mev. Unfortunstely their statistics are insufficlent
t0 glve a good value for the position or half width of this resonance.”

In order to calculate reaction rates under stsllar conditions, it is
necessary to know the cross sections at energles near 30 kev., At these enerzies
a direct mesasurement of the cross sections is impossible because they are very
small (e.g. 1 = b ox 10‘15 barna at 28 kev). It is necessary to know the ex-
citation function in order to make a reasonsble extrapolation from the smallest

-7

measurable cross sections ( ~ 10 ' barns) to stellar'enargiea.

In this investigation accurate excitation curves for le + Hllhave been
obtained. To measure the small cross sections at low bombardimg energles it
wag necessary to develop a special proportional counter. As a part of this

research the advanteges and limitations of proporticnal counters in detedting

heavy particles has been investigated.

The ng % Hl reaction belongz to a group of reactions leading to multiple
; &
alpha particle nuclel. Fairly complete nuclear models have been worked out

for these nuclei by Wheeler(a), Hafsted and Teller(g), and Denniaon(lo),

The
alpha particle-nuclai are lignter thaa thsir neighbora; thersfore the compound

nucleus is formed in a highly excited state.

H3 + Hl m-y.(Heh) 19.8 Mev excitatiod&“
7 4 Hl “"‘>(B@8) 17.21 " i d

Bl « &t —3 (c1?) 15,960

3:15 § T sy (016) 12,11 "
12 5 B e () 12,90 ® "

# The cross seciion they msasured is also considerably smaller than the one
found in this investigation. (11)
## The excitation energles are taken from Hornyak and T. Lauritsen
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With the exception of Fl9(psY)N920, all reactions show strong capture
radiation. In most cases the capture radiation competes with the (p,a) reaction.
With the exception cf the HB and Li? reactions; sevoral pgroups of alpha parti-
cles are emitted corresponding to the ground and excited states in the residusl
nuclsus.

Because of the large excit&tion, the alpha particle model cannot be expected
to hold for the compound nucleus. It should, however, hold for the levels in

the residusl nuclei. In the case of 016*, which is formed by the Fl9(p,a) re=

~ 12
action, the lowest levels are O(+) and 3(-) (Pigure 25)( ). Except for a slight

displacement, this sgreas well with the predicticns made by Dennison(lo). The
only excited state of 012 which can be reached by Hls(p,a) ig at L.47 Mev. An
analysis of intensities at the different resonances (refer to Chapter VI), to-
gether with information from other reactions, indicate J = 2(+), azein con=-
firring the alpha particle model.

In the reglon which has been investigated (0.1 to ~ 1.6 ¥ev) the Bll(p,a),
uls(p,a), and F19(p,a) reactions have a much greater width without barrier for
short range alpha particle emission than for long range alphas. Thus the emis-
glon of short range alpha particles is inherently more probable. This menifests

~ and F19 reactions in & ratio of about 1 to 100 in the oross

itself for the B
sections of t@e long to short range alpha perticlez. Because of & largs barrier
factor for the short range alpha particles, the cross ssctions are gbout oqual
in case of the le(p,a) reactions (Figure 16). |

For bombarding snergies in the range of 0 to 2 Mev the number of levels

in the compound nucleus increases rapidly with atouic mumber. There ic probabl
5

20

2

L 8 12 18
one in He ', about threc in Be and ¢, six in 0 and a great multitode in He
(ll). It is to be hoped that, as more informetion becomes aveilable about these

"simple" alpha nuclei, it will be possible to develop 2 mors comprehensive theory.
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ITI. PROPORTICNAL COUNTERS

Electron Collection snd Pulse Shaps.

Proportional counters have been investigated and described by many
investigatorscla)’(lb)’(IS). The purpose of thies investigation was to
develop a heavy particle counter which had a large aperture and w@s in-
sensitive to electric disturbvances. Another coﬁnter desired was one sensi-
tive %0 low eneryy alpha particlea* and capable of measuring them in the
presence of a proton background. A consideration of the mechanics by which
pulscs are formed is necessary in order to determine the design parameters.

The properties of different counter gases have not been investigated
systematically. Wost of the infermeticn available(IS) is for 95 to 90%
~argon and 5 to 10% C0ye Therefore only this £illing is treated hers; how-
ever, wmost of the considerations apply equally well to other gases. The
particle to be counted produces heavy lonization alonp its path. Under the
influence of the electric field in the counter the electrons move toward
the collecting wire. A certain amount of recombination will occur if this
field is too small. Rossi and Staub(lé) have shown that for argon E/p = 0.7
volts/cm per mm Hg** is necessary for approximately 1008 ccllection. If the
pulse height is to be independent of the position of the track in the counter
the avove condition on E/p has to be satisfied.

In general it is desirable to collect the electrors quickly, in order
to obtain fast pulses. For E/p < 0.5 volts/cm per om Hé the svlectron veloeity

decreases rapidly.(l7), The slectric field insids a counter is the same as

for two concentric cylinders of radius 2 and b, (a = radius of central wire,

. Alpha enerzy between 0.6 to 2 Mav,

¥ £ = electric field inside counter.
P = pressure of gas {illiing.



b of counter)

Yo 1

® —

log b/a rp (1)

ks
P

Here Vo is the voltage across the counter; p the pressure, and r the distance
from the centrsl wirs. Thus E/p is smallest at r = b, Typical operating
conditions of the counter used (Figure 1) wers Vo = 1000 volts, p = 200 mm
Hgy» and a = ,005 inch and b = 0.50 inchj then E/p = 0.87. This shows that &
counter.to ba opersted with a high pressure needs &£ corrsspondingly high
voltage.

Under the above conditions the electron veloclty iz about 5x 106 on/sec,
and all electrony will be collscted within 0.2 P.sec. Very close to the
central wire secondary ionigation occurs. QOas multiplication occurs so
close to the central wire that the ions formed do not contribute to the pulse
until the positive ions move toward the outer cylindar(lh). With a gas am-
plification of 50 or more the primary electrons contribute only a few per
cent to the pulse height. The motion of the positive ion sheath produces the
main part of ithe pulee.

If we assume that all primary slectrons reach the centrsl wire simultaneous-
ly and that ths drift veloclty of the positive ione is proportional to the
electric fleld, it is possible to derive an sxzprsssion for the pulse shape.*

The change of voltage acrogs the counter is given by

-mnoe

Vo= O log (1+ 4/t (2)
2C log b/a
and 2
t, = a_log b/ (3)
2v (K/p)
e - )
max c

# Refer to References (13),(1kL) and appendix.
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@ = gas multiplication, a = number of primary ions, e = elactronie charge,
C = total capacity across counter, ¢ = time after collection, and K/p 1s>
the wobility of positlve ions. For argon X/p is about 3 cm/sec per voltfem
per etswouphere., This expression holds true untii tha positive ions reach
the outer cylinder several milli-seconds after the pulsse started, f.hen ;
vV =V .,

In general tie pulse is differentiated by a short time constant in the
aspliiier; wilce consists of a R C, network, ’ Then tho voltage developed

across tie resisitance is Jiven b
>

t+t° o " o
-mn e - L+ 4
RO . J— i 5 M o= .2
vgzc log b/ae [Ei( T )- Ei( ‘L‘)] - (5)

where T = Rlcl and :ffi {x) is tho exponantial integral tabulated in Jahke and

18 _
.}.'lf)'.’idﬁﬁ . For the counter shown in Figures 1 and 13 v/vma.x has been plotted

{Figure 1)e It should be noted that the pulse decays slowly compared to
e-t/r and has e rather flat top. The erperimental data apree with the
theoretical curve, except durlng the first 0.3 JrE et here the sffect of
elsctron collection is noticeable.

If onc wante to esbimate %the affect of different valuss ai".‘t edtmt«ion
(2) is inconvealent. In Pigurc 2 the ratio of masrimum pulse height to pulse
heignt for T = @ hes been plotted as a function of T /t’o'* Also given is
the time (tm) at which the maximumm is reached. To éae these curves one _cgl-
culates ¢, from equation (3) =nd Vpay from equation (k). This theory breaks
down 4if tm is of the smme order of magnitude as the electron collection ﬁim.'_
In that case the euperlasntal pulse height is sumaller than given and tm is'.
larger.

The effect of space chargs has been neglected., Sinecs it takes several

milli-seconds until the peosltive ions reach the cathode, a considerable charge

# b/a = 100 was used. For other values of b/a multiply the pulse height
scale by log 10C/loz (b/a).
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wmay bulld up at high counting rates. This is kept at & minimum by uwsing only
smoll pulsse. However; the pulses should be 10 to 100 times noise. General-
ly 10 %o EO‘}tvvlts of nodse is produced by the first tube and 80% of the
pulse is lost by differsntlaticn, Thus the pulse should be approximately 5
milli-volts. For an input capacity or 10 p puf this éorraéponds to 5 x 105
electrons. A particle louses 20 to 30 voits for svery ion pair produbedg

Thus for a parilcle losing 200 kev in the counter, a gas ampliiication 9£:50

is neaded.

Pulse Helght,

As shown asbove the heighit, ol a pulse is ideally only a function of the

nunber of primary icns fermed. In the case of arpon this is directly pro-

. 19
portional to the energy lost in golng itnrough the counter gaS( ). Different

b

groupg of particles may thus be distinguished if they lose diffefent amouhts
of energy in the counter. Depending vn the specific experivent this dif-
“ferencey van be Inoreased by propor cholece of gas pressure in the counter and of
stopring folls.

‘ Unless care is taken many factors will introduce a spread in pulse
heishts One would hope for equal pulec: from a homggencous group of particles,
each particle traversing the vame distancs in the counter., Haturally some
may be clesge to the center, othars near the cathode of the counter. Let us
- consilder briefly the dirfferent factors contributing to the spread in pulse
neistit ¥ |

1. Statisticsl fluctuations in the mavber of primary ions formed.
If the particle loses about 0.3 Mev in the counter gas, more
then 10,000 ion pairs are formed, and hence this effect iz small.

2. Racombination. With sufficiently strong collescticn fields re-
combinztion can be practically eliminated.

# A =aore de ai%ed discussion of most of these effects is glven in Rossi
and Staub 15 ‘ ' :
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Formation of negative ions. Electrons do not attach themselves

to molecules of counter gases like A or CO But if 0, or 320

2° 2

are present soms primary electrons are lost from the pulse by
forming negative ions. Little quantitative data is availablg,
However, a partial pressure as high as 1072 gm Hg does not
interfere with the operation of the counter.

End effects. The elescotric fiela is distorted near the end

of the counter. Thus the gas multiplication varies along the
wire, and soms electrons may not even resch it. This can be
mininized by using only the middle of the counter, at least
onediameter sway from each end. Al%erna‘beiy the counter may
be especlally designed to have a uniform field near ﬁhe
end(zo).

