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ABSTRI\Vl' 

1.5 12 
The axcitation/of the reactions (1) N (p,a)C , (2) 

15 12* . , 15 16 ~' 
rr (p,a.' )C , (3) N (p,y}O haei b<:-:en rneaaured_)rom 0.2 

to 1.6 Mav. The th:i.ck targflt yiold o.f react1.on (l) was 

also LJt.:asured at 100 kev. A ~•~ncial r1rcportional ccunter 

·,iaG constructed for thts purrcse. ~prroxi.1Ni.t,, theorati.cal 

porticnal counter0 aro ~i vtin. 

Cross sect:i.crrn and nucl011r w1dt,hr; wi thou.t bsrrier h.3w 

been calculgted for all resonances found. Using intensity 

a!'(;H.ment:s., an ££rnl;nment. of parity ¢md total angular mor,H:intum 

is prc!)Otied ior bOT'iU levels in 016 and c1/ . At:> these re-

actions are part ot: Bettrn' s cD.r>bon .zycle in et.ellar energy 

production., the cro::i;.1 sections ·:uwt1 b-1en extrapolated to 
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I. INTR0DUCTI0W 

on proton bombarmnent of ~S the following reactions are energetically 

poeBible 

1$ l 16 
N + H ---), (0 ) 

12 4 __..,,,,,c +He 

~ 12* 4 
)' C + He 

16 ..,. 
Q + I 

Q = 0.5.3 Mev 

Q = 12 Kev 

(l) 

(2) 

0) 

Until separated isotopes became available, the study of these reactions was 
~ • 

very difficult because N constitutes only 0.38% of ordinary nitro~en. The 
(l) 

first to observie reaction (1) were Burchar.n and Smith • They bombarded a 

mixture o! o,cy-gen and nitrogen with 0.5 Mev protons and four,..d an alpha pcrticla 

group of' the correct energy. The intensity oi' this e,Toup varied with thta 

nitrogen content of the gas used. 

Fowler, Lauritsen, and Lauritsen( 2),(3) observed reaction (2) tor proton 

energies between o.6 and 1.4 Mev using N15 enriched ammonium chloride. They 

observed the 4.5 Yev g8Dlllla rays and found resonances at 0.88, 1.03, and 1.20 

Mev. Due to the energy spread of their beam, about 20 kav, they were not 

able to measure the width of these levels. Tangen<4) observed a gamma ray 

resonance at 0.428 Mev which he attributed to ranction (3)*. 

Measurement of the absolute cross sections of these reactions bscame of , 
(5) 

interest whan Bethe suggested the carbon cycle aa a source of stellar 

energy. This cycle ia as follows: 

(4) 

(5) 

(6) 

(1),(2) 

l2 l 13 
C +H ~N +r 
13 1 l4 

C + H ---+N + r 
;,4 + i1 --+ 015 + y 

~$+If~ c12 + He4 

In addition reaction (3) would remove carbon permanently from the cy-cle.. The 

first a~teq>t to measure the cross section or reaction (l) was made by 

Holloway ~d Bethe(
6
). They measured °i near 360 kev but did not measure the 

* Our results indicate \hat this resonance is due to reaction (2), 



energy accurately. As the cross section changea rapidly in this region 

(Figure 17), their rrea.surement L, not vary significant. Cochrane mid Hester( 7) 

measured the excitation of reaction {l) from 0.2 too., Mev. They found & 

refilonanco at about o.4 Mev. Un.fortunately their statistics ·are insufficient 

to gi Ve a good value for the position or half width of this resonance.• 

In order to calculate reaction rates under etallar conditions, it is 

nece:ssary to know the cross sacti.one at energies near 30 kev. At theee energies 

a direct measurement of the ciAoss sections is impossible because they are ver, 
• -15 

B1mtll (e.g. "i = 4 x 10 barne at 28 kav). It is necessary to know the ex• 

citation function in order to make a reasonable extrapolation from the smallest 

measurable cross sections ( .-,; 10-7 barns) to stellar energies. 

In this investigation accurate excitation curves for /S + Hl have been 

obtained. To measure the small cross sections Jt low bombarding ene~giee it 

r7as necessary to develop a special proportional counter. As a part of thia 

research the advantages and limitations of proportional counters in detecting 

heavy· particles has been investigated. 

The u15 + H1 reaction belongs toe group of reactions leading to multiple 
I\ • 

alpha particle nuclei. Fairly complete nuclear models 

tor these nuclei by Wheeler{B), Hafstad and Teller(9), 

have been worked out 
(10) 

and Dennieon • The 

alph& particle.nuclei are lighter than their neighbore; thsrefore tho compound 

nucleu.~ fa formed in a hi~ excited atate. 

H.3 + a1 ~ (He4) 

Li 7 + a1 ~ (Be 
8

) 

Bll .;. a1 ~ (Cl2) 

i5 + Hl ~ (016) 

F19 +If'~ ( l/0) 

19.8 Mav excitation*~ 

17.21" tt 

1$.96" • 

12.11 n " 

12.90 It A 

* The cross aection they meaeured is also considerably smaller than the one 
found :l.n this investigation. (11) 

** The excitation energies are taken i'rom Hornyak and T. Lauritsen • 
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With the exception of F19(p,y)!{e20, all reactions show strong capture 

radiation. In moat oases the capture radiation competes with the (p,et) reaction. 
3 7 • 

With the exception cf the Ir and Li reactions, eevoral groups of !llpha parti-

cles are emitted correeponding to the ground and excited states in the residual 

nucleus. 

Because of the large excitation, the alpha particle model cannot be expected 

to hold for the compound nucleus. It should, however, hold for the levels in 
16"-. 19 

the reeidual nuclei. In the case of O , which is formed by the F (p,a.) 

(12) 
action, the lowest levels are 0(+) and 3(-) (Fibure 25) • Excer,t. for a 

(10) 
displacement, this 

only excited state 

agrees well with th<S predictions made by Dennison • 
12 15 

of C which can ba reached by N • (p,a.) is ,at 4.47 Mev. 

re-

slight 

The 

An 

analysis of intensities at the different resonances (refer to Chapter VI), to­

gether with information from other reactions, indicate J -z::: 2(+), again con­

!irming the alpha particle model. 

In the region which has been investigated (0.1 to -.J 1.6 Mev) the B
11

(:p1a.), 

tt"5(p,a.), and F19(p,a.) reactions have a much greater width without barrier for 

short range alpha particle emission than for long ra.1ge alphafi. Thus the am.ifl­

sion ot short range alpha particles is inherently more probable. This manifests ... 
itself for the B11 and r19 reactions in a ratio of about 1 to 100 int.he oross 

secticna of the long to short range alpha particles. Because of a large barrier 

factor for the short range alpha particles, the cross sections are Jbout equal 

in case of the ~ 5(p,1) reactions (Figure 16). 

For bombarding ener£ie:; in the r:mgo cf Oto 2 :Mev the number of levels 

in the compound nucleus irlcre:asee rapidly with atomic number. Ther~ ic probably 

one in He
4, about th're..s~ in Be

8 
and c12

, six in 0
16 

and a f;re,r.t multii:,u.d(J in Tie20 

(ll). It is to be hoped that, as more inform:ation becomes available about these 

"aimple 11 alpha nuclei., it will be poasibl,~ to develop a more comprehensive theory~ 
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II. PROPORTION.AL COUNTERS 

Electron Collsction and Pulse Sh•pti• 

Proportional counters have been investigated s.nd described by many 

1uvesti~ators(lJ),(l1'),(lS). The purpose of thie investigation wa-s to _ 

develop a heav-1 particle counter which had a large aperture and was in­

sensitive to electric disturbances. Another counter deeired was one sensi-
* . ..• . • 

tive to low energy alpha particles and capable of measuring them 1n the 

presence of a proton background. A consideration of the mechanics by which 

pulses are formed i~ necessary in order to determine the design parameters. 

ThG properties of different counter gases have not been investigated 
(15) 

systematically. Most of' the infcrnw.tion available is for 95 to ~ 

. argon and 5 to l~ co2• Therefore only this filling is treated here; how­

ever, most of the considerations apply equally well to other gases. The 

particle to be counted produces heavy ionization al.on[; its pcith. Under the 

influence of the electric field in the counter the electrons move toward 

ths collecting wire. A certain amount of recombination will occur if this 

field is too small. Rossi and Staub(l6) have shown that for argon E/p ~ 0.7 

ff 
volts/en, per Dll'i Hg ia necessary .for approximately 1~ collection. If the 

pulse height is to be independent of the position of the track in the counter 

the above condition on E/p has to be satisfied. 

In general it is desirable to collect the electrons quickly, in order 

to obtain fast pulsea. For E/p .c. 0.5 volts/cm per mm Hg the "Glectron velocity 

decrcHlses rapidly. (l 7). The electric field insida a counter is the same as 

!or two concentric cylinders of' radiU5 a and b. (a= radius of central win, 

* Alpha energy between 0.6 to 2 Msv. 
* E = electric field inside counter. 

p = pressure of gas filling. 



b of' counter) 

r:: -;,,-

E Vo -=---. 
p log b/a 

l 
rp (l). 

Here Vo is the voltagE> across the counter., p the-: pressure., and r the distance 

·:rrcm the central wirs. Thus E/p is s!nullest ,;t r = b. Typical opera.ting 

conditions of the counter used (figure 1) were Vo: 1000 volts, p = 200 mm 

Hg, and a = .005 inch :and b = 0.50 inchJ th.on E/p ~ 0.87. This shows ·i::,hat a 

counter to bra operated rl t,h & hieh prossur.e needs fl correspondingly high 

. 6 
Under the above conditions the elc ctron nloc:l t y fo about S x 10 Ci'P/sec; 

and all eleotronB will be collected within 0.2 p- sec . Very close to the 

central wi.re secondary ionization occurs. Oas multiplication occurs so 

close to the central wire that the ions forr!•ed do not contribute to the pulse 

(14) 
until the positive ions move toward the outer cylinder • With a gas am-

plification o.f 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 the pulae. 

If we assume that all primary electrons reach the centrel wire s~ultaneous­

ly and that the drift velocity of the positive ions is proportional to the 

electric field, it is possibla to derive an ex-prsssion for the pulse shape.* 

The change of voltage across the counter is riven by 

and 

V ::: 
0 

t = 
0 

V max 

- m n0 a 
loi (1 ~- t/t ) 

2C log b/a 
0 

2 
s log b/a 

2V
0
(K/p) 

* Refer to Refarenceo (13),(14) and appendix. 

(2) 

(3) 

(4) 
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. m = ga.s multiplication, Il.
0 

:t:: number of prL'llary ions, e = electronic c~arge, 

C = total C!.:ipacity ucross counter, t = time a.ft~r collection~ and Xfp .is 

the mobility 0f positiv~ ions. For argon K/p is about 3 cm/sec per volt{cm 

!X)r atmo::iph,iJre. 'l'hi~ expression holds true until tho positive ions reach .· 

tha outer c.-ylintler 3everal milli-seconde after the pulse started, then .. 

V = V • 
C max 

In genel'al the pulEie is differentiated by a short time constant in tne 

across t.~:e renL:itance is ::;i ven by 
t + t 0 -m n e 

V= o 
2C log b/e. e 

T (S) 

where'( ::: 8i c
1 

and if!i. (x) is the exponential integral tabulated 1n Jatike and 
(18) 

Eir,de • For tl'll~ co1-u1ter shown in Figures l and 3 V/V has been plotted 
max 

(Figu:r---:J 1). It ohou1d be noted that the ?ult:m decay8 slowly compared to 

-t''Z" a I and has s. ratrwr fltit top. The e:-:peri.mental dat~. ac;ree with the 

theoretical curw., except dur:tng th,3 .first 0.3 .f eec; here the et.feet of 

glectron coll0ction is noticeabl~. 

If one wants to "'B tfrrn.te r;he effect of different valu~s of 1: equation 

(J) io inconveciie:nt. In Fit;;ure 2 the ratio of maximum puloe height to pulse 

* , height fort' = oo has been plot~d as a function of 'C /t
0

• Also givelt ia 

tha tine ( t ) at which the 1.1.aJ1.-im.U111 io ranched. :To u$e these curves one cal~ 
m 

culates t
0 

from· eq1.mtion 0) imd '°mu from equation (4). Tl"lis theory breaks 

down if t fo of the smne order of ma.i'.;nitu.de as tha electron collection tim1. 
m. 

In that caso the exp-erifilental puls~) htdght is smalle1• than given and t is 
ll 

larger. 

The effect of space charge has been neglected. Since it takes several 

rr.ll.11-seconds until the po.;;,;itivi:1 ions reach the oathodt:, .a considerable charge 

* b/a = 100 was uaed. For other values of b/a. multiply the pulse heiibt 
acale by log 100/log (b/a). 



may buHd up at M.£,b. countin6 rat.es. This is kept at a minimum by using only 

nmri.11 pul.5sf:l. Howev-cr, the pulst,s should be 10 to 100 times noise. General­

ly 10 to ,50 f vol tB cf no5.ue is produced by the firBt tube and 80% of the 

pulse i ,5 lost by Ji.f.t.'erent::.attc,n. Tbuz th-a pulse should be upproximAtaly . 5 

milli-,,olts. For an input cap~.ci ty 01 15 f'- fl. f thie oorre~ponds to , ·.x 105 

electrons. A particle loses 20 to JO ~olta for every ion pair produced •. 

