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Abstract: The cross  sec t ions  f o r  the  4big cn ,p) 4mNa and 7A1 (n ,a) 4mNa 

react ions were measured using the  cyc l i c  ac t iva t ion  technique and a high 

energy reso lu t ion  Ge(Li) gamma-ray detector .  The absolute ac t iva t ion  

cross sec t ions  have a l s o  been measured f o r  t h e  27Al(n,p)27Mg and 

27Al (n,a)24Na reac t ions  a t  14.8 MeV neutron 'energy. The r e s u l t s  were: 

24Mg(n,p)24mNa, 138 k 14 mb; 27Al(n,a)24mNa, 65 k 6 mb; 27Al(n,p)27Mg, 

75 k 6 mb; and 27Al(n,a)24Na, 111 k 9 mb. 

with similar measurements of other  authors. 

These r e s u l t s  a r e  compared 



E 

RADIOACTIVITY 24mNa [from Mg(n,p) , A 1  (n,a)]  ; measured T%, y-spectrum, 0- 

NUCLEAR REACTIONS 27Al(n,a), 27Al(n,p), E = 14.8 5 0.3 MeV; measured a. 



1. Introduction 

This inves t iga t ion  is  concerned with the  measurement of t h e  abso- 

l u t e  c ross  sect ions f o r  two 14-MeV neutron react ions 

and 27Al(n,a)24mNa, which give r ise  t o  the  same product, t he  20 m s  

(millisecond) ha l f - l i f e  24Na isomeric s t a t e .  This isomer was i den t i -  

f ied’  through study of the  decay of  24Ne yhich leads by be ta  emission 

t o  the  residual  nucleus 24Na. 

measurements of t he  t r a n s i t i o n  energy, t h e  h a l f - l i f e ,  and t h e  pro- 

duction cross sect ions of t he  24Na isomer v i a  t h e  (n,p) and (n,a) 

reac t ions  i n  magnesium and aluminum, respect ively.  

cross  sec t ions  reported by d i f f e r e n t  authors d i f f e r  from each o ther  by 

a f a c t o r  of  two or more f o r  t h e  same react ion2r5r8.  

2 4  Mg(n,~)~””Na 

Subsequently, several  workers2’8 reported 

The values of t h e  

In an e a r l i e r  publ icat ion S a l a i t a  e t  a1.’ reported the  value of 

t h e  r a t i o  of i so topic  24Mg t o  t h e  2 7 A l  cross  sect ions f o r  t h e  produc- 

t i o n  of isomeric 24Na t o  be 2.05 2 0.14. 

The present work i s  a sequal t o  the  previous one and was under- 

taken with the  object ive of measuring accurately the  production cross  

sec t ions  of 24Na isomer i n  magnesium and aluminum. 

ves t iga t ion ,  advantages a r e  gained from the  u t i l i z a t i o n  of  t h e  cyc l i c  

( repe t i t ive)  ac t iva t ion  method and the  use of a high energy resolut ion 

Ge(Li) gamma-ray detector .  

b i l i t y  of employing t h e  cyc l ic  ac t iva t ion  technique f o r  elemental analy- 

sis by measuring short-l ived isomeric a c t i v i t i e s  between successive f a s t  

neutron burs t s .  

In the  present in-  

A fu r the r  object ive was t o  study t h e  feas i -  
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2. Experimental Arrangement and Procedure 

2 . 1  Apparatus 

The pulsed neutron source consisted of a 400 - kv Van de Graaff 

accelerator  f i t t e d  with a def lect ing p l a t e s  assembly. 

was placed a t  a posi t ion immediately before the  beam analyzing magnet. 

