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ABSTRACT 

A spectrometer to moasu'e neu i rnn- induced c h a r g e d - p a r t i t l e 
producing reac t ions has been developed and y i e l d s data wi t r . g r e a t l y 
improved s igna l - to -background r a t i o s . U cons i s t s of a magnetic 
quadrupole lens which focusscs the charged p a r t i c l e 1 - ontc a s i l i c o n 
sur face b a r r i e r d e t e c t o r or a two-de tec to r te lescope wh<"ch is more 
than 2 meters from the sample being i r r a d i a t e d . The e f f i c i e n c y of 
the spectrometer is c a l i b r a t e d expe r imen ta l l y and depends o n l y on 
v'lue-S fo r the (n .p ) e t a s t n . cross s e c t i o n and the s topp ing power 
ol po lye i t i y lene. f u r t h e r development i s underway to rep lace the 
s u r f a c e - h a r r i e r , ' i counter w i th a p r o p o r t i o n a l counter o f l a r g e r 
jrea. This d e t e c t o r , conhioed w i t h a l a r g e r I ct iunter ( su r f ace 
b a r r i e r ) could increase the e f f e c t i v e s o l i d angle by a f a c t o r o f 
r i v e . 

The r e s u l t s f o r ( n . x p ) , { n , ! d ) and ( n , . i ) cross sec t i ons are 
s j in i i j rwe i f Tor the e igh t ta rge t m a t e r i a l s s tud ied si> f a r . Measure
ments of the charged p a r t i c l e spectra have es tab l i shed t n a t cross 
sect ions fo r p roduc t ion of protons below ?.S MoV are s i q m f i t a n l 
f o r soni' t a r g e t s , m fact [Totons as low as H00 l^V have bi-en 
detected from aluminum. These low energy protons wo-ild be q u i t e 
d i f f i c u l t to »e jsu re » u ' . convent ional t e u n t e r te lescope 

JMHliullUION 

p a r t i c l e angular d i s t r i b u t i o n s and spect ra are important because 
the la rge alpha p a r t i c l e mass causes more ene rge t ; c r e c o i l atoms 
than neutr..n or p ro ton emiss ions. 

Radiochemical measurements can supply ang le - and emiss ion-
energy in teg ra ted cross sect ions f o r many o f these reac t i ons , 
(iecause not a l l o f the n u c l e i reached by charged p a r t i c l e emission 
are uns tab le , however, some cross sect ions must be measured us ing 
another technique. In a d d i t i o n , the radiochemical measurements 
are less usefu l in de te rmin ing cross sec t i on systematics f o r 
ne ighbor ing n u c l e i , s ince w i thou t data d i f f e r e n t i a l in angle or 
energy, i t is more d i f f i c u l t to determine the reac t ion mechanism 
i nvo l ved . 

f a r r a r and co-workers ' have developed a technique to measure 
the hel ium produced in (n . xa ) r eac t i ons . A f t e r a per iod of 
i r r a d i a t i o n , the samples dre analysed f o r hel ium content by a mass 
spectrometer. Thi•- method appears not f e a s i b l e f o r iu-asuring 
hydrogen p r o d u c t i o n , however. 

D i rec t rveasurement of the charged p a r t i c l e s produced 'S an 
a l t e r n a t i v e procedure. I f such measurements are to extend to low 
emission e n i r g i e s , however, t h i n ta rge ts are requ i red . Backgrounds 
caused hv the i n t e r a c t i o n o f neutrons or carina rays w i th the 
de tec to r or r eac t i on chamber may then overwhelm the s ignal p ro 
duced by the t a rge t o f i n t e r e s t . Moving the de tec to r f a r t h e r f rom 
the neutron source permi ts a d d i t i o n a l s h i e l d i n g to be placed 
between de tec to r and neut ron source, but the s o l i d angle i s reduced 
at the same t ime. 