Thus for ti p:Jrticle louing 200 ~<ev in the counter, a gae amplification of. SO 

is needed. 

As ahc,m above the hei~ht, oi' a puloe is ideally only a fllnction of the 

m.:11:1be:.:· of pri!'nar;ir ion'1 forr::ed. In the case of arcon this is directly pro-
(19) 

portional to the encr~,r lu~-t. in goil1t:: th:cough the counter &as • Different 

groups of particles ma~r ttu:.:., be: distinguished if' they lo.~,e c.i.f.ferent amounts 

of energy in trw counter. Depend.in(; on th1: apecific axverilr;ent. this dif-

f~n•,mc,:,, 1.;an bo :~ncr;:.,a.,ed b:.,· prcpor choict: of gas pressure in the counter and of 

D'ule6s care ls taken many factors will introduo.-1 a ~I,,read in pulse 

heicht. Om~ ,wuld hop(~ for eqt1::J. pul.'.:i;;;.-::. from a hor:vt;eneou:.:: grcup o.f particlos, 

each particlo t.ravorsin6 tlrn came di5tar:ci;; in the; counter. tlaturally eome 

may be close to the center, othors near the cathode of the co1.mter. Let u.a 

cons:ldci· briefly t ho dti'f erent f ?..ctors t.:ontributi ng to the spread in pulse 

l. St11tistic&l .fluctuat,:J.ons in the m.mibsr of primary ions fornied. 

If the part:tcle loses :,.bout 0.3 ifov in the counter eao, more 

t.han 10,000 ion pairs are fori;:ed, and hence thi.s effect is small. 

2. R3con1binatbn. With ·sufficiently strong coll8ctio11 field3 re­

combination can be practically eliminated. 

* A more detailed discussion of most of t.~ese ~!feet~ is given in Rossi 
and StaubU5}. . 



J. Formation of neGative ions. Electrons do not attach themselves 

to molecules of counter gases like A or co2• But it o
2 

or n2o 

a.re present some primary electrons are lost from the pulse by 

foming negative ions. Little quantitative data is available. 

-2 However, a partial pressure as high as 10 lffll Hg does not 

interfere with the operation of the countur. 

4. End effects. The electric field is distorted near the end 

of the 00W1ter. Thu6 the gas multiplication varies f!J.on& the 

wire, and some electrons may not even reach it. Thia etm be 

minimized by using only the middle 01· the counter, at least 

one diameter away from each end. Alternately the counter ma, 

be especially designed to have a uniform field near the 

end(20). 

$. Imperfections in central wire. The gas multiplication depends 

critically on the field within one diameter of the central wire. 

Variation 1n the diameter will cause trouble especially for 

thin lfires. If the wire is not centered, the field will .· 
(15) 

also be distorted. For formulas refer to Rossi and Staub. . • 

6. Statistical fluctuations of gas multiplication. This has to 

be considered only 1.f' a small number of primary ions is 
(21) 

collected. Hanna, et •. al. found that, for a mean number 

of prLuary ione between 10 and . 700, the fluctuations in pulse 

height was only sliGhtly larger than would be e.xpeoted from 

the statistical fluctuation in the number of primary ions 

fonned. 

·7. Space charge effects. At high counting rates 'or "in tha presence 

of X ray background, sufficient space oharge may be built up 

to distort the counter field. Then the gas multiplication will 



be a £unction of th@ local spaN charge,; This etfeot is not 

noticeabl(: unless the counting rate is incroased beyond 2,000 

count::;/ee: c, and then only if large pulses are used. 

8. High voltaga. The gas multiplication is practically an 

exponential function of counter voltage. For an A + _co
2 

.filling the multiplication may change as much as 1% per 

volt and even more rapidly at very high multiplication. 

Thus the power supply should be stable to better than l volt 

in a.bout 1500 volts and have a minimum of rip.ple. 

If the gas filling in the counter is unstable* the pulse height 

.will drift slowly, although it is homogeneous at an, instance. Unless 

vary accurate pulse height analyais is needed this drift can be compensated _ 

by changing the voltage on the counter. If a very thin organic window is. 

ueed, it may be necessary to now gas through the com1ter continuously •. 

The allowable variation 1n pressUN may be computed as follows, ., .' 
·. i 

(6) 

-,iere Mis the gas multiplication, V tho voltage on the counter and p the 
M (15) • • 

preawre. CUrvas of l( vs. V and V vs. p haTe been published • 'oV/ap ~ 25 
. l . 

volts/cm over a pressure range or 10 to 40 cm. Thus for U = 6o - OIi/OJ) ~ lS )4 . 
' 

to 20$ per om Hg. This indicatea that the co-w1ter will operate ssa.tisfaotorily 

(22) 
if the pressure is kept nthin 1 mm Hg • 

From the above one would ex.pact that counters may be operated "1th·:.on1y· 

a few per asnt spread in pulsa height. Fie"UI'e 4 shows several typieztl in"'.' 

tegral pulse height curves. Proportional counter 11 (Figure 3) was designed · 

* e.g. ii' organic vapors are given off by the wind-ow. 
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according to the above considerations. -Uitl,l 0.80 ·Key p~tons o~ $~ , ,~~·: -

in pulse height was observed.* In counter /12 (Fi~ S) the -~nd -- _~t tb~ ·.·'. ·· .:· ~_. <.: 

counter was U5ed in order to obtain a. larger solid 4ngle, and the ·pµi~s ~ ;'· < 
. • . ;• .. :_:·. ·.,.·:. 

no longer of uniform height. 

E8scri,etion of Counters and Aceessorie~:_-
. . . 

Proportional counter Ill ( Figure 3) wae built primarily for. use 14th a • ; -. , : 
/ . 

magnetic analyzer. It is designed to distinguieh between different part.1.olfl~< • 

which are .focussed by the same magnetic field. This can be done most. ea,-sll.;r: ••• ' 

by using the diff1;:rence in epecific ionization. Thus the path length in th' 

counter is only 2.5 cm and the gas preeaure lOto 40 cm Hg. The particles 

entor the sensitive volume perpendicular to the ·counter axis through a S/16 

inch window. liica, clamped between the two lead washers, was ·found to be 
. 2 . . 

very satisfactory for a window. Foils l.S mg per cm (stopping p(lftr equiva-

lent to l cm of air) could support atmospheric pressure in either direction 

and gave cowiters which showed no drift 1n pulse height for several month~. 
. ' 

I! the particles have a range smaller than l cm of air it is neoeaaary 

to use thin organic foils. Supported bys grid they will hold ataoapbel'ic 

p1:9ssure in one direction. Figure 3 gives an enlarged drawing ot such, 

support. A foil with a stopping power 01· 1. 7 mm of air, made of 9UJ"· la,era 
.... 

of _N'ew Skin, was glued to this with a drop of shellac. .l lead wubtr is 

used aa a seal between support and counter. Be.fore filling the count.•r has , 

to be attached to the .main vacuum system and cannot be reaoved .from it until 

it is filled to atmospheric pressure. As the nonaal filling is only 20 ari 

Hg, the counter hes to be refilled every time its wind01f is exposed to • 

atmospheric pressure. 

* Tha 4% rise in counts at half pulse height is due to protons ni\ting the •• • 
collecting wire. 

** Manufactured by New Skin Company, Brooklyn, New York. 



* Frequent refilling of the counter is desirable b~cause the window 

gives off organic vapors. These do not increase the spread in pulse height 

but raise the operating voltage. For 1nstanoe 1)80 volts was needed one 

week after i.'illing to give the s&ntl pulse height as 940 volts gave the tiret 

day. No attempt WH made to use f.\0:3' thinner windows, although it is possible 

to use foils thinner than 0.5 mm air equivalent. In that case continuous 

gas flow through the counter is necessary., because foils of this thickneslil 

tend to leruc. 
-31 2 

For measuring small cross sections (10 om) a counter with a large 

aperture is needed. Since the above design is not adaptable., an end-

window counter"' was used. As can be seen trom Figure 4 counter 1)2 does not 

give pulses of uniform height. However, if only one group of particles is 

to be counted it ie satis.factory. In order to prevent charging the window by 

scattered protons, the mica .foil was coated with 0.2 m.g/c:m2 of aluminum lea.t. 

The counter was used at a high gas smplU1cation in order to minimize inter­

ference from the accelerating column. Thus 1t ie possible to mount th~ 

counter o.a inches .from a. target, bombarded. with a 100 f- ampere beam., and • 

detect counting rates as low as 2 counts p&r minute. . ,· - . 
. . • • (23) 

To amplify tho counter pulses the amplifier described by Jordan and 'Bell ·•.·· 

was used. It has a gain of 10,000, thus it will amplify 10 mv. pulses to 100-' 

vol ts. A two tube pre-amplifier with a gain 0£ 10 was mounted ne~ to the 

• counter. A 1.5 jJ.. second clipping time together with a Q.15 p- second ~ise 

time gives best results. 'ftle clipping time 1s suf'.ficiantly short to eliminate 

microphonics and low frequency pickup, yet long enough to give about 2~ ot 

the maximum pulse height. The .fast rise time is advantageous because a true 

* It a mixture of A+ CO2 is available filling takes less than 10 minutes. 
"' A iadiat1on Counter Laooratory pressure seal mica win.cow counter was 

refilled with 26 cm Hg o! A + co2• 



picture of • the pulse can be observed 1n an oseilloacope, and improper _-­

operation of the counter ia quickly spotted. 

The high voltage power supply has to be stable and tree of lbw or high _­

frequency ripplec, .A. shunt type regulator with a d.e. loop gain of over 1,000 

wae designed for thia purpoee. The output voltage is continuously van.able . 

from 600 to 1$00 volte. It regulates a"ainat a 4S volt battery .. The r>ipple 

at 1500 volts ie less than 5 mUli-voits nu. After a warm up period.of 

one hour the output voltage drifts at aoat O.OS6J per hour. Line voltage 

nuctuations have an eTen eaaller effect. !ilia power supply waa ueed in 

all experiments and proved to be very eatistactory. 
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III. IU?Elmwrr.AL AR.RAN Gni.ENT AND PROCEOOHE 

A solid nitrogen compound enriched with r-' was bombarded with mono­

energetic protons. The yield of alpha particles and quanta was then Ill6aaured • 

as a function of proton energy. For most of the work, the protons were ac­

celerated by the 8 rt. by 13 ft. electrostatic generator of the California 

Institute of Technology-(3). Their energy is held constant to within 0.02 

per oant. ~t 0.10 Mev the transformer rectifier set and RF ion source 
(24) 

described by Hall was used. It supplies over 200 p- amperes of beam cur-

rent. cnie target arrangements are shot11n in Figures ·5 and 6. The chambers an 
made out cf braao. 0-rings* are used for vacuum seals. This construction 

proved to be very satisf sctor.1. Everything is readily accessible and can be 

assembled in a .natter of minutes. Fourteen o-ring seals are used i.n the target 

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

experiments. 

100 Kev Apparatus 

The target chamber (Figure 5) was designed for larse solid angle and 

efficient cooling cf the target. The counter apertun is 0.700 inches from 

the t&ri,'8t spot. Apertures, 0.532 and o. 750 inches in diameter, were uued 

giving solid an8les of 0.40 and 0.75 steradians, respectively. 

The target support is made from a 7/8 inch brass rod. Two J/32 inch 

boles parallel to its axis are for air cooling. ¥or 2 1/2 inches, half ot 

it is machined oft so that the target spot .falls on the axis. The vacuum 

seals are aITanged such that the support can rotate about its axis and be 
' 

moTed up and down. Lucite spacers 1naulate 1 t from the main target chamber •. 

A l/8 inch rod, soldered to it, extends the axis of the main target holder. 

It keeps the target · a.lii?led. A pointer fastened to this rod rides on a 

tlManufacturad by Linear, Inc., State Road and Levick, Philadelphia, Pennsylvania. 
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protra·otor and is used to measure the angle between t."ie target and the beam. 

Slots in the target holder can accommodate three round target pellets, )/16 

tnch thick and 1/2 inch in diameter. Setacma hold them in place and insure 

good thermal contact. 

Since tha target spot is very close to the counter, its position has to 

be well defined. This io accompliahod by collimating t.~e proton beam nth 

3/16 and 3/32 inch apertures, 5 1/2 inchee apart. A 3/32 inoh hole in the 

suppo!'t may be put in t.J.is target poai tion, and the beam allowed to pass through. 

The fluorescence in tbe quart~ plate is used for rlsual alignment. These 

apertures cut down the beam current, but a current ot 100 p- amp was sufficient 

to give statistical errors smaller than thostl due to other sources. A separate 

~umping connection to the main Tacuum system is provided, because the pumping 

speed of the J/16 inch hole is too small. To reduce the deposition of carbon 

by the beam a liquid air trap was provided as 5hown. 

The beam current is meaw:red from the target support, which ia at +)00 

volts with respect to the target ohamber to prevent emission of secondary 

electrons. A suard ring at -JOO volts prevents secondary electrons, produced · 

at the 3/32 inch aperture., from enterill.% the target chamber. The current f'rom 

the target chamber wa5 also measured. It is practically sero tor boron targets. 