The assembly 

This pos i t ion  was chosen so  as t o  have the  deflected beam s t r i k e  a water- 

cooled beam catcher a s  far away from the  tritium ta rge t  a s  was con- 

venient ly  possible.  

t he  beam was def lected horizontal ly  i n  a la rge  t a rge t  room. 

of burst  lengths from 1 t o  l o 5  psec (duty cycle  not  t o  exceed 90%) and 

r epe t i t i on  rates from 1 t o  lo5  pps were available.  The rise and decay 

times on the  burs t  were b e t t e r  than 0.5 p e e .  

current was monitored by observing with an oscil loscope the  voltage pro- 

duced by an emitter-follower c i r c u i t .  

were obtained from the  T(d,n) 4He react ion using magnetically analyzed 

incident  deuteron beams of  300 keV energy. 

t r i t i d e  t a r g e t  was a t  one end of a clY1r tube made of s t a in l e s s  s t e e l ,  

t he  other  branch of t he  rrYrc contained an alpha detector.  

y ie ld  was measured by the  associated p a r t i c l e  technique, detect ing alpha 

p a r t i c l e s  a t  168' t o  t he  deuteron beam by a s i l i c o n  surface b a r r i e r ,  

Si(Li) detector .  The t a rge t ,  sca t te r ing  sample, and gamma-ray detector  

were located i n  a large room. 

The p l a t e s  were positioned i n  v e r t i c a l  planes s o  t h a t  

Combinations 

The burst  of deuteron beam 

Neutrons of  about 15-MeV energy 

The air-cooled titanium 

The neutron 

Figure 1 shows the  geometric arrangement f o r  observing gamma rays 
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produced from neutron act ivat ion of the  samples. 

samples of aluminum and magnesium were machined from pure metals i n  

shape of r ings.  

an outs ide  diameter of 5.25-in. 

was 0.7-in. 

ax is  i n  t h e  d i rec t ion  of t he  deuteron beam, and i t s  center a t  a 

d is tance  of  9.3-in from the  center of t he  t a rge t .  

geometry, the  neutrons were incident  on t h e  r i n g  a t  an average angle 

of 7' with respect  t o  t h e  beam. 

The sca t te r ing  

These r ings  had an ins ide  diameter of 3.25-in and 

The ax ia l  thickness of the  r ings  

The sample was mounted on the  de tec tor  housing with i t s  

As a r e s u l t  of t h i s  

The gamma-ray de tec tor  was a planar  l i thium-drifted germanium, 

Ge(Li) 6.4 cm2 x 7.5 mm - 17pF. 

de tec tor  system was 2.8 keV f o r  t h e  1332.52 keV 6oCo gamma l ine .  

Energy ca l ib ra t ion  of t he  spectrometer was made da i ly  by using one o r  

more known energy gamma rays from I3'Cs,  6oCo, 22Na, 65Zn, and 'Be 

standard sources. The detector  was shielded from the  d i r e c t  neutron 

beam by a tungsten cone 6.5-in long. 

The energy resolut ion (FWHM) of t h e  

The gamma-ray pulses  from the  de tec tor  were amplified by a TENNELEC 

TC-200 amplif ier ,  shaped by a TC-611 basel ine r e s to re r ,  and then recorded 

with a Nuclear Data 1024-channel pulse-height analyzer with an Analog t o  

Dig i t a l  Converter (ADC) of 4096 conversion gain address f u l l  sca le ,  A 

schematic block diagram of  e lec t ronics  and experimental arrangement i s  

depicted i n  F igu re  2. 

To obtain the  cross  sect ions f o r  t he  productions of 24Na isomer 

24 v i a  the  react ions blg (n,p) 24mRa and 2 7 A l  (n,a) 24mNa one must know the  
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number of atoms ava i lab le  for t h e  pa r t i cu la r  react ion,  t he  gamma- 

ray y ie ld  from the  decay of  t he  isomeric s t a t e  t o  the  ground s t a t e  

of 24Na, and the  neutron f lux  incident on the  sca t te r ing  sample. 

These points  are  considered i n  d e t a i l  i n  t he  following sect ions.  