Imperfections in central wire. The.gns multiplication depends
critically on the field within one dismeter of the centraltwiré.
Variation in the diameter will cause trouble éspecially for
thin wires. If the wire is not centered, the field will A.'
also be distorted. Por formulas refer to Rossi and 8taub$15).'
Statistical fluctuations of gas mwultiplication. This has to

be considered only if & swall number of primary ions is
collected. Hanna, et. &1.(21) found that, for a mean numﬁer

of primary ions between 10 and 700, the fluctustions in pulse
height was only slightly larger than would be expscted from

the statistical fluctuation in the number of primary ions
formed. |

Space charge effects. At high counting rates or in the presénce

of X ray beckground, sufficient space charge may be built up

to distort the counter field. . Then the gas multiplication will
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be a function of the local spare charge. This'effsct is not
noticeable unless the counting rate is increased beyond 2,000
counts/scc, and then only if large pulses are used.
8. High voliags. The ges wultiplication ie practically an
exponential function of counter voltage. For an 4 +‘602
£11ling the multiplicetion may change as much as 1% per
volt and even more rapidly at very high multiplication.
Thus the power supply should be stable to bstter than 1 volt
in about 1500 volts and have a minimun of ripple.
If the ges filling in the counter is unstable” the pulse height
. will drift slowly, elthough it is homogeneous at'any instance. Unlesav
very accurate pulse height analysis is needed this drift can be compensated
by changing the voltage on the counter. If a very thin organic window is.
used, it may be necessary to flow gas through the céunter continuously.
The allowable variaiion in pressure may be compu£ed as followss
where ¥ is the gas multiplication, V the voltage on the counter and p the
pressure., Curves of,uﬁ}s. V and V vs. p havs been publiahed(lS); oV/3p = 25
volts/cm over & pressure range of 10 to LO cm., Thus for ¥ = 60 %.au/ap a51'15
%o 20f per om Hg. Thie indicates that the counter will operate sétisfactorily
i? the pressure is kept within 1 mm Hg(zz).
From the sbove one would expact that counters may be operated with”onlyf
a few per cent spread in pulse height. Figure L shows several typleal in-

tegral pulse height curves. Proportional counter #1 (Figure 3) was degigned'

# @.g. if organic vapors are given off by the window.
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according to the above considerations.  With 0.80 EGV’protons anly‘sx spread.',
: ; # s
in pulse height was observed. 1In counter #2 (Figure 5) the end nf tha  *'
counter was used in order to obtain a larger solid angle, and the pmlses.grﬁf

no lionger of uniform helght.

Deacr;ption of Counters and éccessories.

Proportional counter #1 (Figure 3) wéa built primarixy for use with a . .(
magnetic analyzer. It 1s designed to distinguiah betw@en different particlas; '
which ére focussed by the same magnetic field. This can ba done most easily wm
by using the diffsrence in specific ionization., Thus the path lengthjin the
gounter is only 2.5 cm and the gas pressure 10 to LO om Hg. The particles 7
~ enter the sensitive volume perpendicular to theréounter axie through a 5/16.
inch window. Mica, clamped between the iwo lead washers, was found to be
very satisfactory for s window. Foils 1.5 ag per cm2 (stopping pawer e§u1v§~
lent to 1 e of air) could support atmespheric piessnre-in either direétion

and gave counters which showed no drift in pulsse height for several monthe.

If the particles have & range smaller than 1 om of air it is necessary

to use thin organic foils, Suprorted by & grid they will hold atmoépherié
pgessﬁre in one direction., Figure 3 gives an enlarged drawing of such a
‘ﬁupport. A foil with & stopping power of 1.7 mm of air, made of our lqycra
of New Skin, was glued to this with a drop of szhellac. A lead washer is
used as a seal between support and counter. Before £illing the éeﬁntar has
tovbé attached to the main vacuun syetem and cannot be removed from it until
it is filled to atmospheric pressure. As the normal f£illing is only 20 om
Hg, the counter has to be refilled every time its window is exposed. to {

atmospheric pressure.

# The LZ rise in counts at half pulse height 1s due to protons hitting th@ »
ecollsoting wire,
L Manufacturad by New Skin Company, Brooklyn, New York.



Fregusent refilling* of the counter is desirable because the window
gives off organic vapors. These do not incrsase the spread in pulse heigh£
tut raise the operating voltage. For instance 1380 volits was needed one
week after rilling to give the same puise height as 940 velie gave the firep
day. Wo attempt was made 1o use any thinner windows, although it is possible
to use foils thinner than 0.5 ma zir equivalent. In that case continuous
gas flow through the counter is necessary, beocause foiis of this thickness
tend to leak.

For measuring small cross sections (10.31 emz) a counter with a large
aperture is needed. §Since the above design is not adaptable, an snd-
window counter™ was used. A& can be seen from Pigure L counter #2 does not
give pulses of uniform helght. However, if only one group of particles is
to be counted it 1s satisfasctory. 1In order to prevent charging the window by
scattored protons, the mica foil was coated with 0.2 mg/em2 of aluminum leaf,
The counter was used at & high gas amplification in order to minimise 1nt§£f ? :
ference from the accelsrating column. Thus 4t ip possible to mount th@fv: B
counter 0.8 inches from a target, bombarded with a 100 s ampere baam,.aﬁd %
detect counting rates as low as 2 counts per minute. |

To amplify the counter pulses tha aﬁpli fer deacribed by Jordan and’ 3311(23)
was used, It hes a gain of 10,000, thus it will amplify 10 mv. pnls@s to 100
volts, A two tube pre-amplifier with a gain of 10 wa mounted next tc the ,.
counter. A 1.5 e second olipping time toget.her with & O.lS J- second rise
time gives best results. The clipping time is eufficiantly short to eliminata
miciophonics and low frequsncy pickup, yot long enough to give about 20% ofv
the maximum pulse height. The fast rise time is advantageous because a trus

% If a mixture of A + CO, is avallable filling takes less than 10 minutes.
##* A Radiatlion Counter Laboratory pressure seal mica window counter was
refilled with 26 om Hg of 4 + COp.
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| picture of the'éulsa can be observed in an oacilloécope, and improper
operation of tha'conntervis quidkly apotted. |

shs bigh ‘voktage powsr aupply has fo be steble and fres of Yow or hizh-.
frequency ripple, A shunt type regulator with a-d.e. locp'gain of over 1;0605
was designed for this purpose. The output voltagq is continuously varigbial
from 600 to 1500 volts. It regulates against a L5 volt battery. The fiﬁplé
at 1500 volts is less than 5 milli-volts rms., After a warm up period of
one hour the output voltage drifts at most 0.056% per hour. Line voltage
fluctnations have an even smsller effect. This power éuyply was used in

all experiments and proved to be wvery satisfactory.
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III. EBXPERDIINTAL ARRANGIMENT AND PROCEDURE

A s0lid nitrogen compound enriched with 315 was bombarded with mono=
energetic protons, Tuhe yleld of alpha particles and quanta was then measured
as 8 function of proton energy. For most of the work, the protons were ace
celerated by the 8 ft. by 13 ft. slectrostatic gencrator of the California
Institute of Technology(3). Their energy is held constant to within 0,02 |
per cent. At 0,10 Mev the transformer rectifier set and RF ion source
described by Hall(zh) was used. It suppllies over ZOO)L amperes of beam cur-’
rent, The target arrangements are shown in Figures 5 and €. The chambers aré
made out cf brass. O-rings# are used for vacuum seals. This construction
proved to be very satisfsactory. Everything is readily accessible and can be
asgemvled in a matter of minutes. Pourteen O-ring scals are used in the target

chamber shown in Figure 6, yet none of them leaked during the course of the

axperiments,

100 Kev Apparatus

The target chamber (Figure 5) was designed for large solid angle and
efficient cooling of the target. The counter aperture is 0,700 inches from
the target spot. Apertures, 0,532 and 0,750 inches in diameter, were used
giving solid angles of 0.40 and 0.75 steradians, respectively. _

 The target support is made from a 7/8 inch brass rod. Two 3/32 inch
holes parallel to its axis are for air cocling. For 2 1/2 inches, half of
it is machined off so that the target spot falls on the axis. The vacuum
ssals are arranged such that the support can rotate about its axis and be
moved up and down. Lucite spacers insulate it from the mein target chamﬁer.
A 1/8 inch rod, soldered to it, extends the axis of the main target holder.

It keepe the target aligned. A pointer fastened to this rod rides on a

Mdanufuctured by Linear, Inc., State Road and Levick, Philadelphia, Pennsylvania.
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proiractor and is used to measure the angle between the target and the beam.
Slots in the target holder can accommodate three rcund target pellets, 3/16
inch thick and 1/2 inch in diameter. Setscrews hold them in place and insure
good thermal contact. '

Since the target spot is very close to the counter, its pesition kas to
be well defined. This iz accomplished by collimating the proton beam with
3/16 and 3/32 4inch apertures, S 1/2 inches apart. A 3/32 inch hole in the
support may be put in the target position, and the beam allowed to pass through.
The fluorescence in the guartz plate is used for visual alignment. These
apsrtures cut down the beam current, but a current of 100 u amp was sufficieht
to give statistical errors smaller than those due to other sources. VA separate
pumping connection to the main vacuum system is provided, becsuse the puaping
speed of the 3/15 inch hole is too small. To rsduce the deposition of carben
by ths beam a liquid air trap was provided as shown. |

The beam current is measured from the target support, which is at +300
volts with respect to the targst chamber to prevent emission of secondary
electrons. A guard ring at =300 volts prevents secondary electrbna, produced
at the 3/32 inch aperture, from entering the target chamber. The current from
the target chamber was also msasured. It is practically sero for boron targets.
Howaver, in the case of TiN targets, at h5? with the beam, about 5% of the
totel beam current hits the target chamber. This is due to the large Coulomb
scattering cross section at 0.10 ¥ev.

A polonium alpha scurce can be placed in the target position and the
pressure in the chamber adjusted such that 3.7 Hev alpha particles entered
the counter. A bias curvs, as shown in Pigure lj, was measured to ensure 100% ‘
efficiency of the counter. The over-all arrangement was checked by ménsuring
the yleld of the L17(p,a)a reaction at 100 kev. The results agree within

10 per cent with the very accurate measurements of Haworth and King(ZS).
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The Li7(p,a)a and BLl(p,a)Bega reactions have & very large yield
compared to the Rls(pya)clz reaction. As £light impurities of boroa could
not be sliminated, two anitrided titanium pellets wers mounted cn the target
support. One had been nitrided with atmospheric nitrogen, the other with
nitrogen enriched tc¢ 31.5 atom per cent of le. Both targets were washed
together with the saus solutions to make sure that any boron contamination
was distrivuted equelly between the iwo targets.* After aligning the beam,
tae target was turmed to 45°. First a blank run was made on the brass of the
target support. Generally 3C to 60 counts for 0.06 Coulombs wére observed,
This gives a check om the boron content of the cleaning solutions snd the
stability o. the counter. {hen the two TiN targets wers bombarded, each for
10 minutes. After 10 ninutes (0,006 Coulecicbs) a visible blaék deposit nad
been tullt up on the targset, and & slight loss in counting rate was noticeable,
Since the bean gpot is very small, three diiferent spots could be used on each
target. The difrference oif counts between the normal and enriched TiN targets

was taken as due to le(p,a)clz. #easuremsnts were alsoc made wilth a thick

boron target.

0.2 to_1.6 Mev Target Arrengement

At thess higher energles cross sections are gensrally between 10~3 and
l barn., Thus a bean current of less than O.S}p amp is sufficient. The K%SO3
uged as target is somewhat unstable under prolonged bombardement, thsyefors it
is desirable to have a fairly large solid angle subtended by the detector.
Up to 0.85 lMev the elastically scattered protons can be stopped by foils
which pass the long range alphs particles. A proportional counter with a mica

window was used to count the alphas. At higher energies the heavy particle

(26)

spectrograpt described by Snyder, Rubin, Fowler, and Lauritsen was eﬁployed

# The efiect of boron will be discussed further in the gection on targets.
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to resolve protons and alphas.

The target arrangement 1s shown in Pigure 6. The target chamber proper
consists of a brass box 2 inches in dismeter and 3/ inch deep. The front
face 18 made of dural with an O-ring seal at the side. The foil holder is
supported by it and may be manipulated from outside the vacuum. & 3/h inch
glass window on the 1lid allows visual adjustment of the target. The pro-
portional counter window, 0.317 inch in diameter, is 0,800 inch fromrthe
target spot, thus it subtends 0.94% of a sphere. The beam was collimated to
1/16 inch wide and 3/32 inch high, .