However, in the case of TiM targets, at 4s° with the beam, about S:C or the 

total beam current hits the target ·chamber. This is due to the large CoUlomb 

scattering cross section at 0.10 Mev. 

A polonium alpha source can be placed in the target position and the 

pressure in the chamber adjusted euch that 3.7 Vev alpha particles entered 

the counter. A bias curve, as shown 1n Figure 4, was measured to ensure l~ 

efficiency of the counter. The over-all arrangement was checked by meaeurin& 

the yield of the t17(p,a.)a. reaction ~t 100 kev. ~a results agree within 

10 per cent with the ver-3 accvate llieasurements of Hawort-11 and K1ng( 2S). 



Th.ti L17(p,a)a and a11(p,u)BeS. reactions have a very large yield 

compared to the :e.1'(p,u)c
12 

react.ion. As elight impurities of boron could 

not be eliminated, t.:o .nitrided titanium pellets were mounted on tilt, t.Bri;,et 

support. One had bean nitrided with atmospheric nitro&en, thu other with 

nitroGen enriched tc 31 • .S a.tom per cent of N
15• Both tar&;0tB wert! wa~hetl 

toiether with the t.&..6 solt.:.tiono to ma.kt~ sure tha.t any boroti contai'lin l¾t i on 

* was distributed equally between the :j:.wo targets. After al1t,;111nc; the beam, 

tuu target was turned to 45°. First a blank run was .made on the brass of the 

tar&et s·upport. Generally )0 to 60 counts for 0.06 Coulombs wero ob8~r ved. 

Thi& gives a check on the ·ooron content of the ·cleaninc eolutions and the 

stability o.,;, the co1..llter. '£hen the two TiN ta.r~ets were bombarded, each for 

lO minutes. Ai'ter 10 minutes (0.06 Coulombe) a visible black depo6it had 

been tullt up on ·t,hs -c,arget., and a slight loas i.n counting rate was noticoable. 

Since the beam aµot is very small, three dif!'ennt spots could be used on each 

target. The dif.ference 01' counts between the normal and enriched TiN targets 

was taken as due to N15(p.,a.)c12• Measurements were alee made with a thick 

boron target. 

0.2 to 1.6 Yev Target Arrangement 

At these higher energies cross sections are generally between 10-) and 

l barn. Thus a beam current oJ less than 0.5 f amp is sufficient. The KNo3 
used as target is somewhat unatable under prolonged bombard.U;ent, thare.foN it 

ie desirable to have a fairly large solid angle subtended by the detector. 

Up to 0.85 Mev the elastically scattered protons can be stopped by foils 

which pass the lon6 range alpha particle&. A proportional counter with a mica 

window wae ueed to count the alphae. At hi&tler energies the heavy particle 

epectro~rapti deeoribed by Snyder, Rubin, fowler., and Lauritsen< 26) waa employed 

* The efi'ect or boron will be discussed further in the section or. targets. 
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to resolve protons and alphas. 

The target arrangement is shown 1n Figure 6. The target chamber proper 

conaists of a brass box 2 inches in diameter and J/4 inch deep. The front 

face is made of dural with an 0-ring Mal at the side. The foil holder is 

supported by it and ma;y be manipulated from outside the vaouum. A 3/h inch 

glass window on the lid allows rlsual adjustment ot the target. The pro­

portional counter window, O.Jl7 inch in diameter, is o.-800 inch from the 

target spot, thua it subtends 0.94% of a sphere. The beam was collimated t.o • 

1/16 inoh wide and )/32 inch high. 

The target aupport consists or a copper etrip taatened to a 1/8 inch 

drill rod. It can be moved vertically between the turnace and the target 

chamber. It is insulated and centered by a lucite plug at the top and a spider 

at the bottom. A pointer, attached to the rod just below the lucite handle, 

, indicates the angle between target and beaa. For tocuaeing the beam mq be 

·allowed to paH through a hole 1n the target support and can thon be observed 

in the quartz window. Occasionally it was desirable to deposit the KMO) on 

a thin silver foil. In that case the beam passed through the foll and was 

collected on the quartz window. 

The tumace, shown below the target chamber (Figure 6), is ueed to 

evaporate the 003. lo cooling is needed 1n the furnace because m 3 evaporates 

between 300° and 400° c. Since this ia below red heat, it is necessary, to be 

able to watoh the salt in the furnace boat. A window, just behind the target 

support., gives a full Tie• o! the boat. The cap with the glass in it mar be 

removed and washed without dieaaae11bling the tumace. The KNOJ .t'oraa a clear, 

transparent deposit and doea not obetruot the window until a thick coat bu 

been evaporated. The heating element 1a made o! o.oo:; inch tantalum metal. 

About 20 amperes waa needed to evaporate the uo
3

• 

At bombarding energiee above 0.8$ lev, the scattered protons bloek the 
• (27) 

counter. A magnetio spectrograph with scintillation CO\Jllter waa uaed. to 
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separ~t• protons and alpha particles. The target arrangement has been 

described in detail by Snyder., et. al. ( 26). It is ver1 similar to l''igure 6 

except the vacuum chamber o! the spectrograph joins at the place where the 

proportional counter is shown. 1\ mica foil can be interposed between the 

target and the epeetrogre.ph to slow down the long range alpha particles from 
0 

5.H,ev to below 2 ~ev. The &ne:;le of observation was 137.8 with the beam. 

Observation in the backward direction 1a preferable, becauoe in that case the 

target 1s at a large angl~ with the beam ( 62°), and small unevenes.s in the 

surface of the target does not affect the reisolution. Also the proton 

acattering cross section ia snaller in th~ backward direction. 

The enerQT of the short. range alpha particles decreasos more rapidly 

tha.'l the energy 01· the scattered protons aa the angle of observation goes 

0 · 0 0 
from O to 180. At 58 the alphas are focussed at a higher magnetic field 

than the protons. However, the scatteri~ cross section is very large at 

this angle, and the tail of the Cu(p.,p) curve oxtende about 0.15 Mev beyond 

the cut-oi'f 1'1eld (Figure.14). As the scintillation counter does not dif­

ferentiate between prot,ons and alpha particles, it was necessary to take 

2 counts with and without al mg per cm aluminum .foil. This foil stops 100% 

of the alphas but only 22% of the protons. The c12
+'- are stopped by m O. 2 

2 mg per cm al.um.num toil. 

The target makes an angle of 30° with the beam. Thus a verJ smooth 

tarb,et eurface is required; otherwise the resolution of the spectrograph 

ia masked by straggling in the target. To prevent this, the copper support 

waa polished to a mirror finish., then a thin, un1f orm lay·or of irao3 evaporated. 

The gazrama raye were detected with the Geiger counter coincidence setup 
(28) 

described by Fowler and Lauritsen • In order to gain a larger solid angle, 

the two back counters were only" 18 cm oi' the front counter. The sides of the 

tront counter, not facing the back counter, were surrounded by .10 inch of 

lllwtlnum tubing. The whole setup wa& placed in a lead house for shielding. 
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1 cm of aluminum converter was used in addition to conversion in t.11e wall of 

the vacuum chamber. Under these conditiono the front counter .l:tss practically 
(28) 

the same efficiency as a counter surrounded by a saturation length of aluminum • 

Cylindrical counters, made by the Radiation Counter La.borator.t, werei used. 

The active volu.>;16 is 3 5/8 inches long and 23/32 inche:, in d:1.ameter. Thll:i 

center of the front counter was l 1/2 inches from the target. This corr-aspond~ 

to poor geometry, and the solid angle has to be found empirically. '!'he gamma 

ray yield -was measured at the o.898 Mev resonance in this position and with the 

counttSr at 9.8 cm from the target. In the latter position the solid angle can 

be calculated using standard !onnulas< 28). This gives 1.27% of a sphere at 

9.8 cm, and from the ratio of yields 6.$% of a sphere at l 1/2 inches. 

Each time air was let into the B)"Stem the target support was cleaned 

and polished. After a fresh target had been layed down, it was mov·ed into 

bombarding position. The target thickness was measured at top, middle, and 

bottom using tha 0.898 Mev gamma resonance. (Figure 19b). For the thicker 

targets the hal.f' width was used. For tariets less than 5 kev thick the area 

under the curve was co.-apared to the thick target step.* The thickness at other 

points of ~he target was found by 1ntarpol6tion. After a short bombardment, 

about 10 to 15j of the ni trob,en 1s lost and the target hae t o be moved until e 

~resh spot is hit by tha beam.. Thus the curves are made up of measurements 

taken with many different spots, the thickness of which varies by about 15% 

from the mean. 

Between 0.4 and 1.6 Mev the proton (fr") beam of about 0.2 Jl'.Bnlp was used. 

For lower energies it was necessary to use the molecular beam (JIH+). ~e deuterium. . 
contamination o.! tbe molecular beam caused no appreciable counts in the proportional 

counter. This was ascertained by running a semi-thick targ-et curve nth theirot:al beam.. 

* Tbe area under a resonance curve is equal to the target thickness times • the thick tariet yield. 



down to 0.25 !i!ev. The current, howevor, was too small for thin target work. 

Tho g..;.mma rey yield was gNatly increal::led by th& deuterium contamination and 

no maasuro~1ents could be made below 0.4 Afov. 

'lar1sto 

In experiments involving nitrogen as a target, it has always been 

di1'1'icult to find a suitable compound. Oas targets could not be used because 

the proton straggling in the entrance toil would distort the excitation curve. 

The 0.429 Mev reuonance is only 0.9 kev wide and below O.JO Mev the alpha 

crosa section decreases very quickly, thus only a few kev straggling in the 

proton beam would change the yield significantly. 

The nitrogen compound uaed must be stable in vacuum and should not 

decompose under bombardment. The other elements present should not effect 

the measurements to be made. Thus they should not give any alpha partieles 

or gamma rays. At leaet, if they have a tinite proton cross section, it should 

be emal.l compared to the corresponding ;.s cross section. As much nitrogen 

per unit stopping cross section as possible is desirable. Organic compounds 

and asides are too unstable. Certain nitrides have all the above qualifications. 

Titanium nitride ('fiN) is very stable and easily made by heating titanium in a 

nitrogen atmosphere. 

Sintered titanium metal was machined to small pellets (1/2 inch diameter, 

3/16 inch thick) and then heated in an atmosphere of norm.al or enriched ammonia. 

Control pellets were also made out of chemically pure Ti.N powder. When the 

normal nitrogen targets were bombarded at 0.100 Mev, 1s large number of alpha 

particles was observed. Their yield varied between different targets and could 

not be attributed to the Nl.$ content. With appropriate stopping !oils their 

energy was found to be between 3 and 4 Vev. Among the light elements only the 

w15(p,a)c12 and B11(p,a.)2a reactions produced alpha particles 1n this energy 

range. A compressed amorphous boron target was bombarded and gave more than 
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10,000 times the yield exp.-:1ctsd fro!i: th,J x15 r,J.?.ction. Thu;3 t,re.co" of boron 

on the nitrogen targets were .falsifying the :?\."3 sultr;;. 

Tc be able to correct for th~~ boron contamination tno r0ellets war~, u110id. 

, .. 1.5 Om:, had been ni trided with Jl. 5% enricnea N ., the other wi t,l;_ ordinar./ nH.ror/-·L . 

They wero washed to6ether in the sawo ;3olutlone, firs t dilu.t~ HCL, distill•3d 

wa!c;or., and finally ethyl alcohol. 'fhu.;; it may be aasumed th~.t, ·tbe ,:,urne muomr{·, 

of boron was on both targets. Di.ffer~nt apoti;, on the s~::; tar[ ets 1,;ave con--

n.orrr.al TiN. The di.fference between the two has been take.a as the effect d.ue 

11 To get more reliable res'Jlts nn attempt. was made to elirl:inut0 E to l 

part in 100.»000• Unfortunately boron is a fairly common ~lament. It is in 

borax and generally found associa:t/4i·d wt th s~,diur. i,nd pota.,,,:d.ut'r ::ialts ~ J.i'or 

-.>,,115 '· p &r- ) Cl2 .,,,.,. ..., bl • 6 15 .., 1_ ,~• ... ,,.., cietecta • e» al.though m.troceu enriched t o ]$, with H had. ooan 

used. 

At, 0.10 Mev bornba.ra.ing e.nergy only the sur-:faca 1~.Jel:' of ihG tar0et 

contributoa to t..h.e yield, because the stoppL'1t,; power is at its ma.xinn.rJ ,.:.nd the 

cross section dac.rease.s rapidly -«1th enerf::Y• But exactly t r1e surfsce layer 

will not nitride properly :tf traces of more .fictive r;ases aro mixed with the 

ammonia in the nitriding fum~ce. In order to arrn.lyze this su.r.:taae lay6'r 

pro-t,ons ware elastically scattered by the target. If a hoHor eneou$ banm of 

scattoring nucleus. 
(29) 

This r!Bthod ha0 been de~criood by Rubin ~ :Id Ramc:?J ... ,,;;en • 



Tho m~lli;;;tic spt;;cti~oiraph d.e~cribe.J above was used wlth small slits to imp:roYa 

Fit:;ure 7 shows th& nmcber of protons scattered into the spectrog_raph by 

uH'i'ur~nt tar~et,s. In ord,zi· to have accurate calibration points criemically 

pure T1N14 and copper oxida ware usad. first. At a nuxmeter readinG between 

43.0 anc.l 43 . .5 the protons ecattere<.i by the heavy metal cc'lme in. At lower 

magntit.ic fields (lar{!;er nwar.eter readings) protons scattered by lower lay-era 

of tht targ~t reach the countar. ~.t 46.8 the protons scattered b;'./ the oxygen 

at the surface of til0 target a:ru noticeable as a step in tho copper oxide 

14 
curve. A similar st,ep m.ts:J be observed for the; nitrogen in the TiN curve. 