EXPERIMENTAL TECHNIQUES 

To reduce the background we move the sol id s t a t e de tec to rs 
? to & meters away from the t a rge t and the source. Then t o 
increase the s o l i d angle f o r de tec t i ng charged p a r t i c l e s , we i n t e r 
pose a magnetic quddrupole lens between the t a r g e t and the de -
l e r t o r s . Considerable Sh ie ld ing can be placed between the neutron 
source and the de tec to r in t h i s arrangement. An add i t i ona l advan
tage of the quadrupole lens i s i t s d i r e c t i o n a l i t y ; tha t i s , when 
i t is adjusted to b r i n g p a r t i c l e s produced i n the ta rge t to a 
focus on the d e t e c t o r , p a r t i c l e s o f the same energy produced in 
the reac t ion chamber ire focussed away from the de tec to r . 

The o r i g i n a l ve rs ion o f t h i s spect rometer ' u t i l i z e d a quadru
pole doub le t , but t h i s lens has now been replaced by a quadrupole 
t r i p l e t . ^ which has b e t t e r t ranspor t p r o p e r t i e s and a h igher f i e l d 
g rad i en t . 

Neutrons were produced by the lawrence Livennore Laboratory 
r o t a t i n g target neutron source Beam cu r ren t s of between 15 and 
?0 mA of 100 keV deuterons impinged on a r o t a t i n g L r i t i a t e d -
t i t a n i u m disc to produce 15-MeV neutrons w i t h the T(d ,n ) r e a c t i o n . 
Because or the f i m ta rge t s used in these ncasurements, a h igh 
source s t rength was r e q u i r e d . Typical i n t e n s i t i e s were about 
i x lo '< ' r .eulr D ns/sec i n t o 4- s te rad ians . 
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figure 1 i'. a diagram of the spectrometer and neutron source. 
Ii'e 'arge maii of the quadrupole and associated shielding made ' t 
convenient to change reaction angles by sliding Che entire 
jwenbly on a t rad rather than rotating i t about the source; 
thus, the central ann of the spectrometer is lot a ted 5 cm from 
the tiosiuon of tne neutron source, denoted by the circled numbers 
on t*\e figure, and is oriented perpendicular to the hearr direction. 
Changes in reaction angle are made by sliding the assembly relatwe 
to the neutron -.ource so that the radiator fo i l is at various i' 
.mgifs between 0" and 7P.1 to the deuteron bean, which correspond 
to 'factum angles 90 * •• far the (n, charged particle) reaction. 

For neutrons produced from the T(d.n) reaction induced by 400 
ie'J deferens, such changes result in a change in averaqe neutron 
i-rwrfy, between l ( . . 1 And i i -6 MeV as the reaction angle is changed. 

The yuadruy'iU1 transports particles nf a qiven rn'entum from 
a U'ecifu [mint on tiie large t ID a specific toint on I he- detector, 
integrating over both these areas gives an efficiency function wit" 
a f in i te energ/ width. For the targets and detectors used in the 
[ire-.c-M measurer-enf,, the peak had a width ;,E/t: Of about 3f>I, f u l l -
nidth at half-ma> lfiiufii. 

Absolute values for the efficiency function at each gradient 
setting were determined by measuring the orolon s;-clrum from a 
stopping target of polyethylene. This Spectrum may be calculated 
fro-* the incident neutron f l u ' , the n-p elastic scattering cross 
section and the stopping power of polyethylene. Comparison of the 
observed spectrum with the calculated one yields the efficiency of 
the spectrometer. 

In principle, the efficiency for other prfrlu'es (oulil be 
deduced from that for protons, since the trajectories in the mag
netic fields wil l tie funrtions of 7'/ME, where 2 is the charge and 
H and f. the mass and energy of the particle, Thus, the efficiency 
for deuterons should peak at an energy half as la rv as lhal for 
protons and that for alpha particles at the same energy a-, that 
for protons. To check th is, efficiency measurements were carried 
out with a CO2 target as well as a CHj target. Over most of the 
energy range, the two measurements yielded consistent results. 
for high energy protons, the small pulse height in the t,Z counter 
caused some loss of coincidence efficiency {"-?0i) in the counter 
telescope, for this reason, the deuteron efficiency measurement 
was shifted in energy and used in analyzing alpha particle data, 
while proton and deuteron data were reduced using the measured 
proton or deuteron efficiency, respectively. 