The target support consists of a copper strip fastened to a 1/8 inch
drill rod. It can be moved vertically bstween the furnace and the target ‘
chamber. It is insuleted and centered by a lucite plug at the top and a spider
at thé bottom. A pointer, attached to the rod just below the lucite handle,
indicates the angle between target and beam. For focussing the beam may be
‘allowed to pass through a hole in the target support and can then be observed
in the quertz window. Occasionally it was desirable to deposit the KNO3 on
a thin silver foil. In that case the beam passed through the foll and was
collected on the quarts window,

The furnace, shown below the target chamber (Figure 6), is used to

evaporatse the KKOJ. No cooling is needed in the furnace because XNO., evaporates

3
between 300° and hOOo C. Since this is below red heat, it is necessary to be

able to watch the salt in the furnace boat., A window, just behind the target
support, gives a full view of the boat. The cap with the glass in it may be

removed and washed without dieassembling the furnace. The KO, forms a clear,

3
transparent deposit and does not obstruct the window until a thick cost has

been avaporaied. The heating element is made of 0,003 inch tantalum metal.

About 20 amperes was needed to evaporate the xnos.
At bombarding energies above 0.85 Mev, the scattered protons block the

2
counter. A magnetic spectrograph with scintillation eounter( n was used to
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separste protons and alpha particles. The terget arrangement has been
desoribed in detall by Snyder, et. a1.(2), 14 1 very similar to Figure 6
except the vacuum chamber of the spectrograph joins.at the place where the
proportional counter is shown. A mica foll can be interposed between the
target and the spectrograph to slow down the long range alpha particles from
G- Hev t6 below 2 Hev. The angle of obsarvation was 137.8o with the beam.
Observation in the backward direction is preferable, because in that case the
targst is at a largs angle with the beam (629), and small uneveness in the
surface of the target does not affect the resolution. Also the proton
scattering cross section is smaller in the backward direction.

The eneryy of the short range alpha particles decrsases more rapidly
‘than the energy of the scattered protons as the angle cof observation goes
from Oolto 180°, At 580 the alphas are focussed at a higher magnetic field
than the protons. However, the scattering cross section is very large at
this angle, and the tail of the Cu(p,p) curve extends about 0.15 Hev beyond
the cut-off field {Figure 1lL). As the scintillation counter dees not dif-
ferentiate between protons and alpha particles, it was necessairy to take
counts with and without a 1 mg per czn2 aluminum foll. This foil stops 100%
of the alphas ovut only 228 of the protons. The 612+* are stopped by m0.2
mg per cm2 eluainum foil.

Thp target makes an angle of 300 with the beam, Thus a very smooth
target surface is requirsd; otherwise the reeoluiion of the specirograph

i3 masked by stragygling in the target. To prevent this, the copper support
was polished to a mirror finish, then a thin, uniform layer of KROB evaporated.

The gamma rays were detected with the Gelger counter coincidence setup
described by Fowlsr and Lauritsen(za). In order to gain a larger solid angle,
the two back counters were only 18 cm of the front counter. The sides of the
front counter, not facing the back counter, were surrounded by .10 incn of

aluminum tubing. The wihole setup was placed in a lead house for shielding.
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1 om of aluminum converter was used in addition to conversion in the wall of
the vacuum chamber. Under these conditions the front counter has practically
the same efficlency as a counter surrounded by a saturatlion leagth of aluminum(és),

Cylindrical counters, made by the Radiation Counter Laboratory, were used.
The active volume is 3 5/8 inches long and 23/32 inches in dismeter. The
center of the front counter was 1 1/2 inches from the target. This corrasﬁcnds
to poor geomstry, and the solid angla has to be found ewpirically. The gaﬁm&
réy yield was measured at the 0,898 lev resonance in this position end with the
counter at 9.8 cm froum the terget. In the latter position the solid angle can
be calculats& using standard formulsa(za). This gives 1.27% of a sphere ab
9,8 cm, and from the ratio of yields 6.5% of a sphere at 1 1/2 inches.

Each time air was let into the system the target support was cleaned
and polished. After a fresh target had been layed down, ii wze moved into
bombarding position.. The target thickness was measured at top, middle, snd
bottom using the 0.898 Mev gamma resonance. (Figure 19b). For the thicker
targets the half width was used. For targets less than 5 kev thick the area
under the curve waas comparsd to the thick target step.* The thickness at other
point: of the target was found by interpolation. After a short bombardment,
about 10 to 15% of the nitrogen is lost and the target has tc be moved until a
fresh spot is hit by the beam. Thus the curves are made up of mea&uramenés
taken with many different spots, the thickness of which varies by about 15%

from ths mean.i

Between O.L and 1.6 Mev the proton (HY) beam of sbout 0.2 J-8mp was used.
For lower energies 1t was necessary to use the moleculsr beam (HH'). The deuterium
contamination of the molecular bsam caused no appreciable counts in the préportional

counter. This was ascertained by running a semi-thick target curve with the proton beam.

# The area under a resonance curve is eqnal to the target thickness times
the thick target yield.
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down to C.25 Mev. The current, however, was too small for thin target work.

The gemra ray yiecld was grsatly increased by the deuteriuw contaminatiocn and

no measurovents could bs made below 0.4 Mev,

Targets
In expérimenta involving nitrogen as a target, it has always been

difficult to find a suitable compound. Q(as targets cou;d not be used because
the proton straggling in the entrance foil would dietofi the excitation curve,
The 0.l:29 Mev resonance is only 0.9 kev wide and below 0.30 Hev the alphsa
cross section decreases very quickly, thus only e few kev stragyling in the
proton beam would change the yleld significantly.
" The nitrogen compound used must be stable in vacuum and should not

decomposs under bombardment. The other elements present should not effect
the measurements to be made., Thus they should not givd any alpha particles
or gamsa rays. At least, if they have a finite proton cross section, it ﬁhould
be 2mall compared to the corresponding Hls eross section. 4As much nitrogen
per unit stopping cross section as possible is desirable. Organic compounds
and agides are too unstable. Certain nitrides have all ths above qualifications.
Titanium nitride (TiN) is very stable and sasily made by heating titanium in a
nitfogen atmosphere.

Sintered titanium metal was machined to emall pellets (1/2 inch diameter,
3/16 inch thiék) and then heated in an atmosphere of normal or enriched ammonia.
Control pellets were also mads out of chemically pure TiH powder; #hen the
normsl nitrogen targets were bombarded at 0.100 Mev, a large number of slpha
particles was observed. Their yield varied between differsent targete and could

not be attributed to the le

content. With appropriste stopping foils their
energy was found to be between 3 and 4 Mev. Among the light elements only the
N}‘S(p,a)c12 and Bll(pﬂ1)2a reactions produced alpha particles in this energy

range. A compressed amorphous boron target was bombarded and gave more than
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10,000 times the yleld expazctzd Irom thu 315 reaction. Thus tracos of bLoren
oni the nitrogen targets wers falsifying the resulis.

Toc be able to correct for the boron comtamination two pellsts were usud.
One had been nitrided with 31.5% enriched Hlb, the othier with ovdinary nitrosen,
They were washsed together in ihe sase solutiones first diluts HCL, distiliad
water, and finally ethyl slcohol. Thus 1%t smay be assumed thai the sose amound
of boron was on both targets. Different epots on the saass tar;ets pave con-
sistent results. The snriched targel gave about twiocs as many counts as ths
normel TiHd. The differecnce belwesen fhe iwo has been taken as the effect due

to ¥2(pya)ci?,

. ; g . 11
To get more rellable resulic an altewmpt was made to sliminate B 4o 1

part in 100,000, Unfortunately veoron is & fairly cormon ¢lament. It i3z in

borax and gsnerally found associated with sodiunm and potassium gslts. Tor
instancs glass contsing an zppreciable avocunt. Chewical muthods are not sultadbls
for measuring such minute iapurities: thus many targcbts wers prepared, snd the

yield cus tQ‘Bll

{pyc.)2a was measured. It was found that ths titaniu« wetal wes
contauminated with boron. Nembers of the Departrent of Chomistry oo zosted vslng
CrH insiead. They were able to chirowium plobte and nitride corner pullets sithoud
picking up wmuch boron. In the subsequeni measurgmenis, however, no effect auz Lo

ng, 12 . . . . 15 |

{psa)C™" was detectable, although niirosen enriched to 61% with H™” had been
ugad,

4% 0.10 Hev bombarding emergy only the *uzf%co lz2yer of tho vargst
contrivutes to the yield, becsuse tue stopplns power is &t its maximus and ths
cross section decreases rapicly with energy. But exactly tne surface layer
will not nitride properly if traces of wors sctive rases are mixed with she
ammwonia in the nltriding furnece. In order to anzlyze this surfade layer
protons were elastically scattered by the target. £ & homogeneous besn of

protons hits a target, the ener.y of the scatiersd croton depends on the

(=Y

Y
ard N 39342 5 moethod has Do ian ibed by Rubin znd Raswvieser (Zj}
scattoring nucleus. This method hag been described by Hubln and Rasuuwow "
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Tas magnotic specirograph deceribed above was used wiﬁh smali.slits.to improve
tue resolution.

Figure 7 shows the nuwtber of protons scattered into the spectrograph by
difi@runt targets., In order to have accurate callbration points chemically

1L

pure TAN ~ and copper oxide were used first. At a flwmeter reading between
L3.0 and 43.5 the protons scattersd by the heavy metal ceme in. At lower
magnetic fields (lerger fluxreter readings) protons scettered by lower layers
oi the target reach the counter. 4t 6.8 the protons scattered by the 6xygan
. &t the surface of the targel are noticeable 2g a sten in the copper oxide
curve., & similar step may be observed for the nitrogen in the Tiﬁlh curve.
Tne peak at L8.6 is due to a thiln carbon layer deposited by the beanm,

Tne nitrided caromiua target has a gtep at the 016 position but not the
slightest indication oi eitner th or ﬂls. Presumably the process was not
5ucceas£ul and all measuremwnts made with it wers disregzarded., The nitrided
titaniun target has a step due to th, wiiile the ‘15 is masked by a thin oxide
layer, we can conclude that 31.5% Hls is in the target since the chemical
activity of the two isotopes is practicélly the sane.,

In the region from Ll to 47, however, we notice & larger number of protons
scattered by the titanium of the nitrided target than by the Tiﬂlh. For flux-
reter readings larger than L5 it is almost the ssme as for pure Ti mstal. As
can be seen from the formulas developed by Fowler, et. al.(gs}, the yleld of
gcattered protons from titanium is inversely proportional to ths stopping
eross section per scattering nucleus. Thus the proton scattered by the Ti of
TiN are only 2/3 of those for Ti metal.  The knee of the scattering curve
between L3.5 and L9.5 indicates the presence of nitrogen, but considersbly

less than in the case of PiN., To take account of this, the cross sections

# The stopping power of titanium is twice that of nitrogen.
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meaaufed with this target have to.be inéreased, By comparing the gamma ray

yisld at the 0,898 Mev resonance with the thick tarpget yleld of a KNO._ target,

3
it was found that the surface layer has only 2/3 as much nitrogen as Till for
the sane stopping power. Thus the results obtained at 0.10 Eev witﬁ this
target have to be muléiplied by 1.5.

“The proton scattering analysis gives us only the surface composition
of the target, This i1s sufficient in evaluating the 0.10 kKev data, becauze
there the protons éo not penstirate very deep into the target. At higher
energies deeper lajers contribute,; znd the target composition hias to be known.
Use was made of the 0.898 Mev gamma ray resonance (Pigures 16 and 18).
It has a width at half maximus of 2.2 kev and is responsible for most of the
gamma ray yleld up to 1.2 ¥ev.e The guantum yie¢ld between 0.9 and 1.1 Nev is

& measure of the le concentration at a distance of (Ep - 0.898) lev below

the surface of the target.“

The chromium targets showed some le distributed over at least 0.3 Mev.
Starting with none at ths surface, it reached a maximum aboul 30 kev below
the surface and then decreased slowly., The nitrogen concentration was
always small compared to the nitrogen content of Cr¥. The titanium target
had 2 yield corresponding to 2/3 of TiN at the surface. The nitrogen con-
centration decreases then appro:imately linearly for about.O.IS Mev., A small
tall extends for at least 0.10 Mev wore. This nitrogen distribution is to
be sxpacted from the diffusion of the ammonia intc the heated titanium metal,

The nitrided titanium target is not very convenient for most of the work,
vecause 1t integrates with the above nitrogen distribution as weight factor.