The peak at 48 .. 6 is du~ to a thin carbon layer deposited by the beam. 
16 

Tm.1 · nH,rided ci"1romium target has a step at the O position but not the 

sli~teot indication of either u14 
or s1-5. Presumably the prooass was not 

aucceaaful and all moasurer.1ente made with it were disregarded. Tho nitrided 

titanium tar~et haa a stap due to ti14, while tht, zl5 is masked by a thin oxide 
15 

layttr. ~e can conolude that Jl • .5% If is in the targat since the chemical 

activity of the t,wo isotopes ie practieally the same. 

In the region from 44 to 47, however, we notice a larger number of protons 

scattered try the titanium of the nitrided target than by the 'li;4. For flux­

meter readings larcer than 45 it is almost the same as for pure Ti metal. As 

can be seen from the formulas developed by Fowler, et. a1.< 2B>, the yield of 

scattered protons from titanium is inversely proportional to tha e.topping 

oroos 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_ cw·ve 

between 43.5 and 49.5 indicates the pres~nca of nitrogen, but considerably­

lesu than in the case o! Til. To take account of this, the cross sections 

* The stopping power of titanium is twice that of nitregen. 
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measured with this target have to be increased.. Bu comparing the grun...ma ray 

yield at the 0.898 liev resonance with the thick target yield of a KNo
3 

target, 

it was found that the surface layer has only 2/3 as much nitrogen as TiN for 

the same atoppini power. Thus the rcr;ults obtained &t 0.10 i.iev with this . 
target have to be ffiultiplied by 1.5. 

·'fne proton scattering analysis gives us only the surface composition 

o! the target. This is sufficient in evaluating the 0.10 Mav data, beonuee 

there the protons do not penetrate very deep into the target. At higher 

energies deeper layer~ contribute, and the target composition has to be kno.vn. 

Use was made of the 0.898 Mev gamma ray resonance (Figures 16 and 18). 

It has a width at half maxinnr:n of 2.2 kev and is responsible for most o! the 

g81:llill8 ray yield up to 1.2 Mev. Tne quantU:!l yield b~tween 0.9 and 1.1 Mev ia 

a measure of the rt5 concentration at s distance of (Ep - 0.898) Mev below 
~ 

the surface of tne target. 

15 
The chromium targets showed some N distributed ovsr at least O.J Kev. 

Startinf with none at the surface, it reached a maximum about )0 kev below 

the surface and then decreased slowly. The nitro~en concentration was 

always small compared to the nitrogen content of CrN. The titan-ium target 

had a yield corresponding to 2/3 of TiN at the surface. Tho nitrogen con­

centration decreases then approximately linearly tor about 0.15 Nev. A small 

tail extands for at least 0.10 Mev more. Thie nitrogen distribution is to 

be {3:xpected from the diffusion of tha ammonia :into the heated titanium metal. 

The nitrided titanium target is not very convenient for most of the work, 

because it integrates witb. 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 be converted into cm by using the 
stopping cross section per ato~, at 0.9 Uev and the number of a.toms par om3 
of the target. 



much energy in comini out. Thie makes it difficult to count .all the alphas. 

After a survey o:f tha ?\:.lgion from 0.4 to 1.6 Mev bombarding energy, it was 

apparent that many details were ob~cured by the tar"et structure. 

For a complete investif;,ation of the excitation curve, one neeea a large 

number of di1'.f'erent targst thicknesses. A tartet ie thin i f the cross m~ction 

is al.moat constant ovor the target thickneas. ~1th thi:, liruitation it should 

be as thick as possible to give maximum yield. A eemi-t.ll,ick te.riet is thick 

compared to the resonance ( about 10 width), but thinner th&1 the distance 

between resonances. In that case one can 1Ueasure the thick target yield of 

the rasonanoe without interference from the other resonances. In alpha 

particle measurements., the target must be thin enough to alpnae to avoid 

excessive energy spread. The nitrog~n concentration should be constant 

throug,hout the target. Thaee requirements are motit easily satisfied if the 

targot material can be evaporsted or sublimed into a support. 

Nitrogen compounds ·miich. ~ublirne in 1:1 vacuum without deco:mpouition are 

not numerous. Practically all nitrides decompose at least partially tvhcn 

heated. Gallium nitride may be an exception, but it i s r ather difficult to 

make. The cyanides look most hopeful. Both KCN and CaCN
2 

were found to 

eublime satisfactorily. 

them enriched with rt-5• 

Unfortunately it was i mpossiblil to obtain either of 

N15 is commercially available in the f'om o! Kuo3.* 

This compound decomposes alreaitr at 400° C and ia known to be so'6.,;ewhat un::;tabla 

under bombardment (4
). To show that it evaporatea without dacompot;ition, a 

thin l,ayer was deposited on silver leaf and analyzed with scattered protons. 

Figure 8 shows 1.611!~v protons aoattered by a claan ll!ilver foH and after 
l4 14 D O had been deposited on it. The N peak 115 quite noticeable and de-

) 

creased only slowly after prolonged bombardment. 

* Eastman Kodak Company, Rochester, New York 



The evaporation of KOO ha~ to be done r at.her carefully, since it 
3 

decompoeas before t he filament showa any color. Until all the .qater has 

been boiled off, t.:1e melt in the furnace tends to sputter. If the target 

.is exposed to air after eva~::.oration, moisture is absorbed and the yield per 

kev of target thickness decreases. Only a slight increase 1n pressure ac­

companied the avaporation, thus decomposition should be emall. Targets, 

evaporated after repeated heating of the furnace, did not show a marked de­

crease of nitrogen content. Boron compounds do not subl~ at low temperatures, 

t.~uG no trouble from boron oontm~ination was enco'Lllltered. 

Under bombardment with O.l to 0.2 ;-i-amp the KN0
3 

targets were not very 

stable. lhe current dansity was not constant over the target area, therefore 

the central part lost n1.trogen more quickly. Since the bea-n wanders slightly 

when the voltage is changed, ~ 1a counting rate showed appreciabla fluctuations. 

In most of the grnphs tha fluctuations arG primarily dua to th:i.s cause. The 

target was frequently chmiged to rninimizo this effect, but t..~en the YRriation 

in thickness of the target becmr~ bothersome. The loss of nitrogen was assumed 

t.o be proportional to the total charge collected. The rate of loss was chuck­

ed frequently by comparing yields at selected bombarding energies. 

The tarcet thickness in kev was always measured by means of tho 0.898 Mev 

resonance, either by width at half maximum or by the area under the curve. It 

lS 
should be accurate to better than 1()%. Thia was converted :tnto a mJ\nl)~r of N 

atoms by dividing the width by the 

lS KNO enriched to 61% with N this 
3 

15' stopping cross sect.ion per~ nucleua. For 

cross oection is equal to 5.57 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. EVALU~\TIOtl OF EXPERIMENTAL DATA 

The raw data consists o! counts per microcoulomb as a !unction of 

·bombarding energy. Thia is sufficient to give the po&ition and width of 

resonances if they are not too wide. In general., however, the quantities of 

primalo/ interest are cross sections and the partial w-ldthe without barrier 

!or the different c0t:1peting processes. 

As long as the angular distribution of the reaction products is not 

known, it is most convenient to express the results aa 41f tin~s tho dif­

ferential cross aection per unit solid angle in the direotion of ob,servation. 

(7) 

N
0 

ie tbe number of disintegrations counted per proton, 0. b the solid 
C 

angle subtended by the detector in the center of mass system, and nt is the 

number or tl5 nuclei per aqua.re centimeter or target. For thin targets 

and isotropic distribution this is identical with the integrated cross section. 

Dii"!erent detecting methods and target thicknesses have been used. Each one 

requires a rather apecial treatment. 

100 Kev Data 

At this low bombarding energy the variations or the cross section with 

energy is primarily deterrnined by the Gamow penetration factor. Its rapid 

variation (10% per kev), and the fact that the stopping power for protons is 

at its ma..~imum, makes it impossible to use thin targets. Neglecting the 
(JO) 

effect of resonance factors, Hall and Fowler have derived an expression 

for the cross section usinb the thick tar&et yield. 

0.993 l Z Y ( El/
2 

er'= o l + - + 
2E3/2 zo 

.. .) (8) 

where E is the proton energy in Mev, Y the thick target yield 1n disintegrations 
2 per proton., t. the stopping cross section per active nucleus in Mev-cm , and Z 

0 



~~e atomic number of the target nucleus. If we have isotropic dis tribution 

of the emitted partic1.es, Y can be computed from the numi:,er of cou."1ts \!'IN" &s 

.followse 

N 
Y= 

6.24 x 1ol2 Q (fr~ction of sphere)(efficiency) 
(9) 

q is the charge in microcoulombs giving N countso The e.f.ficisncy of the 

count...ar rill in general be 100% for he2.vy particles and .3% to 10% for quanta.. 

For the ??-'(p.,a.) measurement a target oi' enriched' TiN waz usedo At, 100 

'iO 2 kev & = 3.8 x 10-.. Mav cm per nitrogen atomo This value .for 6 is not V'f.: r,1 

accurate since there are only a few good messuren~nts of stopping power ~t 

low energies. The value !or the cross eectlon computed in this way was 

multiplied by 1.5 to correct for the incomplete nitration of the target. This 

-7 gives (J"'c 5 x 10 barns at a bomLardint, energy of 101.$ kev. Becauae of & 

thin oxide layer on the target the actual energy may be slightly lowe:i(" ( ,-.J 2 

kev)*. 

For B11(pia.)Be8if. a thick target of pressed amorphous boron was u.sed. The 

large yield of this reaction made it possible to obtain a large number of 

counts ( -1000) down to 60 kev. Alpha particles of energies greater ·"han 

2.6 Mev were counted. About 98% of t,he alpha particles in this energy range 

8 are due to the reaction leaving Be in th& 2.9 ~fov 3xcited nt,nte. This was 

also checked experimentally by counting only alphaB of' en3rbJ' greater than 

L.5 Mev. About 65% of the alpha pru-ticle :3 from B11(p.,a.)2a. h:avt, an energy 

greater than 2.6 Mev(Jl) and are countede c= 1.34 x 10-20 Mev cm2 per boron 

atom, and 81.6% of B
11 

is in naturnl boron. Log(E ~) vs. E-l/2 has been 

plotted (Figure 23) for couparison 1iith the penetration factor. 

The accuracy of these measurements depends primarily on the condition 

of the target. Very thin surface layers will decrease the proton energy 

by several kev ( ,..., 20% error). Only the &ta obtained during the first ten 

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

* Refer to discussion of targets, Chapter Ill. 



!n tr1s 

0 
90 :::;ith .;i proport,:lcnal co,.1nter. 

~ 

Equatic>n (2) gi 'lras the y:i.eld per proton. 

gt.Jner-al the target,s were sufficiently t hin that ·che croa~ s<::1ction cou:tci bD 

''* coxrn:i.dered conatani. over the target • .,._ Po"11.ts ar0 plotted at sn energy om:1 

half th.:~ tax·get thicknesa belmr bombarding energy. 

y (E) = 
00 

C t- • 
O
IE-nf,) n= , 

(10) 

(11) 

Since the yield decreases, very rupidly ,;11th ene rgy/) only th,:. fi.Tfrt two 

tams are aignificent. The second tarn was at ~ost 10% of the first . ewas 

')2} 
computed from the et<>ppin,::; power of air' '. The stopptn&, pow;3:r relutive to 

air 

This 

of' KNO~ per nitrogen nucleus equals 5.h i.n the :region of 0.2 to O.L Mev. 
j 

At 0.195 Mev the cross section :iil:i.8 al00 computed m, ing equation ( 8) . 

4 -4 gives ~ ::: 2.S x 10- barn:5 cor;ipered to 2. 7 .x 10 barn;;; obt.ni n~d by the 

Again isotropic dist ributi on inc.~. system is assm~ed. Correction from 
C.M. to lab syatem is less than 0.2%. 

Taz-6et v,'as 2 kev at 0.9 Mev or 6 to 7 kev b?t;ke~n 0.2 and O.J M-sv. 



above diff e:ren·tiat,ion rr·.et.hod. 