To cover the charged-particle energy range 1 to 11 HeV, 
measurements at nine field gradient settings are usually required, 
figure 2 shows the r.-sult of one such measurement for the 
' 'Al(n.xp) reaction. The open circles denote the results of the 
measurement with the aluminum target in place; the »'s show the 
results of a background measurement. Each of these two measure
ments was made in about fcrty minutes. The solid line marted 
"acceptance" gives the measured efficiency (- product of Lounter 
efficiency and the effective solid angle of the quadrupoli:). Note 
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the favo rab le rognal - to-background r a t i o even a t a proton energy 
a', low as l . r j KeV. 

RESULTS AND DISCUSSION 

[laid how lit't-n uMd in i ' d f o r ( n . x n ) . ( p , d ) and ( n . w ) react ions 
iin ' ' A l , d E l T i , and ^ T i . ' 1 on S ' V and " N b ; 5 on " c u and " C u t * and 
on s t a i n l e s s i t eel 301 and 3 l b . 7 Ang le - i n t eg ra ted proton and 
deuteron spectra are shown f o r 6 3 C u and ^Hb t a rge t s in T igs . 3 
and a. 

An impressive f ea tu re o f the c ross s e c t i o n data i s t h a t the 
proton spectra fo r some o f the t a r g e t s extend f a r belgw the Coulomb 
b a r r i e r ( A l , ™Ti and 6 3 C j ) wh i le f o r o the r t a r g e t s ( 4 8 T i and « N b } 
the sped-urn below the Coulomb b a r r i e r f a l l s r a p i d l y . This d i f 
ference is re la ted to the importance o f the ( n . n ' p ) reac t ion f o r 
t a rge t s fo r which a sub-Coulomb-barr ier peak i s observed. In these 
t a r g e t s , the neutron b ind ing energy i s l a r g e r in magnitude than the 
corresponding proton b ind ing energy; t h u s , e x c i t e d l e v e l s o f t he 
l a rge t n u c l e u s * 1 ' . . . . - ! a given energy range have no neutron decay 
w id th but can emit a sub-Coulomb b a r r i e r p r o t o n . This width i s 
e j e c t e d to be s m a l l , but s ince the on ly o the r a v a i l a b l e channel i s 
tysrvn decay, p ro ton decay w i l l occur i i i many cases. A s i m i l a r sub-
Cnulomb-harner decay is poss ib le i n the a l p h a - p a r t i c l e channel , 
\f the a l p h a - p a r t i c l e b ind ing energy i s l ess than t h a t f o r protons 
and neut rons. Some i n d i c a t i o n t h a t second-stage algba decay a t 
present is found in the spect ra f o r fl6Ti, 63cu and - 3 N b . 
ftpparently, the small d i f f e r e n c e between B a and B p i n these nuc le i 
i i not i n general s u f f i c i e n t to compensate f o r the l a r g e r Coulomb 
h a r r i e r f o r alpha p a r t i c l e s . Evidence t h a t these sub -ba r r i e r 
p a r t i c l e s are not due to some unknown spectrometer background i s 
found i n the absence of the low energy peaks f o r fl8Ti° and f o r the 
51V(n,x i i ) r e a c t i o n , 5 where the b ind ing energ ies ate such tha t the 
( n . n ' p ) reac t ion on a 8 T i and ( n . n ' u ) r e a c t i o n on q H T i and b 1 V 
should have small cross sec t i ons . 