Also the alpha particles, coming from the lower layers of the target, lose

# The distance expressed in Mev can ba converted into cm by using the
stopping cross sectlion per atom at 0.9 Mev and the number of satoms per o3
of the target.
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much ensrgy in coming out. This makes it difficult to count all the alphas.
After a survay of the reglom from O.h to 1.5 Mev bombarding energy, it was
apparent that many detalles were obscured by the target structure.

For a complete investigation of the excitation curve, one neega a large
number of different targst thicknssses. A target is thin 1f the cross section
is almost constant over the target thickness, W¥ith this limitation 1t should
be as thick as possible to give maximum yleld. A semi-thick target is thick
compered to the resonance (about 10 width), but thimner than the distanes
between rssenances. In that case one can measurs the thick target yleld of
the resonance without interference frow the other resonances. In alphs
particle measwrements, the targst musgt be thin enough %o alpﬁas {0 avoid
excesslve energy spread. The nitrogen concentration should be constant
throughout the target. These requirementis are most easily satisfied if the
targot material can be svaporated or sublimed inte & support.

Nitrogen compounds which sublize in a vacuur without dscomposition are
not numerous. Practically all nitrides decompose at least partially when
heated, Gallium nitride may be an exception, but it is rather difficult to
make., The cyanides look most hopeful, Both KCN and CaCNa were found to
sublime satisfactorily. Unfortunstely it wae impossible to obtain either of
them enydiched with le. le is commwercially available in the form of KNOB.*
This compound decomposes already at hOOOC and is known to be somewhat unstable
under bombardment(h). To show that it evaporates without d@compoﬁiiion, a
thin layer was deposited on silver leaf and analyzed with scattered protons.
Figure 8 shows 1.6l Mev protcns scattered by a clsan silver foil and after
xnlhoj had been deposited on it. The Hlb peek is quite noticeabls and de-

creased only slowly after prolonged bombardment.

# Kastman Kodak Company, Rochester, New York
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The svaporation of K%Oj_has 10 be done resther carefully, since it
decompoges before the filament shows any color. Until all the water has
been boiled off, the melt in the furnace tends to sputter. I1If the target
ds exposed to alr after evasorstion, moisture is absorbed and the yileld per
kev of target thicknesc decreases. Only a slight increase in pressure ac-
companied the aevaporation, thus decomposition should be small. Targsts,
sveporsted after repeated heating of the furnace, did not show a marked deg-
crease of nitrogen content. BRBoron compounds do not sublime at low temperatures,
thus no trouble from boron contamination was encountered.

Under bombardment with 0.1 to 0.2 J-amp the KN03 targets were not very
stable., The current density was noi constant over the target area, therefore
tha central part lost nitrogen more quickly. Since the beam wanders slightly
when the voltage is changed, the counting rate showed appreciable fluctuations.
In most of the graphs the fluctuations arz primarily dus to this cause. The
target was frequently changed to minimize this effect, but @hen the waristion
in thickness of the target becaeme bothersome. The loss of nitrogen was assumed
to be proportional to the total charge collectad. The rate of loss was checke
ed frequently by comparing ylelds at selected bombarding energles.

The target thickness in kev was always measured by means of the 0.898 iev
resonance, either by width at half maximum or by the area under the curve. It
should be accurate to better than 10%. This was converted into g nimber of ng
atoms by dividing the width by the stopping cross section per §15 nucleus, For

15

KBIO3 enriched to 61% with N~ this cross section is equal to S.57 x 10'17kev

om at 0.90 Mev. On all graphs the target thickness has been given at 0,90 Mev.
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_ IV. BVALUATICH OF EXPERIMENTAL DATA

The raw data consists of counts per microcoulomb as a function of
"bombarding energy. This is sufficient te give the position and widih of
resonances 1f they are not too wide. In general, howsver, the quantities of
primary interest ars cross sections and the partial widins without barrier
for the different competing processes.

As long as the angular distribution of the reaction products is not
known, it is most convenient tc express the results as 4T times the dif-

ferential cross section per unit sclid angle in the direction of observation.

. H &
(< g ay—l_gu__ 7
off Nont  at (7

No is the number of disintegrations counted per proton, flc is the solid

angle subtended by the detector in the center of mass system, and nt is the
number of Rls nuclel per square centimeter of targest. For thin.targeta

and isotropic distribution this is identical with the integrated cross section.
Different detecting methods and target thicknesses have been used. Each one

requires a rather special treatment.

100 Kev Data

At this low bombarding energy the variations of the cross section with
eﬁergy is primarily deterained by the Gamow penetration factor. Its rapid
variation (10% per kev), and the fact that the stopping power for protons is
at its maxipum, makes it impossible to use thin targets. Neglecting the
effect of resonance factors, Hall and quler(so) have derived an expression
for the cross section using the thick target yield.

0.993 £2_ 1 gt/
o= 2 1+ + ees (8)

2E3/2 Zg

where E is the proton energy in Mev; Y the thick target yield in disintegrations

per proton, £ the stopping cross section per active nucleus in Kev«cmz, and Zo
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the atowmic number of the target nucleus. I we have isciropic distribution
of the emitted particles, Y can be computed from the number of cownts "HY as
follows:

N -
= (9}
6.2L x 1012 g (fraction of sphere)({efficiency)

q is the charge in microcoulombs giving N counts. The efficiency of the
counter will in general be 100% for heavy particles and 3% to 10% for quanis.

For the ﬁlg(pga) measurement a target of enriched TilN was used. 4% 100
kev &= 3.8 x 10'20 Hev ch per nltrogen atom. This value for & is not very
accurate since there ars only a few good measurements of stopping powsr &b
low energies. The value for the crogs section computed in this way wag
multiplied by 1.5 to correct for the incomplete nitration of the target. This
gives o= 5 x 10-? barns et a bombarding energy of 101.5 kev. Becsuss of a
thin oxide layer on the target the actual energy mey be slightly lower (»vAQ
kev)™,

For Bll{pga)Baa* a thick target of pressed amorphous boron wes used. The
lérge yield of this reaction made it possible to obtain a large vumber of
counts { ~1000) down to 60 kev. Alpha particles of energles greater than
2.6 Mov were counted. About 98% of the alpha partieles in this energy range
ars dus to the reaction leaving BGB in ths 2.3 Yev sxecited stats. This was
also checked experimentally by counting only alphas of enaryy greater than
L.S Mev, About 65% of the alpha particles from Ell(p,a)ZG have an energy

(31) 20 Yev c® per boron

atom, and 8l.6% of BlL is in natural boron. Log{E ¢) vs. E.l/a hus been

greater than 2.6 Mev and are counted. &= 1.34 x 107
plotted {Figure 23) for comparison with the penetration factor.

The accuracy of these measurements depends primarily on the cohdition
of the terget. Very thin surface layers will decrease the proton energy
by several kev ( ~ 20% error). Only the data obtained during the first ten

minutes of bombardment have been used. Otherwise the effect of carbon laysrs

# Refer to discussion of targets, Chapter ITI,



_—d
]
dacroases the ylsld merkedly. In ths case of the § = target the offcct of
boron contamination 1imiis the accuracy to gbout S0%Z. In all runs stutlsdi-

el and geomeiric errors are neglipible compared to thsse Tactors.

Yong Sam

Up %0 a bombarding cnergy of .85 Mer the alphe particles were covilioed ub

G *
20 with s propordlonal countsr. wation {2 ives the yileld per oroton,
k EY “
The efisciive cross section as defined by squation {7) has beon computud. In

general the targeis were sufficiently thin that the cross section could bo
considered constuni over the targst.” .  Points are plotted at an energy one
half ths target thickness below bombarding energy.

-Eélow 0.25 ¥av & 50 kev targel was used. It zives zbout 85% of the thick
target yield., The cross section may be expressed ss the derivsiive of the

whiick tarzet yield,

dYuO
T G e {10}
dE
) ¥ 2 - ; 111}
YOQ (E,u: n=OY<E né} \1,

where Y iy the yisld of a targst £ kev thick. Tasn
o= - F(E-nk) (12)
B dE

Since ths yield decrsas @s.very rapidly with encrgy, orly tha first two

=)
terms are significent. The second tern was at most L0F of the first., € was

» ‘s
coputed from the siopping power of air‘Bg‘. The stopping powsr relutive to

air of K&;Oj per nitrogen nucleus sguals S.4 in the region of 0.2 to O.L Hev,

4% 0,195 Hev the cross section was aluo computad using eguation (8),

1
Thiz gives 6 = 2,5 x 10 b barns conpared o 2.7 x 10 barns obtained by the

# Again isotropic distribution in C.M,., system is assuved. Correction from
C.¥. to lab system is lass than 0.2%.

e Target was 2 kev at 0.9 Mev or 6 to 7 kev betweon 0.2 and C.3 Mev,
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apove differentiation method.
sove Ul Yov separation of protons and alpnz particles was sccomsiished

with a magnetlc specty oaraphqaé)

Since its maximum field bends alpha
particles of only 2 Mev, stopping foils hiad to be placed before the aparburs
of the specirograph. +ica foills of 1.69 and 2,00 om sir eguivalant wars
wountad on a foil holdsr and could be tured in front of the spectrosrarh as
needed. Protons;,; scatisred by z thin silver foil, were allowed to enter ths
spoctroyraph (a) direcily, (b) after passing through one of ths mica foills
{Figurs 9)e The energy of the protons {1.150 Hev; was chouen uw give the
sane vslocity as the velocliy of the long range alpha particles. The number
of protons scatiered into the spectrograph with and withoui the wica foil is
the sawe within 5%.% The displacement of the proton peak glvses ths eneryy
loss in the foill. The widthh of the profile ylves thse straggling.

The number of doubly charyad alphs particlss enlering the spectrograph

126Y0 7))
per proton may bs computed using formulas given in refersnces’ 6)‘jh'.
-1 \ :
¥ (a") = 1.502 x 10 3%/3&2& (13)
b4

In this aquation R = p/8p is the resolution of the spectrograph. MN{I)
_{33)
iw the mumber of alpha particle cownte a% a given magnetometer current I
for a charps of ¢ wicrccoulombs of protons. As leng as tho angular dlstribu-
-1

tion of alpha perticles is not known, it is best to find LM, %Q. Fhere .n.C
: (] 3

is the acceptance angle in the center of mase system. The quantity bw RSIL'I

is most easily found from Rutherford scattering on copper. This value ig

slightly larger than that obtained from geometric measurements because it
(27)
corrects for the counter efficlency. The scintillation counier used was

90% efficient. This gives hﬂ‘RSlL-l = 2,93 xn J.O5 as compared to 2.63 x 105.

oo

# Equation (13) was used in the computation.
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OL 43 the labpratory snzle between beaz: and dlrection of cbserval tion. %09 ﬁlg

Eg,
and of the residual nucleus pespectively. E is the proton energy in the

and ¥, are the masses of the taryet nucleus, incident and ejected pariticles,
b

laboratory system and i the rescticn energy. This correction is 2t most 10%.