2.2 Cyclic Activation 

Short-lived isomeric a c t i v i t i e s  produced i n  a nuclear react ion 

may be studied by bombarding the  t a r g e t  material with p a r t i c l e s  from 

a pulsed machine and recording the  gamma-ray spectrum i n  t h e  time 

i n t e r v a l  between beam pulses. 

ves t iga t ion  has a ha l f - l i f e  of 20 m s  and can be conveniently 

measured during t h e  short  time in te rva l  between successive burs t s  of 

a pulsed neutron source. This method was described by Hickman and 

Hegedcs'' and by Givens e t  a1.l' The technique is  pr imari ly  based 

on t h e  pr inc ip le  of i r r ad ia t ing  the  sample with a r e l a t i v e l y  short  

bu r s t  of f a s t  neutrons, introducing a su f f i c i en t  time delay before 

da ta  recording, then counting of t h e  ac t iva t ion  gamma-ray spectrum 

before the  next burst .  

"cyclic" i s  adapted. 

of pulses as a function of pulse width, period between pulses,  delay 

and counting in t e rva l s  can be optemized by a proper choice of these 

parameters. Consider t he  timing diagram depicted in  Figure 3 which 

i l l u s t r a t e s  a bombard-wait-count cycle with a rb i t r a ry  bombard, wait, 

The 24Na isomeric a c t i v i t y  under in- 

This process is  r e p e t i t i v e  and thus the  name 

The a c t i v i t y  which would be produced by a s e r i e s  
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and count periods of duration t b ,  t d ,  and t, respect ively,  and which i s  

repeated with a period T - > tb + t d  + t,. 

due t o  a pa r t i cu la r  react ion,  from a neutron burs t  can be expressed as 

The a c t i v i t y  which is produced 

-A t ,  
4 = N$o(l - e ) 

and t h e  a c t i v i t y  a t  the  end of  t he  first delay period td is  

The de tec tor  response (number of counts) measured after t h e  first 

burs t  during t, is  

While t h e  de tec tor  response a f t e r  t h e  nth pulse  during t, is  

-XT -2XT -(n - 1)XT 
D, = D,(1 + e + e  + ... + e 1 
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where t h e  sum of t h e  terms 

-nXT 

-AT 

-2hT -(n - 1)XT 
( 1 - e  1 

( 1 - e  1 

-AT 
(1 + e + e  + ... + e I=  

has been subs t i tu ted  i n  (4). 

The cumulative detector  response after t i m e  t(= nT) i s  obtained 

by summing the  responses from a l l  counting in t e rva l s  and i s  e a s i l y  

seen t o  be 

-XT 
c. _. e f l - 0  - X t  

where 

N 

+ 
= number of nuclei  avai lable  for a given react ion,  

= neutron f lux  (neutrons/cm2*sec) during a burs t ,  

(T = react ion cross sect ion (cm2), 

E = eff ic iency of t he  detector  f o r  t he  gamma rays observed i n  

the  r ing  geometry, 

h = decay constant of t he  r ad ioac t iv i ty  produced (sec-*),  
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t b  = neutron burs t  width (see), 

td = time delay between the  end of a neutron burst  and 

beginning of counting in t e rva l  (sec) , 
tc = counting in t e rva l  (sec), 

T = t h e  period of  r epe t i t i on  of burs t s  (sec), and 

t 

The sca t t e r ing  samples were i r r ad ia t ed  f o r  a t o t a l  experiment 

= nT = elapsed clocktime (Set). 

time which ranged from 2 t o  5 hours and t h e  desired a c t i v i t y  de- 

termined from t h e  photopeak area and the  corresponding de tec tor  

e f f ic iency  . 