Above 0.85 Y;:;v separation o.f protone and a.lpha particles was accomrli:;ihad 

particleB of only 2 Mev, stopping foils had to be placed oafon:i thr, $1.p~rtur-~ 

rGou.nted on a .foil holder a;1.d could be ·t.urned in front oi' fo rc1 ~p0ct,rograph ar3 

same velocity a i:, t,he velocity of the lonb range alpha plil'ticles. The nurobe:t> 

of protons scatter<S d into t..."'le ~,pectrograph with and without t.he mica foil ie 

t he S!U'.l':e within 5%. * The displacement of the proton peak f iVtS 3 the enr.~ r gy 

lo:illfJ in t he foil. '.J:'he width of the profile !;ives tlla straggling. 

Tha number of doubly cb,ir::;ad alpha particles enterint ·the opectrog!";;.ph 

'"'6)04) per proton may ba cor.cputed u.aing .formulas given in references"" '. 

{13) 

for a charge of q microcoulou.lbs of protons. As lcnG as tho angu.ltir dit: t ribu­

tion of s.lpha particles is not known» it, is best to find 411' !l,,. -l N • Wher-d .n 
V C C 

:1.5 th,~ acceptance angle in the center o.f melss :.;ys U:'Jl"J . 1'he quantH,;r 4"'TT' R n
1

- 1 

is most easily found from Rutherford acatterint~ on copp<~:r. This valu.e i s 

aliW)tly larger thrin that obtained frow:. geometric measurements because it 
(27) 

corrects for the counter efficiency. The scintillation cou11t0r used wa:::i 

-1 5 5 90% efficient. '.1."his gives 4ir Rny = 2.9J .x. 10 as compared to 2.63 x 10 • ,., 

* Equation (13) was used in the computation. 



(14) 

(15) 

This proved t o be the ce:,se '.Vi thin t.1:i.a @xper.iment<!!.l eTror of 5%. * n == • C605 

d .n __ / d !l.. i a 'the 
\; z.., 

,,., _~ .\ 

l ~ , .. ... 
(cos 

b; 
Q \ "' co~ Qt ❖ ~, Q'I' - - ~Jin + V ~ ~-- ... 

.l., 2 L' 
(16) 

and }t, are the masses of the target nucleus.,, incident and ejected pS!"ticles.9 
:; 

and of the residusl nuclev.a respecti vel;r . E is the proton energy in the 

l~boratcr,r ayatem and Q the reaction energy. Thie correction :i.s at, most 10%. 

The fraction of singl y ionized alpha p.r;.,.rlicles was taken into accm.mt a 0 

P~) 
d.'Jt;JCri~,d by Thoma;:;»' et. al. ..,_., • + 1 -i+ Tho rat io cf a 1n 

* The target -u·3sd '(,'(3$ 2S kev t hick i'or protons at 0.9 Mev. 



-JO-

(17) 

resonance is tho effect. of target thickness ~-!li&nificant. Here the r1:sonance 

npp:roxirn.ataly 15%. 
{7} 

Cochrane and Heater • hilve r:1.~,am.1r~d t.he long range alpha crosa section 

:tr.Ol"l 0.2 to O.S :fov. ::tit.bin exper.:S.l:.lenta.l errors their excito11tion curve agrees 

.013 ccrnp.;.Nvl tci 0.09 barns obt.airn:,o. 5.n tilis irivesti0ntion. .This discrepancy 

ls not too s1.1.rprising ii' ono considers the difficulties associated with nitrogen 

targ~t~1,; e;:;pec:L all:; i,ince only smtll quantitie~ of ;.s0p1trs:l:.,sd iaotopas are 
mrdlil :,blr:, . Cochra11t! rmd Heetor :<tt.artcd ,dt.h n15H N14o .:md transformed it 

4 3 
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From this they ev-olved w
3 

for u2e in a. gas 

tc therr, was sufficient for only 

one target and no check could oo made on th1; d'ficiency of the chemical. 

process. On t.he other hand, v;-e ,,ure abl<.; t,o 1.1.Eu n15 0 .3 which h.::id been a.nal~­

ed by Eaetmo.n Koduk Co,npany. Thr~e cl:tfferent, Kt.¥0~ targi::ik Bave consistent 
' .,, 

results and agree with preliminary cla.tu t~kcn wit.ri the TU{ target. 
Gamma ~ay Data (<")8) 

Te curves given by Fu.,l~r, L8u.rit;?j1::n, and Lau.ritseu '- ·were used in 

detamining the qua.nt.um efficfoncy o.f -r,h<; G(dger CGU11tur·. It i 1.:i 3.0% for 

the 4.5 Mev and 9. 7% .for thd lJ Mev radi.:.n,ion. Tho '¼bscrp-tion of the gamma 

radiation in thG convert.0r and tar·1c;et chmnber r~aa calculated 1.1.s:tng the 

absorption coe.ff'icient.s o.: Streib06). Thi~ incr0a.scd th.a cros3 section by 

10% and 71' for thti 4.5 and 13 Ilev radiation, respectively. 

For ·t,he w1alysi& of coincidcance absorption measurement5 Eleuler and 

z:Ot107) have used the absorber thicknesff d which gives 2-n times zero 
n 

abaorbar coincidences. The enerQ' of mono-energetic gzmma radiation is found 

by reading the energies corresponding to the differ-ant d val.u.ss on Figure 10. 
n 

U the radiation ie not monv-snergetic., different, energies &re obtained at 

each~ reading. This was found to be the case with t.he radiation at 1.05 

Mev bombarding energy (Figure 12). Fortum1tc;ly tha cut-of:..' c,f ;,;;econdarioD 

from mono-ener~etic radiation io sharpo Thti.t.: bnyontl d'7 the contribution of 

any soft components can be neglected. 

Let A(L) <:1qual all the electrons from the converter of rs.n€;,"tl Ereater than 
.t: 

L, A1 and A2 the components from tho tMo t:rumna rays. Tho 1Jlct of 

{ log [ Al (1) + A
2

(L) ] - log [A1 (0) + A2(0) ] } vs. L has the same shape 

_ ae log A2(L) for L > d7 of tJ1a 1;:oft radi:.ttiou. Thus for largo absorbers th& 

shape of the curve ~ill bet.ha ~at:~ as that of a mono-energetic gwmna ray., 

except the zero on the lot,; seal.a is uhif·~.ad. By extrapolating the standard 

curve back to zero absorbGJr ono finds tho fraction of zero absorber coincidencea 

due to the hard radiation. Sin.ce the ratio of 2,ero absorber coincidonts to 

f • te .J, i ' t 1 • d d t .. ( 28 ) rc>n-r; coun r coun"s s approxurH1 e y :tn apen ~n or .;3rnrr,a r~y en~rgy g one 



can compuw tb.e yield of the ha:;,·•d component.. TbEi countr:J due t,o thE· ::;\oft 

counter g.eometr..,r wl2ile d, iJ c➔tc. do depend on it. 'l'"nis particular satur; wt"~' ... 
-•ib t d • ' h Ti. ,.,ll ult.'.'., ·) • ) 15. ') 12 c.-.u. ra e using '(, ~ '11.i , n '\p.:,a. 'i 9 and D{p,y ::r&diat,ions. ThG N tp,a. ·; C 

r&diat,ion w;aa measured by Thomas sud 'f. La.uri1,sen (ll) at the l. 21 Mev 

quant,a. Gotncidence absorption curvee on the D(pg{) radiations1 6.2 Mev, 

'J8) have been published by Fowler, et. al.' •. For the high energy points 

7 ~ ,, ,, . "28' 
the Li (pgy) d.ata rrit.h absoroo1~ near :tront counter given oy Fowler' • w&a 

used. This geometry corrm1ponds closaly to tha present setup. Since the 

lithium r~iat.ion ir; a mixture of 17.5 end 11,,.e Mev qus.."1ta 3 16.5 Mev hJ its 

plotted as i::ihcn.m in Figuri.J 11 • 

.'.tbove t.heor-.1 :J tl1e thick ab.sorber end of t.he ,-;ur-we h.,,;;; to corr(;)[~ : end to one 

moved vertically across Figure lJ until agreement waLJ reached in the 9 to 16 

m11 re.;,;ion.. ~i.'ha e:;;,perimental. poi.Ylts .fall right, b.::;tween the 12 and llt Mev 

curve!3, when the 100% point on the standm"d curviil fnlls on the 15% point on 

the e1tperimantru. curve. By trying other poslt.ions, it can be seen t,hat the 

quant1.m1 aner~ falls cer-ta:l.nly between 11 and 15 Mev and is most probably 

&t 13 Mev.~ From mass differences the energy of the capture radiation leading 

* Thie wide limit l.s necasaar-.r because of the extra.µolation employed in 
plottint the standard curves. 
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16 
to the · ground stat.~ in O ol:ould be 1.3 Mev. 

Th,~ .w1al.y;c!is of th.:2 ~oft c,::imponcmt is more difficult. The ;;~{p(;}riui,.,ntcl. 

point$ for small s.b:~orbex-s m.ay- be titted ss.i1afactorily by a~s~i nr it to be 

t,o ti'H3 gY'O'\.l.nd state one would s:.".:J)ect el.so 6 and 7 .~ev quanta. From t.."le (Shape 

of .Ficu:ro 13c tbis ae,a!'2S to ·~ iwpz-oh.nble. Further disc:uaeion of this poLr.tt 

will 1:,-s gi.v,an in tXie next section. 

To measure the excitation curve of the ht:1rd component, coincidents wa1·e 

ccincid,:31:,cr~s for 13 M~Y but only 0.1% .for !,.S Mev radi ation. On a typic.al 

run ths backt;rc-u.nd amounted tc )~ cumts 01.,_t, cf 25. ThuB even 1A 50% orro:r in 

tion Ct'r"Ne , .:\i coit1c1.&nco absorption O'ill""3'e was slso taken at 1.12 ~lev. It 

The aom:.racy of the gamir,a ray crot3S rtect:lon::. cannot be as rood ,ss that 

for tlpha particles. There is ru.ways an uncertainty in the Geiger counter . 

efficlen~y and. its aensitive volun:e. :Measurements on the thick target ,yield 

of the o.898 Mev resonance varied ae much :w 15%. The solid ar,.glo measurement, 

.at the 1 1/2 inch position is only accurat,e to lo,{.. Thus the over-all ac­

curacy is mbout 25% for the L~.s Mev gam.m.a rays and some,'1hat poorer for the 

huci component. .At the 0.898 Mev resonance the short range alpha particles 

were maa3ured at 58° siraultansously with the gw.ma rays at 90°. 'l'he ratio 

turned out to be o.85 ru.ph.i per quanttm1. The '}Osi tion of the two s..'1.arp 

resonances 0.429 :.:md 0.898 Msv is good to 1 kev» since they ~'i'ere compared 

. 19 
directly l1ith the 0.8735 Msv F r,zisonanoo. 

Short Ran~0 Al_Eha Part.ic::le Data 

Th(:j yiela of alpha part:i.cl,.is from N1'(p»a.Y)c12 b large enour h for 



-J4-

of t,hort :ranr,e t,.lphe pnrt,iclcB., but, no such group was found :tn front of t.he 

In :meawu.ring the a.lphe. pnrticla ener£zy_~ one hRs to tt\ke into Bccuunt the 

re ,;1olution ,,-1dth of th.:; spectrogn,.ph. Since t>.,.;.;: 0.898 Mev resonmcG b only 

window. 

l /E::: 1/64. a. 

due to tl1e enor;s loss of the prot.on (A F ) • 
p 

* The alpha pe.rticles were observed at 58° a.nd i:he q'U,."-mtn at 90°. 



dE a 

dE p 

-.35-

(18) 

alph2. 1snE:l"KV • The spectrograph width :for alph:;;;\ particltis can bo :repl &ce<l by 

& l equiv.!3lent, ,i;idt.h for protons. 

(19) 

,,here ~ e;ives the rmarg/ :cai.,ge for protoni from w'nich alpha particles can 
p 

entc~r spectrograph . Thus the maxii..ll.uin alpba particle y ield :is equal t o t he 

ma..x.tm1z!, yield of a tm-get e,P kev thick . Let Ep and ER be tr.te enerey of 

the i ncident. proton nnd r ;~sonance ener;:;;1 , r,,,apect,i.vely. Then, 1;rcvided 

EP - ER ~ 1 e. ~ the muimw.'1 yield fa gi wn r,;y ( 
28

) . 
2 p 

6'"' r 
y :::, ".! R . arc tan ! e_ r r(E - E ) (E - E 

Yl):C!.."\t c 6 2 p L p R p R 

~ r [ (E = E ){E 
p p R p 

- E 

The point on the froot, oi' t.he pro :1'.5.le curve " h"'re the JiGld ha 3 risen t.o 

y /Y of tho2 pe ak VfilUG gives the t rue alp!rn part icle enerry. - l ".' lll · - 1 l 1 l r2 
~ trui L ~ r ~'E - E )(E - E - - Ge) +- ] 

= p \ f B ~- R 2 ~ 
y "'run-1 l ~ r [ (Ep E )(E E - ~p 

) + l r 2 J -1 
- :m '"". - - - -2 p R P R 4 

( 20) 

(21) 

(22) 

Thb e.:.._:pr-e~,aiun r·Gduces t o 1/ 2 if £ < < r. At t he O. 898 tli€:! V I'G:::onu.n.ctt. ~ p p 

-tur.1ed out -c,o be 2. 2 kev or j u:::, t equgJ t o r . I n Fi gi:.r e 15 little arrows 
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indicat.e the pointa used in computing E • -~ constant background corresponding a. 

to the foot of the curve was assumed. 