The fraction of singly ionized alpha particles was taken into accouni au
(3%) ;
deueribed by Thomas,; ot. ale o Tho ratio of a¥/a™ waries beteson 0.15

# The target usad wag 25 kev thick for prothons at 0.9 Mev.
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ond 0,38 depending on the enscryy of the ulpha particles, 1.5 to 1.1 Lov.

i i 8 Loty R T 01 - o B T e
The final formla uwsed in computing the cross section 1o as follosss
s =13

1
1,602 2 i
- - - &-; b ~ ” + +_,n "
‘& S {1+a/d Jan ¥ QA7
3 £7 ¢ N ﬂ

']

it

The effective cruss section computed in this way is not greatly distorisd by
target thickness eluce the targst used was 25 kev thick. Only ab the 1.21 Mev
resonanced is the effect of target thickness significant. Here the rzsonancs
cross sectlon was caicvlated by assusian, thet the hall widih is the sare for
borh long and shori range alpha parilcles. The sffect of interference
{Figore 21lb; should not change this appreciably. |

Tog agcuraey i again Jdetermsined primarily Ly the target deterioration.
With the exeepilon of ihe reglon 1.3 to 1.6 %ev @t least 100 and generally
asvor 500 counts were taken &b each peint; thus statiziical errers are negligible.
The date taken with the propoertional counter is more consistent, because logs
boubardnent weae needed foy the desired number of vounts. 1In the region whers
proportionsl counter and spectrograph data overlap, the ag “sment'ia better
than sspected (Flgure 177y especially since the data corresrond to two dife
fovent anglos. of observstion. The stopping cross sectlon enders into all the
coamputatlons. 71 has not been messvred for potassi but sxbrapclation betwesn
noasured elements should bhe ascurate to 104, Thus the over-zll accurscy is

approximately 15%.

. {7)
Cochrane and Hesgler have measured the long range alpha cross section
from 0.2 to J.5 Mev, ithin sxperisental errors thelr excltation curve agrees

with our residtis, However, their cross section at the low resonance is only
o013 compared te 0,09 barns obitainca in tuls investiéation. This discrepancy

is not too surprising if cne considers the difficulties associated with nitrogen
targaty; especlally since only smell quantities of 5eparated isotopes are

pvalloble.  Cochrane znd Hestar sterted with dl N 03 and transformed it



by Kjeldshl's method into HH491. Prom this they svolved NHB for uge in a gas

targst. The anount of NlSHA; 0. available tc thern was sufficient for only

3
one target and no check could bLe made on the efficiency of the chemical
: : i} . ‘ K,ls ) - e

process. On the other hand, we were able to use 03 wnich had been analye-
ed by Eastman Kodak Company. Three different KMO, targotc gave consistent
results and agree with preliminary deta teken with the TiN target.
Gamna Ray Data = . . (28) .

The curves given by Fowlers Lauritsen, snd Lauritsea were used im
determining the quantun efficiency of the Gelger counter. It is 3.0% for
the L.5 Mev and 9.7% rfor ths 13 Mev radiacicn. The abscrpiion of the gamme
radiation in the converter and targel chamber was calculated uvsing the
absorption coefficients ol Streib(Bé). Tals increzsed the crosz seetion by

108 and 7% for the L.5 and 13 idsv radiation, respectively.

For the anslysis of coincldence sbsorption measurswents Elsuler and

Zanti(37) have used tha sbsorbesr thickness dn which gives 2 " times zero
abeorber coincidences. The enesrgy of mono-energetic gawmma radiation is found
by reading the energles corresponding to the different dn vélues on Pigure 10.
If the radiation ie not mono-snergstic, differenl energlss ars obtained at
each dn reading., This wes fcund to be the case with the radiation at 1,05
Mev bombarding energy (Figwre 1l<). Fortuumtely ihe cut—ofi of secondarics

from mono~energetlc radiation ie sharp. Thur bsyond d., the contribution of

any soft components can be neglscted. i
Let éfL) equal all the electirons frowm the converter of rangs greater than

L, Ay and A, the components frem the two gamma rays. Thoe olet of

{193 [Al(l) + 52(1,}- :] - log [51(0) + AE(O) ]} va. L has the same shaps
as log AZ(L) for L >-d7 of the soft radiation. Thus for large absorbers the
shape of the curve will be the save as that of & mono-ensrgetic gemma ray,
except the zero on the loy scale is shifted, Ry extrapolating the standard
curve back to zero absorbesr ome finds the fraciion of zero absorber coincidences
due to the hard radiation. Since the ratio of zero absorber coincidents <o

(28)

front counter counts is appreximately indspendent of gamsa ray energy one

<
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can compute the yleld of the hard conponent. The counts due to the wolt

23

componsnt are then obiained by subtraction. Ia prineiple any nusbur of

Fel

component can be separsted this way. Actually it Zs difficelt to get exe-
perinental daba sceuraie spough 1o carry cut the analyuis i wore thsn twe
gonpenants are proosnt.
o (28) S o a8 o o e
Fouler, et. al. have shown that d? and d, are indcpendent ol tha
&
counter gsomedtry wihille d s etC. do depend oa it. This particular sotup wes

. ; 1€ ;. 15 12
calibrated using the Thcll; H{psa i), and D{p,y) radiations. The N ~{psa’ }C

(11)

radiabion was measured by Thomas and T. Lauriiszen at the 1,21 Mev
resonance with a f-ray speciroumeter. I3 comsists only of L.LiéS + .020 &
quanta. Coincidence absorpiion curves on the D{p,y, radiation,; 6.2 Hev,
e1,t38),

havs been published by Fowler,; si. For the high energy points

L3 4 A
E’ g 9 4 A y
the L4 (pyy) date with sbsorber near front counter given by Fowler'  *

was
used. This geometry corresponds closely te the present seiunp. Since the
lithiws radiation is a mixture of 17.5 and 14.2 Mev yuants, 16.5 Hev is its
effzetive energy. From this dats Fijgure 10 was drawn, which in turn was ro-
plotded as shown in Figurs 11,

The experimontal date after cubiraction of background counts (Fijure 12)
was recompudsd and plotted on semi-ley paper {(Pigure 13). According to the
avove theory, the thick absorber end of the curwe nas to corres: ond toe one
of the staendard curves. Figurs 11, plotted on traznsparent paper, was then
moved vertically acrose Pigure 13 until ayreement was reached in the 9 to 16
me region, The experimental points f2ll righl betwsen the 12 and 1l dev
curves, wien the 100% point on the standard curve falls on the 15% point on
the experimental curve. By trying other positionss; it can be seen that the
quantum energy falls certainly vetween 11 and 15 Hev and is most probably

st 13 Mev.® From mass differences the energy of the capture radiation leading

# This wide limlt is necesasry because of the extrapolation employed in
plotting the standard curves.
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to the ground stale in 016 stiould be 13 ¥ev,

The analysis of the soft component is more difficult. The experissnial
points for swall absorbers may be fitted satisfactorily by assuming it {o be
only L5 Hev radiation. However; if some of the capture radiation cascades
o the yround stale one would expect glso & and 7 Mev guantza. From the shape
of Fiurs 13c this sesms to de improbable. Further discuasion of this point
will be glven in the next section.

| To measure the sxcitation curve of the hard component, coincidents wers
measured with 8.9 wm of aluminum sbsorber., Tais glves 272 of zero absorbver
ccingidencss for 13 ¥ev but only 0.1% for L.5 Hev redistion. Om a typical
run the backgrcund ameunted tc 4 counts oubt of 28, Thus even & 50% arror in
background will not change the results significantly. To check this excita-
tion ourve, 2 colncidencs abﬁorptioﬁ curve was also taken a% 1l.12 kev. I%
showad the wxpscied decrsase in hard quanta.

The accuvracy of the gamma ray cross ssciions cannot be as good as that
for slphs particles. There iz always an unceriainty in the Ceiger counter .
efficiencgy and its assnsitive volume. Measurements on the thick target yield
of the 0,890 Mev resonance varied as much as 15%. The solid angle measurement
2t the 1 1/2 inch position is onlv sccurate to 10f. Thus the over-all ac-
curacy is about 25% for the L.S5 Mev gamnd rays snd somewhat poorer for the
herd component. At the 0.898 Mev resonance the short rsnge alpha particles
were measured at 580 sinvltansously with the garma vays ab 900. Tha ratio
turned out to be .85 alpha per gquantum. The position of the twe sharp
resonances 0.429 und 0.898 Yev ia pood to 1 kev, since they wers compared

19
directly with the 0.8735 Mev F D EONENCD o

Short Range Alpha Particle Data

: . ; " 1 x 2 o
The yiele ¢f alpha particlss from N S(p;a.’)clé is Jloerge enough for

observation #ith the spectro.raph at the 0,398 and 1.21 Wev resonances.
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Picure 1l shows the prufilis curve of a thin KﬁQB target taken with 0,899 Mev

Protont.
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excltzilon ware ncamaed simltensously at ths 0.898 Hov reacnance
2

(Pigure 2la,. From ¥igure 1l {he alpha particle yield was cooputed as pro-

FASY
[
.

viougly described {(Touations 17 to 15). The quantum yisld sonputed as

£
deeeriboed ahove. This givaes §.5% alvha particles per quantwa. The thick

“bﬂ.?x'%t “‘17\1';’; “1«.“1'@‘ :’3

a thick targzsi shove

v i, S s NYerw  BasnLEe B ¥ pn, sl LA o e NG Soox e
nAnnE.  Toen Mg sran undsr the slphe proefile gourve corrsaronds o

Sl A ES o -,y - N O - & . Bheen S A, P R
the thick tarcst vicelds Thin pives sbeoud 90%F of the thick tavrgui a-aw ray

viglde The discrepnnoy o probably dus Lo enpu antal ervor or ansular

2

distribution faciors. ™ic dess net gseolude the noszoiviliiy of onothor iroup

¥
&

of short rangs alpha porticles, but ac zuch group was found in front of the

In measuring the alpha particls snergy, one has to take inte zcccunt the
regsglution widih 5£ ths spectrograph. Since the 0,398 Mev resonsnce iz only
2.25 kev for protons, the alpha varbticles will aot £111 the spactrograph -
windovw. Tn crder to obtaln a known distridbution of alimha periiclss, » thick

varget was bombarded at or olignily sbove resonanca.  The spectrosraoh vindow

may be reprecented by 2 rectangle having o width € o The anevyy resolution

15 1/6L, that is

o » E - ooy . ~ Y oy , 2 T . iy vy 3 pd
Let B obs tho ensryy of an olphe bicle ore ad ot the surfzce of the

tarzet. The energy the spectrograph neasurcs for an alphs particle produced
inside the tarist is § - SE o Thiz 8% 45 composed of thoe eneryy loss of
the 2lpha particle as 1% leaves the targed and the decresss in alphe ensryy

due to the eneryy loss of the proton (A E ).
P

5 8 o
# The alpha particles were observed at 58° and the guanta at 90°,
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Here it iz asswxed that the alpha particle travels the sauwe distance in

leavin the target as the proton in sntering. chf_Qo_/dé?’3 can be cunputed fyon

{Bquaticn 23). Thus a proton encePyy correéspouds to wach
glphe enersy. The spectrograph widih for alphs particles can be replaced vy
an s¢uivalent widdh for proions.

AE

- (19)
'E"P SE Lo

pRD

wiers ép gives the energy range for protons from which alpha perticles can
enter spectrograph. Thus the maximuz alpha particle vield is squal to the
maximen vield of a target & kev thick, Let Ep and ER be the ener:y of

p

the incidont proton and rasouance ensryv, respactively. Then; provided

1 (2 )

2 a = E,pg the maximun yield is giwven by

p /i
¥ u-marctanmér”()g - {E- -§)+};F':l {20)
wax 26 D 4

Fhen the alpha particles leaving ths front of the target have thy average

'*IQ (that i ¢o through tho middle of the spectroustor windes), the flucsuber

will read the brus alphs partlels ensrgy. Thus wo gebl the yicdd of a taroed

Ea

tilck.
&p

%r’ 1 . % e
I =e——arcians E [ [{BE =E )E =E =% £ ) +=[ (21)
8 2 & H P p E p r 2 P

The peint on the froat of the profile curve where the ylsld has risen to

I/ of the peak value gives the true alpha pariicle energy. .