In tegra ted cross sec t ions f o r the reac t i ons s tud ied are 
l i s t e d i n Table 1 . For these n u c l e i , l a r g e charged p a r t i c l e c ross 
sect ions appear to be c o r r e l a t e d w i t h l a i g e compound nuclear con
t r i b u t i o n ! . Ucuteron p roduc t ion cross sec t ions are small fo r a l l 
the nuc le i s tud ied t o d a t e , and proton and alpha p a r t i c l e cross 
sec t i ons are small f o r n u c l e i w i t h smal l neu t ron b ind ing energies 
{ i . e . , those which are n e u t r o n - r i c h ) . Large v a r i a t i o n s (a f a c t o r 
of th ree or more) occur between proton and alpha product ion cross 
sect ions f o r var ious isotopes o f the same element. 

The development o f t h i s spectrometer has enabled charged 
p a r t i c l e spectra produced by neut ron- induced reac t ions at E n = 
IS HeV t o be measured over the range 1 to 15 HeV in emission 
energy. The s igna l - to -background r a t i o i s increased s i g n i f i c a n t l y 
through use of the quadrupole lens between ta rge t and d e t e c t o r , 
w i t h the r e s u l t tha t charged p a r t i c l e s w i t h energies as low as 
1 HeV could be de tec ted . Data obta ined t o date i n d i c a t e tha t f o r 
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Table I 

SuniWy of P ro ton , DeHuron and Alpha P a r t i c l e Cross Sect ions 
Measured w i t h the Kac jnnk Quadr ipole Spectrometer at 15-MeV 
Incident Neutron Energy. The e r r o r s on the p ro tnn , deuterons and 
alpha product ion cross sect ions are t y p i c a l l y + K'• . ' 4U , .ind 
161 r e s p e c t i v e l y . 

TaryeI ' {« . *p ) (mb) .•(n,d)(tnl>) . ( n . k . K m h ) 

; , 'A I 40* 19 171 

"•u b&4 .1 91! 

*>u ab ?8 

b lv 91 7 17 

SS3I6 :s? 5 48 

M& J23 9 56 

" C u dd 9.B 1 3 . * 

" l i b M 8.5 14 

n j«y i . i . ' i c t s the l o u l f h a r n f d p a r t i c l e cross s e i t i u n w i l l be 
s n j m f i c m i t l y underest imated unless the neasurements e t t end to 
energies below the Coulomb b a r r i e r . 

Nuclei in the region already i n v e s t i g a t e d have cross sect ions 
S u ' f i r t e n t t y l a rge tha t the present spectrgi ' ie ter y ie lds dCieptab le 
count r a t e s . To e i tend these measurements to i'.ot'jpes w i t h s n a l l e r 
cross sec t i ons , an increased e f f i c i e n c y would be d e s i r a b l e . 
E f f o r t s sre p resen t l y underway to develop a detec tor l e i est -ope of 
l an je r area than p resen t l y used. A p r o p o r l mnal -< ' lunter would 
serve as the \F de tec to r and a l a r j e r ,ir -j s i i i ' f J<e b a r r i e r 
de tec tor would be the E de tec to r . These modi '• ' ca t ions would 
m i n . i s e the toun tnn } r a t e b/ about a f a i l u r u f <>ve and would 
a M o - cross sect ions a: small u s a few m i l l i t j r n s u- be measured 
n i t ' ' .;ood s i i j n a l - t o - h a t l i r ound r a t i o s . 
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rifiuKF CAPTIONS 

'ichtndtu drawing of the magnetic-qufldrupole charged-
par tu l r spectrometer for neutron-induced reactions. 

.H one 7 
DIP 1!,-K< 

proton produttion ingle was 45" with respect to t ie 
incident [leulrons. the circles denote data with a 
?.•! mi)/cmL aluminum fo i l in and the x's denote back
ground mth the fo i l out- The solid line is the 
measured acceptance function of the spectrometer. 

Proton and dtulpron spectra f<OT lS-MeV neutron 
boct;jrdc>ent of **V. The daU are integrated over 
angular distribution of emitted particle. The cui 
are stat ist ical nedel calculations described in R* 

Proton and deuteron spectra from 15-HeV neutron 
bonhardment of ^^tlb- T*e data arc integrated over the 
angulJr distribution of the emitted particle. The 
curves arc statistical model calculations described in 
Ref. 5. 



Quadrupole t r i p l e t 
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