The Q oi.' the reaction cm ba computi9d using the standard. non-relativistic 

fonnula: 

where the subscripts haw th:;; :;;;rut~ significantz oG :in Equation (16). From 

were obt,ained: 0.5281., 0.5361, and 0.5302 ~b::iv. At the 1.21 Mev r esonance 

0.,226 Mev wari mtilasured. 'fnb ie probably not as accurate as the results at 

the lower resone.nca becauae t.he aca.t tered protons int erfered elig:ht,ly with 

devistiori.B e.n within fiuctu.a.tions found prcviou.al;; in similar muasur~.JJ.H:mts. 

Th1.12 We can conclude tha t the two resonance a decay t,o the same eKci ted state 

in 012. 

Tha accur8cy of th~ above Q value is dl'icreased by eystem.:J.tic errors. 
0 

The angl3 of observation is known to + 1/2 • Tl'\~:m there i:e the calibration 

of the nmanotar, proton energy, carbon layers, etc., which decror:!SO the 

accuracy. Thu!:i Q = 0.529 _: .008 Uev. 
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V. RESULTS AND DISCUSSION 

Identi.ficaticrl ct Obsi:;rved Radiation. 

c,raph:i..cal purposet;;; the r:idth of the two ruu-row re:,.onauces (at. 0.429 and 

0.8g8 iiev) has not boen dra-wn to scale. wtails ot tho curv•tJS 'iVith e.xperi­

ment.il.l poi.nt:.b a.re t;iveu by Figures 17 to 21 inclusive. The curves eivo 41'1' 

t:irn:ds th~ cross &8ction par unit solid angle in the dir-.Jction of observation. 

0 
All ~amnm x·ay iuea&uremcnt,~ w~rG made at 90 • 80 were the long ranga alpha 

p~:ct.idii:s u.p to 0.65 1i.ev. Between O ♦ - i and l.6 Alev t.he long range alphais 
0 

weJ.·e observ~ci at 137. 8 . 

figure 17 shows the excitatiort curve for long range alpha particles. 

'J.'he msaBurements witll the spectrograph snowed 'c.hat tltaix· energy agrees within 

. l Uev with the ,;mergy to be e.x.pected u@ing maeses given by Bettie C42). The 

alphas observed with the proportional counter had an energy greater than J 

MGV. Wo increas.s in counts was observed it all alphas w:5.th enert.Y greatr.=r 

than 2.2 Mev wsre counted.. The yield iu .;.lso linuar in the ti 
15 

content o:f 

Figures 18, 19, and 20 vi\'!I'G prepared frot1 gamma ray moaau~:f;erd:.B. 

Coincid~nce absorf.tion it.-aasuranient8 s.t -the reeo.riancm:, shmv prii,;arily 4.5 Mev 

. (ll) 
radiation. At th~ 1.21 fuiev r€lsona.nce Thomas and Lauritsen Geasu.red th~ 

quantum energy with a p-ra, spectrometer and obtained 4.465 ! .020 Mav. 

Bueclm~r, et. al. (ll) weasurect 4.468 Mcv .for tiH-: excitation ~n.lrg;;,· of the 

lowest, exc1tsd st&te in c12
• T"ne short range Q.lpha particles, corr;;u3ponding 

t 1,1.5( a.)c12* i... • • • - (t.·1 1 1.)· At th o 898 " o ,1 p, , 11.ava oeen ooservea .:· iure "4 • __ e • !kleV resonanee 

they show tb.e s~,e excitation (Fi[;ure 21a) and cross section as the gmr,ma 

raye. 

Around l.OS Mev coincidence a.bsorpticn measuNmente show the preisence 

of somo 13 r£ev :radie.tion.. Co.pture rs.diation tc the ground state in 0
16 is 



t he only process which is ;;:mfficientl~v enet·g~t,io. The other part o.f t:ie 

radiation i.s probably mor:;tly l.+-5 afov. Unfortunately the measurements ar& 

not v,Jry eneri;,-:,:·· sensitivs, and a large f'ra.ctlon of 6 or 7 !fov quanta cf'.nnct 

occur:J in DOCJJ:l of th& captu.r,--3 radiai;,ton. Thoor0 tic&.1 con6iclorations indicate 

* t,hat ca~cading i::.i rather hproba.ble. Thus t:rw h.5 :Mov compon0nt vrray ba 

:;;1Lsllcr in the 0.9.5 to 12. lifoi, region than has been shewn on tho graph. 

Since th'<;) taret~t. ccntaim.id oth0r nuclei tesil'ii:W ,i 5 ont", ha;;:; to cll0ck 

~v'h,1th0r ~my of them influence the m1:;a::;urer.:ants. Both K.:40.3 and TiM t,ar~et.::. 

were uc.;ed above 0.4 Mev. The reault.s &£rea ii' the variation 01' nitrogen 

concentration with depth J.n t,he Tid tarcet is taken into account. At th6 

bo:<ll.bardint: enorgfo!l U50d, -the Uoulonb ba:r·rier of both titanium and potassium 

14 
i.J la.::·g,,; uvsre.fore thuir transmutation crosu sectiom1 ar& am .... 11. '1'£1e N + 

r:l 
.i cross se_;t.ion::. have been investigated by Duncan and 

(39) 
Perry and we.re 

15 
found to be much smaller than the N oross sections. 

14 15' 
For N {p,y )0 the 

-?8. ? 
larf;est resonance is at 1.065' !10v with a c:roso section oi' 3.5 x 10 ·- cm-

. r r.' -... T. 1.· t • •. • 1/J ,.. · .h '-Tl>( ) 16 i ru1;.1 == :, 11,.ev. hus io aoout. C.i. t., e ,. p,y O cross ~ect on, but 

ooc~uoe oi' it~:; bt'lall w:Ld.th t.hu yield 'rre,c negligibl0 c0r::;;aI'\',;d t.o the w1
' 

X\,actiou. Bl .. ink runs with norc:,al KNOJ show,:,•d no ,:,oasurabl~ gamnm r.,,Jie:~ion. 

For' ·t.he t,~Hle>urm::cmts bolov.- O.h M0v-, sp0c1.al c,1r0 w~,e; taken to sliminate n11 

contetdna'tionr:. All mea:::\.:reir&mtD ',tere roproducibl,.,_ in both yiuld and 

th(.; c:iq;,ected di.ffereuoes. 

Discussion of Resonances. 

* Refer to next chapter. 
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long ranga alpha particles a.re not common. The l.210 U.ev ra sonance, howevar, 

ie common to both reactiona. Fi,:;Ure 21b shows the yields 01 the two r o­

a.ctions plottGd on a relative scale. Sine,-~ both yielda were r,.1s:,am.2r&d to­

gether, the displacen:ent of a faw kev should be r0a.J.. The cross ::.mcdon 

ourv6 (Fil:i',ura 18) for the short range alpha particles j_ndicates a :;;mall 

resonance around 1.1 Mev which is masked by the tail of the l.210 Mev 

resonance. 

To interpret these excitation curves it is necessary to use a Breit­

Nigner multi-l~vel dispersion formula. This should be possible since th~rii:l 

is var-J little, it any, non-resone.noo radiation. Unfortunately a knowledge 

ot' the angular distribution of the cross sections is necessary. With the 

results obtained until now, one is limited to the single level formula 

applied at each resonance plus an ar€'.llm9nt aa to possible interference termg. 

The single level formula is 

prot,on width, 

(1--' C 1'f ~ 2 (,) r p r:"( 

{E - E) 2 + r 2/4 
R 

r the width of amittf~d radiation, rtbe f ull ~dt h at hf~lf 
X 

(24) 

maxim.um of tha resonance, E and E are the proton cneri;;y and rc:sonat7.Cf., ener&,:y p 

respectively. W 15 a statistical factor given by w a (2J + 1)/ [ (2a + l) 

(21 + l) J . J is the total angular momentum of ·tha compound nuclErn~1 ., s and 

i are the spins of t..,."le incident and target nucleus l"'e5pectively. r_ and r_ 
p X 

a.re not constant due to the barrier penetration factors. In tho notation of 

Ci•rist.v "'""'d Latt""r( 4o) r= · q;-,. ~ -• ~ vE,E1 PG. Here Pi& the Oamo~ penetration 

factor. iji/E
1 

givee the velocity normalization. Q is the width at l Mev 

without barrier, provided E
1 

a l Mev for protons and 4 Mev for al.ph<i particles. 

The dispersion fornrula is most easily applied to the narrow resonances 
1$ 12 

of the N (p,ay )C reaction (Figures 19 and 20). Here the varfot,ion of 
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penetration !actors ever the resonance width ii:; negligible. The non­

resonant radiation is srua.llJ thus i nterference terms ar(, not important. 
~ · ll • 

fh.e wide resoncnc:ea of N (p,a.)C are not as raadily interpreted. The 

proton pene't,ratio:n fact.or cl.tank;;eS greatly over the resonance width. In 

tiansrel it is necassary to know the partial wave respon5ibl~ for the 

resonance in order to compute tho penc,tration factors. In the low energy 

* region the s-wave Ga.mow .factor· and th@ proton ~ave length were divided out. 

Figure 22 shows that at low anargies a good .fit can be ctt&i.ned with the 

single lavel dispersion formula, but &bovo 0.4 ~ev the experimental points 

deviate markedly. 

The asyr.;metry o.f the next roeonanc~, at a.bout 1.02 Afov, ts even mort> 

marked after a penetration. !actor is taken out. Thfa behavior can be 

Constructive inter!crenc~ between the low and l Vev resonances iB indioatod 

in the region from 0.4 to l Uev (Figures 17 and 22). Since there is a 
0 

.phase shift of 180 in going through a resonance, the interference ie 

destructive below O.J and above l Mev. The sharp decrease of the cross 

section between l ..'llld 1.1 Mev can be explained by destructive interferanoe 

between the l.O &'1d 1. 2 Mev resonances. This would also explain the slie:ht 

displacement between t he maxima of the long range alpha particle and gamma 

rr.zy yield at the 1.21 Mev resonance (Figure 21b). Above l.4 Mev we would 

have again destructive in~rference. The surpri~1ngly low value of the cross 

tiec·t.ion at 1.6 Mev is thus explicable. Single level disperaion formulas 

ware approx.inwtely fitted at tho thre'3 resonances. The ;affect of inter­

ference terms can be ,rntimat,zid by t-aking difi'orences cf the amplitudes. 

Thia 1:ihowed that the above explanation hi po:.rn5.ble. The t,ru.e reson&"lce 

* Kore datail~d discussion iLJ given in the next section; 



po&i tion o.f the l Mav rwsonancs cc.u1d bo tihiftod to a coi.1aiderably h ig..rier 

or lomc.ir energy. Nnture1.lly until phase .faotcr.:J ar.a taken into account no 

quarrtitativ$ calcul,;itiou is possible. 

Botwoen 1.0 anci 1.1 Mi:lv all three r e:8.ctions Bhow a ref.'lonanoe (figur&s 

17, 18). Their widths are about 1,50 k.av., although nomJ of ther:2 can be 

meaGm•ad ver·y accurately. The present data is consh,tant with tha ati!SUmption 

16 
that all three cor:res9ond to only one state in 0 • The capture radiation 

gives the tru<a position of the r~sonauoe., 1.05 Mev. T'na mrud.I:r..lll oi' the long 

rang'ia a.l.P:,1~ yii:lld 1$ displaced ·toward lower energies by the interference with 

the 1. 21 Ll:ev r ,.:; :sionanca. The ma.um-um ot the sho1·t range alpha particles is 

diaple.ood. towai·d higher ~mlrt ies by the penetration factor o;t t-ha alphas. 

Tbw exact pos:1.tion and width of this r-aeonancs i s m~ked by the tail of 

Tlk"i! pertinent i:Pxpe:t'irnental information about the resonances hat. been 

tS1.~1,ari~ed in T&ble I. The thick tart:;et yield fo a;ivan only for tho u.u-row 

15 
resonances. The fJ (p,a.y) resona.nc/j above 1.6 Mov h8.s not beon included. 

Th-J long raJ1&re alpha particles d,, not par't:,icip<;te in thi;;:, rice. 

Iu:tra,ola.tion to Stellar Enargiaa. 

For tit,~llar energy production o:nly the vdu<;;J oi the cross eec't,iomi 

around JO kev is iropoj,~tant. Thls can be d.Stima'wd by extrapolatinb the 

dispersion fo:nr.ule. At low bci.nbardinG enert,ics the energy dependence of 

·the cross section.a 1:a primarily determined by tha Gamow penetration faotor 

o.f t.11e p:i-otons. ,At low anGrf;,ies fi P is proportional to exp [-0.992 

Z E ... 1/ 2], * this holds true regardless of tha proton waveOO) or of the 
0 

nuole&r radius. If there is a low energy reeonsnce., how0ver., th~ rersonance 

* E i s in idev., Z = nuclear char2e. 
0 



... 
denominator cannot b,i neglected. 'i~.e introduces complications boc.;1ur-1e 

1 t i::; to be expected th~t t tta intGr!erence terms between the differont 

re50n.imccs oh~.nge due to phase shifts. 