-11 .12
T, g f’[ L= EME =E - 3+ ]

-
2
Y «z&n“li; e e -8B -E = £)+ 12 -t

(22)
This expression reduces to 1/2 if ép << [ &% the 0.898 Mev rosonance ép

turned out o be 2.2 kev or just eguel tu e In Figure 15 1itile arrows



- 36~

indiecate the points used in computiag Ea. A constant background corresponding
to the oot of the curve was assumed.
Tae § of the reaction can ba computed using the standard nonerelativistic

formulas

-1 7a "
u [(ag + M) By = Ky =) E) -2 fuy, 3.}:w cos @ ] (23)

where the subscripts hawve the came significants ae in Bquation (16). From
the phruﬁ measvrements made at the 0.098 ¥ev resonance, the following values
were obtained: 0.5281, 0.5361, and 0,5302 ¥av, At the 1.21 Kev resonsnce
0.,5226 Mev was measured. This is probably not 2a acocurate as the resulis ab
the lower ressonence because the scattersd protons inierfered slighﬁly with
the slpha particle measurcrent. The wverage ia 6.529 + 00 Hev. The
deviations are within fluctuations found previcusly in siwllar measurements.
Thuz we can conclude that the two rescnances decay to the same excited state
in 812. ;

Tha accuracy of the above { valus i3 decreasssd by systematic errors,
The angls of observaticn is knowm to + 1/20. Then thers iz the calibration

of the flumeotsr, proton eneriyy, carbon layvers, ebc., which decroasss the

accuracy. Thus Q = 0.529 + .008 Hev,
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V. RESULTS AHD DISCUSSTIOR

Tdentification of Observed Radiation.

The over-sll pilcture of the cross sgections is given in Figure 186, For
sraphical purposes bthe widtn of the two narrow resonances (at 0.&2? and
04853 Kev) has not been drawn to scale. Details of the curves with oxpari-
mental points are gilven by Figures 17 to 21 inclusive. The curves give 4
“vlmes the cross ssction pexr unlt solid angle in the dirscilon of observation.
All pamme rey messuremsnis were made at 900, 80 werz the long range alpha
pacticles up 1o U.05 kev. Between O.¢ and 1.6 Hev the long range alphas
were observed &t 13?.80.

Figure 17 shows the excitation curve for long range alpha particles,

The measurements with the spectrograph snowed that their energy agrees wilthin

(42), g

1l Mev with the snergy to be expscted using masses given by Bathe
aiphas obssrved with the proportional counter had an energy greater than 3
¥eve. MNo increass in counts was observed if¥ all alphas with eneryy greater
than 2.2 Mev were counted. The yield is also linear in the Nl content of
the bargset.

Plzures 18, 1%, and 20 were prepared frou gawma ray meazuremenis.
Coincidence absor.tion zessuraments st the resonances show primarily L.b Nev
radiation, At ths 1l.21 Hev resonance Thnomas and Laurits&n(ll) reasured the
quantum energy with a ~ray spectrometer and obtained L.L65 + .020 Mev.

Buechner, et. al.(ll) measured 4.L68 Hev for the escitation eneryy of the

lovwest excitsd stste in 812. The short range &lpha particles, corresponding
o le(p,@)clg%, have been observed (Fizure lh). At the 0.898 Hev resonence
they show the same excit&tibn (Figure £la) and cross section as the gamma
TGS

Around 1.0% M¥ev coincidencs asbsorpticn measuremente show the presence

16

of sume 13 ¥ev radistion. Capture redistion te the ground state in 07 4
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the only preoesss which 1s sufficlently energetic. The other part of ths
radiation is probably mostly 4.5 Mev. Unfortunately the measursments are
not vory sneryy sensitive, and a large frsection of 6 or 7 Hev quanta cannch

bs ruled out. One would expsct aprroximaetely 7 Mov quante il cascading

gecurs in some of the capture radiation. Thsoreiical considerations indicate

. # . g
that cascading is rather izprobable., Thug the 4.5 ¥av component way bs
sreller in the 0.95 1o 12. kgv reglon than has bsea shown cu the graph.

. 15 .
theyr nuclel zesldss N one has to check

O

Sines the target coatsined

whathor sny of thesm influence the weasurements, 3oth KiQ, and TiH targets

3

were uzed sbove Q.4 Mev.e The results agrea 1Y the varlation oi nitrogen
concentration with depth in the Tid target is taken inte account. At ths

boabarding enorgles used, the (oulomb barvier of boith titvenium and potassiunm
.. o . . R
is large; thorsrore tnelr transmutation cross sections are smali. The B +

1

39) ,
§ cross secllons have been investigated by Duncan and Perry and were

-y

. 1 15
found to be wuch smaller than the ¥ - cross sections. For N (pyv)O tine
24

p
&

: o -28 -
largest resonance is at 1.06%5 Mev with a cross section of 3.5 x 10 o

2 2

. . . 3 _ 1 £ .
and [ = 5 kev. Thus it is about 1/3 ef the ¥ S(p,y)o16 eruss section, bub

15

Lecause of its eomall widih the yielc wes neglizible compared o the §
reaction. Hlank runs with norpmal KNG, showed no weasurable gamma radistion,

3
11

For the wmeasurenents bolow 0. Mev, special carc was taken to slininate B
contarinationse All mezcurements wers reproducible in both yisld and

poaition of resonances. Dats teken with differant target thicknoss showed

< %

wie cupected differenoes,

Discussion of hkesonances.

As gan be swen {rom Flgure 10 wost oi the resonances of the short and

# Refer Yo next chapter,
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lopg rangs alpha particles are nol common. The 1.210.£ev rELONIANGs, NCWBVEry
is cosmon to both reactions. Figure 21b shows the ylelds of the two ro-
actiong plotted on a relative scale. Sincs both yields were measurced to-
gethers; tae displacenent cf a fow kev should be real. The cross secilon
surve (Figure 18) for the short range alpha particlces indicates a omall
resonance around l.1 Mev which is masked by the tall of the 1.210 Mev
resonance.

To interpret theses excitation curves it is necessary to use & Breit-
Figner multi-level dispersion formula. This should be possible since there
is very little, if any; non-resonance radiation. Unfortunatsly a kneowledge
of the anyular distribution of the crﬁss sections is necessary. With the
results obtained until now, one ie limited to the single lsvel formula
applied 2t sach resonance plus an argument as to possible interference term:,

The single level formula i3
2 a:F; I

o= wA -
(£, - B)2 + "2/

(2L)

where A 15 ths wave length of the incident protom in C¥ system, [ thoe
P

proton widih, [ the width of emitted radiation, Mthe full width at half

respectively., W is s statistical factor given by w= (2J + 1)/ [j(ﬁa +1)
(21 + l).] o J is the total angular momentum of ths compound nucleus, 8 znd
1 are the spins of the incident and target nucleus respectively. ]—; and /";
are not constant due to the barrier penetration factors. In the notation of
Christy and Latter(ho) [(= V§7E; PG. Here P is the Gamow penetration
factor. V%7E; gives the velocity normalization. @ is the width at 1 MNev

without barrier, provided E, = 1 Mev for protons and l Mev for alphs particlaes.

1
The dispersion formula is most sasily applied tc the narrow resonances

1
of the N 5(p,a.‘g')cl2 reaction (Figuree 19 and 20), Here the variation of
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psnstration factors over the resonance width is negligible., The non=
resonant radiation is smally thus interference terme arc not importani.

The wide resonances of le(p,a)clz are net as readily interpreted. The
proton penetration factor changes greatly over the r@&oﬁance'width. In
gensrel it is necessary to know the partial wave responsible for the
resonance in order to compute the penstration factors. In the low erergy
reglon the s-wave (Qamew factor and the proton wave length were divided out.*
Figure 22 shows thet at low snsrgiss a good fit can be cibteined wlth the
single laevel dispersion formula, but sbove Q.4 ¥ev the experimental points
deviate markedly.

The asymmetry of the next resonance, a2t about 1.02 Hev, is sven wmore
warked after a pesnstratlon factor is taken out. This bshavior can be
axplained by interforsnce betwsen the thres long range alpha resonances,
Conatructive interference between the low and 1 ¥ev rssonances iy ;ndioatad
in the region from O.4 to 1 Mev (Pigures 17 and 22). Since thefe is a
phase shift of 1800 in zoing througk a resonance, the interference is
destructive below 0.3 and abovs 1 ¥ev. The sharp decrsase of the cross
section between 1 and 1.1 Mev can be explained by destructive interference
between the 1.0 and 1.2 Hev resonances. This would also explain the élight
displacement betwesn the maxima of the long range alpha particle and gamma
ray yield at the 1.21 Mev resonance {(Pigure 21b). Above 1l.L Mev we would
have again destructive interference. The surprisingly low value of the cross
gsoction at 1.6 Mev is thus explicable. Single levsl dispersion formulas
ware approximotely fitted at the thress resonances. The affect of intere
ference terms can bs sestimatsd by taking dificrences of the smplitudes,

This showed that the zbove explanation 1ls wossible. The true resonance

# More detallsd discussion is glven in the next section.
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position of ths 1 Hev rssonancs could be shifted to a consilderably higher
or lomer energy. Naturally until phase factors are taken into account no
quantitative calculation is possible.

Botween 1.0 and 1.1 Mev all {iree resctions show g resonance (Figures
17, 18). Thelir widths are avout 150 kev, although nons of them can be
msasurad very sccurately. The present data is consistent with the assumpiion
that all thres corresvond vto only one state in 016. The capture‘radiatien |
#lves the true position éf the resonance, 1.05 Mev. The maximum of the long
range alpus yield is Jdisplaced toward lover snsrgles by the interference with
ths 1,21 Xev vesonancs. The masdlmum of the short renge alpha particles is

»enctration factor of the alphas,

&

displaced toward higher enorgles vy the
The sxact posltion and width of this resonancs is nmasked Ly the tail of
the 1.21 Hov resonancs.

Ths pertinent experimental inforsation about the resonances has been
swssarized in Table I. The thick tarpget yield is given only for ths unarrow
resonancess The ng(p,ay} resonance avove 1.6 Hev has not been included.
The gama ray yield was rising rapidly a% the highest energy obtainable.

ha long ronge alphe particles do not participete in this rilsa.

Extrapolation to Stellar Energles.

Por sisllar snergy production only the vslue of the cross sections
around 30 kev is important. Thls can be estimaied by extrapolating th
dispersion formula. Al low bowbarding energics the ensrgy dependence of
the cross sections 18 primarily determined b§ the Gamow panetratlon factor
of the p?@ion o At low ensryies ng‘ P is proportional to exp [}0;992
Z E"l/gj],* this holds true regardless of the proton wave(ao) or of the

o

nuclear radius. If there is a low energy rssonence, howsver, the resonance

# E is in Meve; Z = nuclear charze.
o
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denoninator cannot be neglected. This introduces complications bocaus

it is to be expscted that the interference terms between the different
rescnances change due to phese shifts.