'!Le r~eult::. with the B11(p,a)2a, reaction Ulustrate th.13 difficulties. 

Becuuso of the large crose section it was pos3tble to make meaf:luremcnts dm'm 

to about 50 kev. Thi.B reaction hae a resonance et 0.162 l-!ev ivhic:·1 :1.ri 5 kev 

wid/ll). Thero is a considerable non-resonant background, out as yet no 
' 

qmantitativc in.formation is available to separate the t,m. From thie one 

·Nm;J.d expect tho e;{ped.11«.mta.l cu.rvr!. to decroaBe faster th:m the Ch.v:;,m,1 factor 

nnd slm1ur than Gamm, plus rfrnonanca .f'actoro. Thiu is actually tho cu1c 

(Pi;,.;v.rti 2J). Hr: re Ea- has beon plotted to take ace.cunt of the ener;y de­

P':m.donce of "°' 2• The curve s wt=1r o normalized to .fit at 0.1 Mev. Trd.}, curve 

lllu[.;-tra"t<,s the !\:lativs ef.t'~ct~ of the :penetration and re ,,on.9.nc-c .factorc. 

15 12 
The anal:,rsi:3 of th,s N {p,a.)C r<~act,ion is com;idot"Hbl ~r more C<Jrtidn. 

SL-lee 'the a1ph& yield is almost zero ~t 1.6 Mev we have to cons ider only 

the t,hres resonancea. Heglecting interferenct, the contribt:t1.on of the 1.05 

a.11d 1.21 Mev resommcea ifs negligible, and t.1-ie croas section i:3 determined 

primarily hy tJ1e low reeona.rice. To show it,s true resonance shape the cross 
2 

section (Figure 17) was divided by the proton Gamow factor and 4.,,.~ • Then 

equation (24) takes the following !ormr 

!wo r 
4 p a. --------=-----------

4,r ~ 2 
JE/El P (E - ER)

2 
+ 

Since the alpha particle ener~• is larger 

may be considor,,.Jd constant. r r. r + r 
a. p 

than the potential barrier r 
a. 

...., r provided r < ,r. In 
a. p a. 

(25) 

computing Fig---u.re 22 ·Uw curvsa oi' Christy snd Lattcir(40) £or 6-wa~ protons 

on nitrogen wero u.t.sed. The e .. q:>er:un..::ntal points c~,;n be .fi ttod by a. r®sonanoe 
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is rather remarkable considering the large cl1ange 1n croes section (Figura 

17). At low enerr;iee this gi~ss 

, 110 -6.95E 
o-'(E) = - e 
a E 

a- is in bams provided Eis in Mev. 
a. 

-1/2 

The above expression would oo quite accurate excspt for two facts. 

(26) 

Evan though the contribution of the 1.05 Yev resonance is 61Ilall compared to 

that of the 0.338 Mev resonance, their amplitudes are alriloDt comparable. 

This could ohane;-o the croes section eaail;r by a factor of 1.5. The inter­

ference is probably destructive, thus the s.bove V,'.llUEi might oo high. From 

th1, present experiments no in.fort.nation can be gained regardint;; :resonances 

'i::)elow 0.1 Mav. It has been assumed that no such resonanoe <;jxists. Ir. 

neutron sxperimente where no potential barrier is present many low lying 

reaommces nave been .found. Thus until 1nore is known about the level3 in 

016 no !inal cross section can be computed. 

Compared to N15(p,a)c12 
the N15(p,ay)c12 

reaction &rives no appreciable 

contribution to stellar energy production. Its resonances are very narrow 

(Table I), and no non-~esonant radiation waa found (Figure 18). An ex­

trapolation o.f the /-'(p,y)o16 croaa section to stC11llar energies is of 

inturest, becauae t.his process removes nitrogen permanently from. the carbon 

cycle. Tha :i.--eaction could be obasrvad only 1,1t the 1.0$ Mev r-t'3aonanoi::i, be­

causa ite yield is am.all. There is no Nason to suppose .. hovrever, th&t it 

does not have other rGsonallCt;:S. Fer in::,tan.ce it may compt1t,o wiih the long 

range ~pht:.t particles at tho 0.338 Mev :rc~onance. This col.1ld not have ooen 

de~cted, but. v10uld have a significant cor1tribution at 30 kev. 

In e:r.tr1itpolatinf, fron 1.05 Ml;IV to 0.03 Mev it ls iir,portant to use. the 

correct proton wavo. This resommce iB probablJ alee duo to a-wav,~ protont:.. * 

* Refer to next chapter and Fii,'Ul"e 25. 



Equation (24) WM ·,.u.;eci in t.hs.l e.:r.tra.pols +.,ion. In.O:i.'\?,0r to get e. loY, esth.late 

r = 135 kev wa.s twed. ( r cannot b(; mea3ur0d accurate,ly) • This together 

with V:llU13S iivan in Table T. giv-00 

-1/2 
0 009 -6. 9r~n, 6"'"'(E) :: • e ..,£11 

y E 
(27) 

This is only the contribution of one resonance and the actual value of er 1s 
-Y 

.probably lar&"er. Combining equations (26) and ( 27) one i;;ets er /a-:_ ~ o.8 ~ 
··- u -4 (!>) I .. . ·. 

10 • This value 15 larger than aaaumed b;r Betr.i•i but still small enough 

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

VI. NUCLEAR WIDTHS 

Calculations 

Much infotmation has bean obtained regardin~ cross aections and raeonmce 

widths for nuclear :reactions. In order to compare results one has to calcu­

late qu&.1titfos directly relauid to nucl~ar properties. T'ne nuclear width 

uithout. barrier, G, can b-'"3 computed :from the dispersion. .formula providad th~ 

levels involved are known. Conversely the angular u0100ntum of the levels cm 

be determined if G is known. From tha consider&tion of the transit time of 

a heavy particle throufjl a nucleus one can ~ay that U is at most a f~w Mev, 

but generally smaller. Available experimental. data show that with .a faw 

exception~ O has a value between l kev and 1 Mev for heavy particle reactions. 

By makinG certain level assi&runents., a value .for G can be cklculated. If 

this is larger than the maximum possible value o.f G the assumed assie;nment 

may be ruled out. 

Firat r Qlld r of equation ( 24) have to bs calculated. p X If E = Ea 
... *, then 

(28) 

---------~--------------------------* r= L partial ddth of sll COt:tpeti.ng processes. 



Uninf r i.;inu t ;:; of Table I, r; ~nd ~ may- °t)e comput::;.d provided CA> ts knovro.. 

It should 'rie rnentioned t.hat S.f r; is of th6 same order oi.' magnitud<2 as r;, 
its value depends critlcally on a::. T'9ro eolution8 are obtained, and it is 

~ 

difficult to say whether rp or fi is the larger one. If the solut1.on is 

compleJt the measured cross sec'c.ion is larger than the ma:d.m:um possible cross 

section for the ass...mad statistical factor w • This ·Nae used to rule out 

ce r tain lovel assi &,nments. However, if a decrease or "a within experili1ental 

erro:.1 gave a reol result, the a.s5ie.,mnent was considered. 

Th~ nuclear width for chargea particles io thon obtained by dividing the 

pmiel width by the GruncrN factor. Th~~ norraalizntion given by Christy and 
(40) 

Latter ha5 been adopted. 

E equ.tls 1 
l 

lfov :for protomi .md h Mev for alpha p;articles lms been nsod in the calcu-

lations. The penetration factor for protonr1 can be taken direct:ly fror!:' the 

curves cf Christy and Latter. The long rnnf; a 4i.lp..'1-J.a particles have an energy 

above the barrier. Their penetration factor is unity unless v~ry. hi;)1 

1/2 
cIDf_;;-1;..la::..~ momenta are involved. Also (E/E

1
) is almost equal to one, thur:i 

r;;, 0 and Ga. 
0 

are practically equal. 

In case of the short ra:1 ge alphas the penetration factor was calculated 

using the WKB approxirnation. With tha same norm.itl1u.tion 88 in equation (29) 

one gets 

(30) 

wherr.: E ia tho barrier height, 4. 21 M".iv. 
B 

(41) 
Bethe zives equation (631) 

and { 600a) for culcnl,::rtior o·" C 
- -"' - •• -'- J. • 1'ha mlly mod.i. i':lau tlon mmded. is t o' t lt,d 
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For a table of the nuclear widths all poaeible combinations of angular 

momer.rta. .smd spin have to be considered. To i:rcart with:; the spins oi' the 

g;."'ov.nd state of c12, tl5 
11 and 0

16 
a.re known to be 0 1 1/2, and O respectively . 

. 12 16 
T.t1e high degree of si•metrJ of the C and O nuclei gives e•fl:m parity. It 

~ 15 (42) 
is ge.neral.J..y asaumed that the parity of N is odd • The spin of the in-

CO!ling protons is 1/2» their parity ia the same as that of the partial ;ff&Ve 

considered. Therefore s-wave protons may foru either 0(-) or 1(-) statss 

16 
in O • Si.Illilarly P protons lead to O(+), l(+), or 2(+) and D protons give. 

l{-), 2(-), 3(-) levels. Alpha particles have ~t:lro opin aud even pa.trit:n 

there.for~ in a.lpha emission the parity chang,;;, dep-,:;,nds only on the partial 

wave con:side:redo 

At lGast one oi' t,he resonanca6 is oorr..mon to both ~hort and lonb range 

alpha particles. Therefore some states in 016 are able to decay to the 
12 

ground and first excited etate in C • This eliminates 0(-) E-s a possible 
12~ 

sissignment for C • The resonances which cannot decay by long range alpha 

16 put,iclss must correspond to l( +), 2(-)., 3( +), !ltc., levels in O , because 
.... 

t.hoa0 cannot decay to 0(+) i n c12• Levels in 016 are not observed unless 

they can be excited bys., P» or d-wava protons. Tne barrier factor for the 

higher waves makes r too small compared to ~ • . p 

R~ault.o and C~m£1'Jrison of Widths. 

Tebla III givee the nuclGar widths for all level3 up to J = J. If a 

state in 0
16 

c311 be formed or d,Jca.y by scv(;; r .:-<l. partial w,WOi:., only the ona 
A 

;-vi th the smallest barrfor factor was cor1~idered. Since isotropic Mstribution 

has been a~sumed in calculatink,. Table I, the results Lave to be corrected f or 

~my angular dbtribu.tion i'a.ctora. In general those ·,11ill not chan ge the 

ariswiara significantly. 

At the 0.338 Mev resonance only long range alphas were i'ound. The 
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amall value ot T;, and tho bsrrier factor for short ranga alpha particles 

e~"?lain their absence. 

beeausa r / r 1a small. 
p 

Aleo captura radiation cannot compete to any diagret~ 

16 
Only s protons forming & 1(-) level in O gi~ 

a reasonable valus for O. The next value, G = 1.8 Mev, is rather iz'~probable. p p . 

'l'he ab3ence o:t long range alph.as at the 0.429 Mev resonance is only 

explainable 1£ ·transitions to 0( +) in c12 are forbidden. The 2(-) state in 
16 12 

O makes O too large. 3(-) cannot be the excited etate in C because 
p 

the corresponding Oa.m is too large. 
16 

0(-) and l(+) aasigmtents in O give 

r~aaonable values for moet widths. Neither of the~e levels can deosy by 
16 

electric dipole to the ground state in O , thus 13 Mev radiation is not to 

16 
The o.898 Mev resonance cannot be due to a 0(-) level in O because 

the observed cross section is four times tht> maximum theoretical- value. 

Only the 2(-) level gives a reasonable valuo for op. l(+) gives e...n eA-treme­

ly small while J(+) gives too large values .for Op. With this assignment the 

1(-) Md 3(-) states in c12 have extreme ru.pha widths. 

At the 1.05 Mev resonance all three reactions were obsdrved. The 

3(-) assignmr:mt :for 0
16 may be rulod out becauoe it requires 1Slectrtc 

octapole captu:re radiation and an extreme proton width. The gamma ray w;_dt,h 

indicates electric dipole radiation. The quadrj pole width is smaller than 

the marl.11urr. theoretical value, but lar6~r than would oo e:i..-pected. 

At the 1.21 Mev resonance levels in 016 with J = 0 or l would give too 

amall a cross section. Tne best value for Gp is obtained if the level in 0
16 

12 is 3(-). .All short ran£e &l.pha widths for an assignment of l( +) L'rl C sre 

rather large. 

Unfortunately too little is known about nuclear widths to make a 

definite level assignment. However, the above discussion indicates that the 

excited state in 012 is not 3(-), l{+), or 1(-). If the capture radiation ie 



12 
al~ctrlc dipole then the 3(+) and 2(-) l0vals in C hav0 ah;c excrH:;sive 

uidth~ at the l.05 Mev :rmmnanav: . 'l'his le2.v0Ls only 2{ +) .for tb.e excited 

t.i;tate in c12; the same value aa the tlpha modt1l pr~dicts. The most probc1ble 

level ass1~$nt and nuclear wldfas arlft giviin ln r'igure 25 and Table IV• 

12 
The anbular momentura and purl ty of the ex cited statu in C may also be 

ll 12 
obtru.ned from other reactions. For instance B (p,y)C showe transitions 

(43) 
t.o the gr·o,md state and pre<iominantly cascadi~ tbrough the 4.47 Mev lavel • 

Unfortun&t.ely the axcitati~,n has not yat been detemnined., thus it is kpossible 

:to dra.w conclusions from the relativ~ intensities of the two componont.s. In 

~ caara angular distr5.bution IDt;asuramonts are necessary bd'ore definite 

leval assignments can be made. 
16 

Since tho pair state in O has tho sart e an6"'Ular noment1.mi and par:i.ty as 

t.he groun<l stati';l 1 onu 1'muJ.d S.ll.'J)ect tr.1nsit.ion3 t0 -that L,vel. If' th~ capture 

radiation is 's)lectric di-polo about 10,t or t.t'-w radiation chould iJO to it.* No 

pai.rz could be observed in th.e ~x.peri~ent::; because a thick aluninum converter 

higher order tr'dllsitiom, a.re needed and it can.viot compet&. 'I'hus it is 1m-

probable that more than a small .i.'raction of tr.e cspture radiation cascades. 

On the other hund if the 13 ~ov radiation is electric quadripole from a 

2(+) lovel then a transition to tha 3(-) stats would. be electric dipole and 

much ce.scading is to be exi.;,ect,ed. , Unfortunately the a:,q,erimontal results 

(Fit'tll'e 13) e.re not sufficfontly accurate te eliminate this alternative. 

Tha width for long rangi':$ alpha particles hi narrow coripa.red to that 

for protonB or shol"t rani;a alpha.s. A sirailar situation exist.s in t.ha cas,c' 

of B11(p,c)?M8 ru~d F19(p,a)o16. 

5 kev wide at 0.162 Mev(ll)*. 

Th2 flret reaction has a resonanC€ only 

A check of the .fluorine reaction bhowed a 

* For a. given os cillator strength r is proportional to E3. 
~ The nuclear width and resonance wiJth a.r,.:3 practically tha same since these 
alpha particles are er.dttecl with an energy larti:er than tha potential. barrier. 



no resonance at 0.78 Mev (Figure 24) which ia lese than 10 kev wide. It 

had been missed in pr~vious 1nveatiiations( 36) because of spread in proton 
• 19 16 • . . · 

beam ene1~gj'. The widths for F (p,a.1" )0 resonances are also surprisingly 

. 19 16 8ll'iall comp&rea to F (p,a.y)O • In all four oases the compound nucleus is 

formed in a highly excited state and deca~s to a O(+) level. However, alpha 

particles decaying to states of hi{:.11er angular momentum in tho residual 
19 . 16 

nucleus show larger natural widths. Thie holds true for r (p,ay)O J(-), 

_ _15 12 11 8* 
Ir (p,ay)C 2(+), B (p,a)Be not known. The alpha particle modal does 

not apply to the highly excited itates in the compound nucleus, and an ex­

planation hae to wait for a more complete nuclear theory. 
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APPEWDIX 

Shape o! Proportional Counter ~~ls~s 

In deriving thG pulsu shapo, a nwn'ber oi' aimplifying au~U!iipt.ion;:; -,_,,e re 

. made. In t.na id3al oaac all :primary electron::. arrive at the o!llntral. wire 

simultaneously, 0ach produoinl:; (m-l) f.i~condar7 electrons. 'lhe positive ions 

are· produced so close to the central wire ·r.hat the p·ul:;;,:; is f(1rwe<l by t.hoir 

moticn toward th~ ca.thod/l4) rat.her ,wan by t k\t:: i~otion of ·tb~ t:Jl.Jctrons 

toward the oollacting rlre. 'the electric .fiiald of tile ioua fa small oompar.;:d 

to the static field in the counter. Thus, in calcul~tlna t.1--iG action t)f tl':ie 

•• '.:-i'ielci on toe ions, oru.y the .forces J.uo to t.h.e c;on.st .. ~mt voltage V across the 
0 

counter has to be considered. 

* 'l'he voitage produceu acroes an isolated count.~r bJr th~ motion of an ion 

···• may be derived by setting the )l'Ork dona or4 tl1a ion equal to th,:, loss of' el~otro­

static eners=, of the coun~1r. ·-

V ~'= Q V(r) 
c CV 

Q 

; V equals tha change in volt.age due to the motion of -t.ih.~ 
•. 0, 

Vo a 
central conductor to position r. V(r) = ·. / log -

log b a - r 

(31) 

ia tne elaotrostatic 

• potenti&l in the countor end C the cap,l.lcity of the ccn.m:ter. a and b srs th~ 

;,_ tine drift velocity oi' positi·ve ions i.s proportional tc• th,t alactric f:teld. 

(32) 

· For argon K/P -is about J cm/aec per volt/cm per atr.fiosphere (l.4) • • Substiti1ting 

:'-tor E from equation (l) and int~grating one e;et,s 

•• ··1eglect ths current f'rOiti power supply or grid current of first tube., 



a2 log b/a 
t -----0 2 V0 (1/P) 

•• (JJ) . 

Substitute everything hack into equation (31). 

V
0 

a A log (l + t/t
0

) 

A• -Q e ... -•n,a• 
2C log b/a, 2C log b/a 

Q is the total charge o1' the positive ions,_ which is the number oi' prima:rf ,io11s 

.formed (n0} times ·tns gas r.1ult1iplication. (m). 

Vm = - Q/O, ~hen all ions are collected. 

The pulBe actually obaorved at the output of the amplifier bas been -di!-. . • • • . _';,. -. -' ... 
' . • 

f'erent.iatad b:, a .series R:iC1 net;work. 'l.b·a dif'ferent.ial e~tion appl.l'~if to the 

network ie 
. di i dVc 

Ri-+-a-
dt c1 dt 

_ 1 is the current through the network. '.fhe vol~age obmerved .is V • 1 .~ _• 

Substitute from equation (.34) and rearrange into standard ton. sot lL liJ1$~r 

·'lhere 'T' .= ¾_Cr The particular solution giving 1 = 0 at t = o ta gi-veb 't>r 
-t/'r rt xfr ,., • ·_.. 

V•i8imrAe J_ 8 ax 
t + t O X + to ,(,36) 

0 

• - .. - ,. [ ,1 c: to)- •1 c})J 
i

1
(::.) is the exponential irrtegral .tabuiated by Janke and Emde(lB). 

Thie lll&Ximum will be ,at di/dt = o. From equation { 35) 



where Vb = pulae h~i"ht., 1 = u1m.m:w11 ourrent and t = tble of maxi .. rnum. A • • 
direct solution oi equation& (36) ail-Cl (37) for Vh and \'I proved to oo l.i.1practicml. 

By introducing the p....rwooter u = ( 't.. + t 0)/, , it is easy to find Vh and tm as 

a function of ,/t,0• Then equations (36) and (37) become, aftor rt~.arrang0ment, 

t = ,u - t 
tll 0 

Vh l :::: ___ _ 
Vm 2u leg b/a 

Using these equations., Figure 2 has bean ccmput.ed. 

08) 

09) 

(40) 
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DESCRIPTION OF IiIQURES 

1. Dimensions of proportional oounte r 1/-l and comparisqn of experim:.3ntal. and 

theoretical pulse shape. Ti,e ordinats of th~ tb.tiONtica.l.. • curve is traction 

2. theoretical cuz·v~ givin& fraction of wruc.imum pulse b.idght and time at· which 

it is reached as a .tunction Qf counter and circuit constants. 

). Drawinb of proportion.al. counter Ill ~•ith detail of t bin ~indow support. 

4. Diacriainator bias curves for proport.:lon&l countGr fl and :n.. It 'showa 

the diat.ribution of pulse hei~1t widex> ciifi'~rerrt opurat.ing cOi.i<.iitiolli.$. 

S. Experimental setup us~d in the 100 ke:'V me a'3u.r~ments of long ranr;e alfhG 

part1cl:ea. 

6. Experir.t6ntal setup U$ea. in t he 0.20 to 0.8,S M:iev m<!sauron,ants of long rllllge 

alpba particles. 

7. Analyais of nitride targets using hi~h resolution soattoring. (iuip•aa0a 'ihe 

-WON nitrat,e~ :!:n the l:egetffl" ·113 Mtn'aed) 

8. Analysis of a thin 003 target deposited on a silver foil. 

9. Calibration of mica &topping foils and typical lont range alpha particl• 

profile curve. T"n~1Be curve6 show prima.rily the straggling of the proton• 

and alpha particles. Foil #11a equivalent to l.69 c.1l! of air, 1/2 is 2.00 cm. 

10. The absorption of secondary electrons produced in a thhik alundnum eonvertor 

by gamma radiation. <1ri indicates the absorber thiokneas which reduces the 
-n 

ooinoidence counts to 2 of the number without absorber. 

ll. Standard absorption curves .tor tha geometry used. They bavc b-een plotted 

f'r001 Figure 10. 

12. Absorption of the secondaries produced in a thick aluminum converter by the 

K1>(p,y) radiation. 

1). Per cent of zero absorber co".nt6 oomputed from Figu~ 12 plotted on semi­

log paper for comparison with etandaro curve 13. 



• lh. _Calibrs.tion of i'lu.xo&t&r .an.d prcfile cunnJ o! &lpht. particles from 

N15(p1c.y)c12• A polls~:ied coppur sur.t·ace was useci fer t,he caliuration, 

and a t hin K~D J layer on _:;oppcr· L~r tbc alpha particle p.r·of ile. (--0 m ~ 
-:S!:3° i . r.,1.,em:: oi \o1 - 6u9. 

15 12 
Curveu f or ti;:c-Jesur1.nt~ tt1e energ--1 of tba :Jlprw parti~les from N (p,Q.y )C , 

angle or obv(:rvation io ,58°. A thick'. KN6
3 

targdt mas used. Proton 

bo.ckgrounci ha:: bean ~L..!.)tr,~cted. 

16. N15 -i. n1 r.,,e.c-tior~. Th·,.: :1 i dtb oi' the r u::orwnc,rn haf.; been incre&s-ed for 

rr . Excitation curvoa.: of' lone ra:~ge .:-:lplrn p:;;.rtI.cle.::o TL:. ;1n6h cf obse rvation 
0 

18. 

19. 

20. 

i s 90 · for points des ign~.ted by open c:.irclea and crosu.ls O and I, and 
0 

1.37 .8 for point~ des :l.gn:::\;.,1d by sclid circle{;. Tarfe t thicknoss -~as 

measured at 0.90 Mav. Ti.'1e yield is eiven for a KN0
3 

targ$t enriched to 

61% w:.tt.h Nl$. Target thickn~os distorts the shape of the curve onl.y ~t 

the 1. 21 Mev r eso;i.:.mc,;; e 

0 
Excitation curve of gar:rnm radiation. All rae£-.surerr'6ntb 11ere made at 90 • 

Targut t hickness WS.f; m<5usured at 0.90 Mev. Tho yield it given for ti IDK>.3 

target enrichftd to 61% with ~?>. 
0 

Grumua r&diation was measured at 90 for both thick and thin tarr,;sts. (a) 

0.429 Mcv 1-esonr:.nca . The t hirl target ic 0.57 k~v thick at, ~'lis enurgy. 

(b) 0.898 Uev rssona.1cs, . The thin tar"et :!.~ o. 72 kev thick st thie energy. 
0 

Oaw...a radiation was measured. al, tho 1.21 Mev resonance at 90 . The 51 kev 

( at O. 90 WY) targ,gt wc,S u::,ed to compute th6 thick tar1set yfold at this 

resonance. 

21. (a) This curve ahows ti'lat the tJhort rangtt alpha particl!ls and gamma rays 

o.t I("·\p,a.y)C
12 

follow the s ame excitation at the 0.898 M.ev reoone.nce. 

21. (b) This Ct!.I'V\:l showi:; the slit)lt displawm.ent of tha excitation cl' r;amma 

radiation and long ranie alph& pai·ticlti& at t.b.e 1.21_ Mev resontmce. A JO 

kav (at 0.90 Mev) target was used. 



22. Exc1. tat ion cUl"Ve of lonr rtrn.ge alpha particles after barrier factors 

havii; bt?.,.m taken out. s-wave protons were assumed. (~e~iii.iu ~,G90 tu 

~1 e.!eiou £101 t:l.te soi.ta eaT~e e, -Qq,;OOQQ4 

23. 11 8* 0 Alpha particl~s from B (p,a.)Be observed at 90. Notice that €xparime.ntu 

points follow closely the Gamow penetration fe.ctor. 

... . 19 · 16 o Long range a.lph~ pa-rticle0 1ror1; F (p,a)O ob:c:arved at, 90 • 

onl_y a. preliminary curve.!. 

25. F.:nergy le\T<:!l diagram of 0
16• PNposed Mtula.i· ff,omontwii. iil.nd ~arl ty 

assignments have been sho\m. With tlio e,;rnepti.on of t lk! 6.05 and 6.13 M.0v 
· • 16 
levels in O they are based on intend ty 8 :rgm..ents . 
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TABLE II! 

SHORT RANGE ALPHA PARTIC¾fS l eading to _4o5 Mev State in cl2 
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