The results with the Bll(p,a)Za. reaction 1llustrate the difficulties.
fecause of ihe larpe crose gection it was possible to make measursments down
" 4o about SO kev. This reactlon has a resonance at 0,162 Fev which is 5 kev

wide(ll)

. Tﬁgre is & considerable non-resonant background, but éa yet no
guantitative infeormation is aveilable to separate the two. From this one
would expect the experimental curve {o decrnase faster than the Cmuow factor
and slower than Camow plus resonance factors. This is actually the cose
{(Fi wre 23). Here Ec has bsen plotisd to tzke account of the eneryy de-
perddonce of 7\2. The curves were normalized to fit at 0.1 ¥ev. This curve
11lustrates the relative effects of the venetration and resonsznce factoreo.
The snalysiz of the lefp,a)cl2 reaction iz considersably more certain,
Since the alpha yleld is almost zerc st 1.6 Mev we have to consider only
the thres rescnances. Heglecting interference the contribution of *he 1.05
and 1,21 ¥ev resonances is neglipgible, and the cross ssction is determined
primarily by the low resonancse. To show ii{s true reszonance shape the cross

2
section (Figure 17) was divided Ly the proton Gamow factor and hbw? . Then

equation (2}) takes tne following form:

1
- =wg
o B (25)

2
L '7\2 1.~:-/E1 p (- ER) + r'z/h

Since the alphs particle energr is larger than the potentlial barricr [11
may be considorsd constant, [ = /_; + Fp ~ ra. provided r;.:‘-F' In

‘ a
cosputing Figure 22 the curves of Chrlsty and Lattar(“o) for s-wave protons

on nitrogen were uwsed. The esperiwestal coints can be fittsd by a rasonance

curve with the naximum st 0.336 Mev and & width of 94 kev. The agreement
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18 rather remarksble considering the large changs in cross section {Figurs
17). 4t low energies this glves
~1/2
e

o (E) = ==
a( / B

(26)
q; is in barns provided E is in Mev.

The above expression would be quite sccourate except for two facts.
Even though the contribution of the 1.05 Mev rescnance is small compared to
that of the 0.338 Mev rosonance, their smplitudes sre almost comparsble.
This could changs the cross section eusily by a factor of 1.5, The inter
ference is probably destructive, thus the sbowve value might be high. From
the present experiments no information can be gained regarding resonances
below O.1 ¥ev. It has been assuced that no such resonance exists. In
neutron experiments where no potential barrisr is present many low lying
resonances have been founds Thus until more is known about.the levels in
O16 no final croess section can be computed.

Compared to ﬁls(p,a)clg the ﬁls(p,ay)clz reaction gives no appreciable
contribution to stellar ensrygy production, Its resoﬁances are very narrow
(Table 1)y and no non-resonant radiation wag found (Figure 18). An ex~
trapolation of the ﬂls(p,y)alé cros8 section to stellar energles is of
interest, because this process removes nitrogen psrmanently from the carbon
¢ycle. Tie roaction could be cbssrved only st the 1,05 Hev rosonancs, be-
causs ite yleld is smell, There is no rvason to suppose, however, that it
does not have other rescnances. For inctancs it may compede with the long
range alphe particles at the 0.3308 Mev resonance. This coﬁld.not have been
detected, but would have a significant contributicn at 30 kewv.

In extrapolating from 1.05 Kev to 0.03 Mev 1t iz irportant to use the

o . e #*
correct proton wave. This resonsnce is probably also duec to s-wave proions.

# Refer tc next chapter and Figure 25.
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Lguation (24) wes used la the extrapolsilon. In.ordsr Lo get & low estimate
fﬂa 135 kev wae ussde { [ cannot be measursd sccurately). This togsther

with valées given in Table T glwes
-1/2
. &4 99 ,
5:(3) = 9:%92 e 6,958 (27)
i

This iaz only the contribution of one resonance and the actual value of g- is
v

probably larger. Combining equations (26) and {27) one gets c“/q; z 0.8 x
! 4 .

& :
107", This value is larger than assumed by B@the()) but 8till small enough

as not to interfer with the carbon cycle during the age of the sun.

VI. HUCLEAR WIDTHS

Calculations

Much information has been cbiained regarding cross sections and resonance
widths for nucl§ar reactionz. In crder to compare results one has to ealcu-
late quantities directly related %o nuclesyr properties. The nuclear width
without berrier, G, cen be computsed from t$a dispersion Iormula provided the
ievals involved are known. Conversely the angular womentum of the levels can
bé determinsd 12 G is known. From the consideration of the transit time of
a heavy particle throvgh a nucleus one can say that ( is at most a few Mev,
but generally smaller. Available experimental data show that with a few
sxcaptioﬁs.a has & value between 1 kev and 1 ¥ev for heavy particle reactions,
By making certain level assignments, a value for C can be ctlculated. If
this is larger than the maximum possible valus of G the assumed assignment
may be ruled out.

First f; and r; of equation (2&) have to be calculated., If E = Ep

and F”‘ I + [+ ..o*, then

p X
e 2
LTl YT 2

# [M= 37 partial width of all competing processes.
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Using results of Table I, f; and f; may be compubsd provided @ is knewn.
It should be mentioned that if f; is of ths same order of megnitude as r,

4

its value depends critically on oﬁ. Two solutions are obtained, and it is

difficult to say whether f% or f% is the larger ons. If the solution is

complex the measured cross section is larger‘th;n the marimus possible cross
section for the assumod statistical factor w. This was used to rule out
cartaln level assignments. However; 1f a decrease of aﬁ within experimental
error gave a rosl result; the assignment was considsred.

The nuclear width for chargeda partiéles is then obtained by dividing the
partiel width by’tha Camow factor. The normalization given by Christy and

] ,
Latter * has been adopted,.

[ = \[E/E, PGy (29)
‘ 1/2 . . ‘
The torm (E/El} takes care of the velosity noramalizntion. El equals 1

ev for protons and 4 Mev for alpha particles has been used in the calcu-
lations., The penstration factor for protons can be taken dlrectly from the
curﬁes of Christy and Latter., The lonyg range zlpha particles have an encrgy
.above the barrier. Their paenetration factor is unity unless very. hizh
angular momenta are involved. Also (E/El)l/2 is almost squal to ons, thus
[ o and G, , &re practically equal,
In case of the short range slphasz the penetration factor was calculated

using the WKB approximation. With the same normaligation as in equation (29)

e |
\Ve/e P = Ef‘ %, (30)

; L1
whers EB is the barrier height, 4.21 Mev, B@the( ) zives equation (631)

one gets

and {(600a) for calculaticn of CZ o Tae only modification needed is to une

N A8 L .. ‘
the gus of the Nl and Hoo radii, sincs the alpha particle radius is not
negligivle as in the case tfeetad vy Betne. Tne penctrstion factors have

voen calculuted at tne short rasge alpha rescnmnves and ars given in Toble IX.
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For a table of the nuclear widths all possible compinations of angular

momenta snd spin have to be counsidered. To start with, the gpins of the

ground state of 0123 ﬁlspband 016 sre known to be 0, 1/2, and O respectively.
. 1 6
Tne high degree of symmetry of the C # and 01 nuclel gives even parity. It

1
is generally assumed that the parity of N 5 is odd(haz The zpin of the in-

coming protons is 1/2, their parity is the same as that of the partial wave

considered. Therefore s-wave protons may form either O(=) oz 1{-) states

in 016. Similarly P protons lead to O(+), 1(+), or 2(+) and D protons give

1{=)s 2(=)» 3(~=) levels. Alpha particles have zerc spin and even paritys
thorefors in alpha exission the parity change depsnds only on the partial
wave considerad.

At least one of the resonences iz common to both short and long range

alpha particles. Thersfore some states in O16 ars able to decay to the

&

. . 12
ground and first exclited state in ¢, This slirinates 0{-) =5 a possible

12=
asslgnmment for ¢ o The resonances which ceannot decay by long range slpha
#

perticles must correspond to 1(+), 2(=); 3{+), atc., levels in Olo, bacause
»,

thoss cennot decay to 0(+) in Clg. Levels in 016 are not observed unless

they can be excited by sy; p, or d-wave protons. The barrier factor for the

nigher waves makes f; too swall compared to /_;.

Resuliu and Comparison of Widths.

Téble III gives the nuclear widths for all.levela up o J = 3. If &
atate in 016 can be ?Qrmed or decay by several parvial waves only ths one
adith the smallest barrisr factor was censidered. Sincs isotrople distribution
has been assumed in calculating Tabls I, the resulis nave to be corrccted for
sny angular distribution factors. In general those will not change the
answars significantly.

&Y the 0,338 Mev resonance only long range alphas wers found. The
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zmell value of f; and the barrier factor for short rangs alpha particles
explain their absence. Also capture radistion cannot compete to any degres
bscause /;/ [ 12 small. Only s protons forming & 1(-) levsl in 016 give

. a reasenable value for Gp. The next value, Gp = 1.8 Meov, is rather improbsable.
The absence of long range alphas at the 0.429 Mev resonance is only

explainable i1f transitions to O(+) in 012

are forbidden. The 2(=) state in
016 nakes Gp too large. 3(=) cannot be the excited state in 812 because
the corresponding G , is too large, 0(~) and 1(+) assignments in 016 give
rgagonable values for most widths. HNeither of these levels can decay by
electric dipole to ths ground state in 0;6, thus 13 Mev radiation is not o
be expected,

The 0.898 ¥ev resonance cannct be due to a 0(-) level in 016 bacause
e observed cross sectlon is four times the maximum theoretical value.
Only the 2{~) level ylves a reascnable value for Gp. 1(+) gives =n extreme-
ly small while 3(+) gives too largeivalues for Gp. With this assignment the
1{=) end 3(-) states in 012 have extreme alphe widths.

At the 1.05 Mev resonance all three reactions were obssrved. The
(=) assigmment for O16 may be ruled out because it requires clsciric
octapole capture radiation and an extreme provon width. The gamma ray widih
indicates electiric dipole radiation. The guadripole width is smaller ;haﬂ
the maxzimux theoretlcal value, but largsr than would be expected,

At the 1.21 Hev resonance levels in 016 with J = 0 or 1 would give too

£

small a cross secltion. The best value for Gp is obtained if the level in O10

is 3(=). All short range alpha widths for an assignment of 1(+) in clg are

rather large.
Unfortunately too litile is known aboul nuclear widths to make a
definite level 2ssignment. However, the above discussion indicates that the

12

excited state in C™° is not 3(-), 1{(+), or 1{=). If the capture radiation is
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.elec;rie dipole then the 3{+) and 2{-) levels in C12 have alec sxcsssive
 widthe at the 1,05 Mev resonance. This leaves only 2{+) for the oxcited
state in 0123 the same value as the alphs model predicts. The most proboble
level assignment and nuclear widtus are given in Figure 25 and Teble IV,
he angular momentum and parity of the excited state in 012 may also be

' | o} 12
obtained from other reactions. For instance B (p,y)C shows transitions
o the ground state and predominantly cascading turcugh the Lel7 Yev leval(bB).
Unfortunately the excliatlon has not yet been determined, thus it is irpossible
to draw conclusions Irom ihe relative intensities of the two compenents. In
any cass angular distribution measurements are necessary belore definits
level assignmenté can oe made. |

Since the palr state in 016 has the sams angular momentum and parity as
the ground stats, ong would sxpect transitions io that livel., If the capture
radiation is sleciric dipole about 10% of the radiation should po to it.” Ko
pairalcould be observed in the expériteﬁtﬁ because a thick eluninum converter
was used in all measursments. Since tuie usat level abt 5.13 Hev is 3(-),
higher order transiiioas are nseded and it camnnoi compets. Thus it is im-
probable that more than z small iraction of the capiure radiation cascades.
On the other hand if the 13 Xev radiation is electiric gquadripole from a
2{+) level then a transition to the 3(-) state would be electric dipole and
much cescading iz Lo be sxpected. . Unfortunately the axpariméntal results
(Figure 13) are not sufficisntly accurats te eliminate this slternative.

The width for long range alpha particles lu narrow comparsd to that
for protone or sihort ranyge alphas. A similar situation exists in the case
of Bll(p,a)Bea and Flg(p,a)olé. The first reaction has a resonance only

3
5 kev wide st 0.1562 Mev(ll) o« A check of the flucrine reaction showed a

% FPor a given oscillator strength fj is proportional to EB.

** The nuclear width and resonance width are practically the same since these
alpha particles are ewlited with an energy larger than ths potentisl barrier.
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new resonance at 0.78 Hev (Figure 2L) which is lese then 10 kev wide. It

(36) because of spread in proton

had been missed in previous investigetions
beam energy. 7The widths for F19(p,a1r)016 resonances are 2lso surprisingly
amall compared to Flg(p.qy)clé. In éll four cesas the compound nucieus is
formed in a highly excited state and decays to a 0(+) level. However, alphs
particles decaying to states of higher angular momentum in the residual
nuclsus show larger natural widths. This holds true for F19(p,ay)016 3(=)s
H;S(p,ay)clz 2(+)s Bll(p,a)Bes* not known. The alpha particle model doss
not apply to the highly excited states in the compound nucleus, and an ex-

planation has to walt for a mors complete nuclear theory.
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APPEHDIX
Shape of Proportional Countsr Pulses
In deriving the pulsc siaaps, a2 nunber of osinplifying ssswapbionu were
-made. In the idsal case all primary electrons arrive at the central wire
sinultansously, each producing {m~l) secondsry clectrons. The positive lons
are produced so closc to the central wirs that the pulss is forsed by their

moticn toward ths catbods(lh)

rather than by the wotlon of ths elecirons
tosard the collacting wire., The slectric fileld of the lons is smal; cumparsd
té the static field in the counter. Thus, in celculating the actiea ol the
- field on tne ions, only the forces une to the consitaut voltage~v0 across the
counter has to ve considered.

fhe voltage producec across an isolated counter vy the wmotion of an lon

'ﬂﬁsy be derived by setting the work dons on the ion egual to ths leossg of electro- .

static energy of the countar.

vc s g_m (31)

CVO

'V aquals the changs in voltage due to the wotion of ine chargs ¢ frow the
e

 central conductor to positien r. V(r) =

2 log 4 is the electrostatic
: log b/a " r '
_potantial in the countor snd § the capacliy of the counters @ &ud b are tho

- radii of ths central wire snd counter, respectively. To 8 good apprevimation

- " tihe drift velocity of positive lons is proportional to the electric field.

dr X ' .
-— = o | 32
: dt P k%)
% (14)
- For argon K/P is about 3 ew/sec per volt/c: per atmosphers o Substituting

.for E from equation (1) and integrating one gets

.
% ‘Heglect the current from powsr supply or grid current of first tudbe.
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r=a \/ 1+ 't/to
) a° log b/a ' (33)
| ° 2w (k) '
Substitute everything back intec squation (31).

Vo= A log (1 + t/to)

A s iy s ‘”ﬁ.. (3L)
2C log b/a 2C log b/a -

Q iz the total Acharge: of the positive ioms, which is the number of primary _ioim,
formed (no) times ths gas mul’biplicétiom (), Vc will machits “maximm;“‘valm-,_
Y = - /6, when all ions are collected. |

. The pulse actually obsorved at the output of the arapliﬁer has been ;dif-v p

ferentiated by a series R,C, network., The differential equation applying te the

network is :
di i dvc : 4
B o b 1 s 2 (3%)
dt f.':1 dt '

1 is the current througn the network. The voliage observed is V= { Rl'.

Substitute frox equation (34) and rearrange into standard fors of a linsar

equation,
1 o .
whers T = R,Cy. The particuler solution giving 4 = 0 at ¢ = 0 is given by
-t/ pt xfr | |
V=iB =Ae 2 dx : AN
t+t, O X+ Y, o (38)

) ()]

(18)

.,Ae-—r_[fi<

E i.(:&z) is the exponential integral tebulated by Janke and Emde
The maximum will be at di/dt = 0. From equation (35)
| AT

%'%%f%+%

Gn
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where Vh = pulse helght, im = maxismun current and t. = tiwe of weximum. A4
direct solution oif squations (36) and (37) for vh and tm proved to be lmpracticsl.
By introducing the parsmeter u = (‘cm + to)/‘r s 1t is easy to find Vh and t, as

a function of T /tc. Then squations (35) and (37) becoms, afier rearrangencal

11 - u
® ('T 1 W : (8)
tm = Ty = to : (39_)
v 1 -
h
oty = |°
¥V, 2ulogb/a (L)

Using thess aquations,; Figure 2 has besn coumputed.
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DESCRIPTION OF FIGUHES
Dimensions of propertioneal counter #l.and'comparisqn of exbefimsntal énd
theoretical ﬁulse siigpe. The ordinats of the theorstical curve is fraction '
of maxlumun pulse haight.
Theoretical curve giving fraction of waximun pulse helght éad»time at which
it is reached ss a function of counter and circuit constants.
Drawing of proportional countsr #1 with detail of thin window support.
Discriminator bias curves for proportional counter #L and #2. It shows
the distribution of pulse height uvnder diffsrent opereling cﬁnditiona.
Experimehtal setup ussd in the 100 Kev measursmente oi long range al?ha
particlec,
Exporimental setup used in the 0,20 to 0.85 Mev meassurements of long range
alpha particles.
Analysis of nitride targets using high resolution scattering. (Repleced—she—

Analysis of a thin ENO

3 target deposited on & silver foil.
Calitration of mica stopping foils and typical long range alpha particls
profiie curve. Thess curves show primarily the straggling of the protons
and alpha particles. Foll #1 1s equivalent o 1.69 cm of air, #2 is 2.00 em.
The absorption of sscondary elecirons produced in a thick aluninum converter
by gamme radistion. d, indicates the absorber thickness which reduces the
coincidence counts to 2™ of the mumber without absorber,

8tandard absorption curves for tha geometry used., They have been plotted
from Figure 10,

Absorption of the seccondaries produced in s thick aluminum converier by the
le(p.y) yadiation.

Per cent of zero absorber counts computed from Pigure 12 plotted on semi-

log paper for comparison with standard curves.
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" 1lhe Calibretion of fluxmetsr and profile curve of slpha particles from
Nlb(p,ay)clzo A pollsued copper surface was usec Ior the calivration,

and a thin K?ﬁB layer on Copper ior the alphe particle profile. (&=

« @ = 0
, | , . e A8 12
15, Curves for meszsuring the energy of the alphs partiszles from N (psay)C s
- : v
angls oi observation is 58 . 4 thieck KHOB targst was used. Proton
tackground hag been subtrected.
16. + 0" reactiones The sidth of the recougnces has been increased for
casiar resding of graph.
17. Excliatlon curve of long rasges slpha pariiclez.  The angls of observation
o _
iz 90 for points designated Ly open clrcles and crosses O and X, and
o .
137.8 for points designuted by sclid circles. Target thickness was
measured at 0.90 Heve The yield i3 given for a KNO

3
61 with Hls. Target thicknese disterts the snape of the cwrve only ad

target snriched to

the 1.2 ¥ev resoaznce.

18. Excitation curve of gosma rad@ation. All messuremcnts wers mads at 900.
Target thickness wae messured at 0.90 Keve. The yigld is given for & ){Ho3
target enriched to 1% witha Hls.

19, Gemma radiation was measured at 900 for both thick and thin tergets. (&)
0.429 Hev rescnance. Tne thin target le 0.57 kev thick at tais energy.

{b) 0.898 ¥ev resonance. The thin target is C.?E kev thick st ibie energy.

20, Qamme radiation wae nmeasured al the 1.21 Y¥ev resonance at 900. The 51 kev
(at G.90 Mev) targst was used to compute the thick target yisld at this
resonance.,

2l. (&) This curve shows that the short range slp‘xia particles and gauma rays
of Kls(p,ay)clg follow tiie same excitation at the 0,898 #dev resonsance.

2l. (b) This curve shows the slight dlsplacement of the excitatlon of pamna

radiation and long fange alphe particles at the 1,21 Mev resonance. A4 30

kev (at 0.90 Mev) target was used.



_\57—

22. Excitation curve of long¢ rauge alpha particles after varrier factors

have beon taken out. S-wave protons were sssuned. (Rephace—beood=tr

23. Alpha particles from Bll(p,a)Bss* obgerved at 900. Notice thet esxperimental
pointe follow closely the Gamow pensiration fector,

2h. Long raﬁée alpha particles fror Flg(p,a)o16 ovserved 8% 909. This is
only 8 preliminary curve.

25. ‘Energy level diagra& of 016. Proposed aogular wosentuy and parity

assignments have been shown., With the excertion of the 6.05 and 6.13 Hev

levels in 016 they are based on intensity srgwsents,
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TABLE ITT

_g& =

= 0 o SHORT RANGE ALPHA PARTICLES leading to lic5 Mev State in cl2
£ |5(° 3 2 3 3 3 2 2 .
8C I=1g |, B 3 5 5 g 3 3 8
g @ > o L7 0 © 0 0 »n 513
Ib8|s |2 |% o i 2 2 @ il @ 5
8 % | _a g & = 0 By 0 = 0 §€
1§t§ 12 s | o A ot part ~ ~ -~ - S =
artid.} ra.% [ partiall Gy miul Gy s partiaj Gy o partia!i 6, [partial| Gy, mnlJ Gt |y |transition
wave ke kev | wave |[Mev | wave Mev| wave Mev | wave Mev | wave Mev | wave Mev jev,
{0,338 8 1(=) 11 050 P 9k
" P O(+) 3.2 %1 S ol PR —_— - - -
n P 2(+) 0,64 1.8 D 94
JM29 S O(=) 0,9 0.12 - = 0,01 P ! — - - . D So7 F 52 —_— -
P » P 1(+) 0.9 0,84 - e o.oo§2 S 83; P 0.32 D 1.9 P 0,32 D 1.9 F 18
» D 2(-) 0.9 17 — — 0,001 P 049 D 1.1 P 0,19 S 0,075 P 0,19 D s P |
0,898 P 1(+) 1. Q## 0.032 o= e 1.1 s 0. P 0,92 D o5 P 0092 D 5.5 F 50
* D 2(=) 1,6 0,60 —_ = 0,57 P o,ﬁ? D 2.9 P g‘.ﬁa s  0c2h P O.k8 D 209
* D 2(=) 0,57 0022 -_— = 1.6 P 1,33 D 8.0 P 1,33 8  0.67 P 1lo33 D 8,0
» F 3(+) 1.8 18 —~ == 0,35 D 1.8 F 16 D 1.8 P 0,29 s 0,15 P 00,29
" . F 3(+) 0,35 3.5 - — 1,8 D 90 F 82 D 9,0 P LS s 0,75 P 1.5
1,05 S 1(-) 105 0,58 P 45 1.5 P 0. S 024 P O.48 - D 203 F 20 D 2,3 100  el. dip.
* 5 1(=) kS 0.25 P 105 3.5 P 10‘{8 S 0,55 P s 1.1 D 503 F ué D 503 230 " oow
» P 2(+) 128 2.2 D 22.5 0,74 D 1.4 P 0.2h s 0,12 P 002k D 1.1 P 0.24 SO  el. quad,
" P 2(+) 23 0,39 D 125 4,2 D 6.k P 1.3 S 0,67 P 1.3 D 6ols P 1.3 280 "
" D 3(-) 135 27 F 15 0,5 F 6.6 D 0,7 P 0,16 p 0.7 P 0,16 8 0,08 33  el, oct,
" D 3(=) 15 3.0 F 135 LS F 59 D 6.8 P 1.4 Dp 608 P 1.4S s 0,71 300 " »
1.21 P 2(+) l.1## 0,012 D 7,6 3.7 D 208 P O,& S 0028 P 00611‘ D 208 P 006!3
" D 3(-) 16 1.7 F k.5 2,2 F 1 D 1.7 P 038 D 17 P 038 s 0017
" D 3(=) 6,7 0.1 F 1 5.2 F 33 D LO P 0,90 D koo P 0,90 S 0.40

- Transition forbidden by selection rules.
# Lowest excited state of Cl2 predicted by alpha particle model.
#% QObserved yield 25% larger than maximum possible yield.
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