2.3 Method of Efficiency Determination 

The absolute  detect ion e f f ic iency  of  t he  Ge(Li) de tec tor  f o r  

t h e  r i n g  geometry were experimentally determined using ca l ibra ted  

radioact ive isotopes as gamma-ray sources. The ca l ibra ted  sources were 

solut ions of 'Be(477.56 keV, +4%), 6.5Zn(1115.52 keV, It4%), 60Co(1173.23 

and 1332.52 keV, *4%) and 24Na(1368.57 

i n  thin-wall  t o ro ida l  containers having t h e  same dimensions as t h e  

sca t t e r ing  r ings .  

t o  reduce gamma-ray absorption. 

withdrawn from t h e  standard so lu t ion .d i lu ted  and placed i n  one of t h e  

toro ids ,  Water was then added t o  f i l l  t h e  e n t i r e  volume of t he  toroid.  

This was placed around t h e  detector  i n  the  same geometry as  t he  a c t i -  

and 2753.92 keV, kS%) 

The containers were machined of plexiglass  i n  order 

An a l iquot  of su i t ab le  s t rength was 
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vat ion measurements and t h e  pa r t i cu la r  photopeak counting r a t e  

was determined. The r e s u l t s  o f  t he  measurements f o r  t he  absolute 

photopeak eff ic iency as  a function of gamma-ray energy is  shown 

i n  F igu re  4. As is seen from t h e  f igure ,  t h e  logarithm of  t h e  

photopeak ef f ic iency  E: is a l i n e a r  function of  t he  logar i th  of the  

gamma-ray energy E 

Since our present concern is  pr imari ly  measuring gamma rays less 

f o r  energies between about 500 and 1332.52 keV. Y 

than 1500 keV, two least-squares f i t s  were obtained; one was based 

on t h e  first four  e f f ic iency  da ta  points  and the  other  on the  above 

four and the  point  f o r  t h e  2753.92 keV photopeak from 24Na. The 

r e l a t i o n s  obtained by a least-squares f i t  were 

Y Rn(104&) = 4.966 - (1.2671RnE 

and 

f o r  four  and five da ta  points ,  respectively.  The root-mean-square 

deviat ions of t h e  experimental points  from a l i n e a r  least-squares 

f i t  a r e  1.1% f o r  the  four  poin ts  and 1.4% f o r  t h e  f i v e  points.  The 

reason f o r  t he  la rge  deviation i n  t h e  l a t t e r  case can be a t t r i bu ted  

t o  the  large uncertainty (8%) i n  t h e  ''Na standard. The var ia t ions  

of t h e  photopeak ef f ic iency  as  a function of t h e  ax ia l  posi t ion of 



-9 - 

t he  source was measured f o r  two standards i n  order t o  correct  f o r  

possible  posi t ioning er ror .  A maximum change of 6% i n  the  eff ic iency 

was observed when the  ax ia l  posi t ion was varied by 5 mm, In t h i s  

experiment t he  sca t t e r ing  r ings  could be placed symmetrically t o  an 

accuracy of b e t t e r  than 1 mm and therefore  no appreciable e r r o r  

would a r i s e  i n  t h i s  way. 

The gamma-ray absorption i n  aluminum f o r  t h e  ’Be photopeak 

(477.56 keV) was experimentally deduced by taking the  r a t i o  of t he  

photopeak counts from two toroids  containing equal amounts of t he  

standard. One container was f i l l e d  with water and t h e  other  with 

pure aluminum grains.  Water was added t o  t h e  l a t te r  u n t i l  t he  e n t i r e  

gap was f i l l e d .  The self-absorption f ac to r  was also calculated from 

the  expression12’13 : 

r 
r d r  

(7) 

where 1-1 i s  t h e  t o t a l  l i nea r  absorption coef f ic ien t  of gamma rays i n  

t h e  sample mater ia l  and rl and r2 are t h e  inner and outer  r a d i i  of 

t h e  r i n g  sample, respect ively,  The calculated value was s l i g h t l y  

smaller than t h e  experimental value. 

t i o n  was calcglated using Equation (7). 

The e f f e c t  of t he  self-absorp- 
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2.4 Neutron F l u x  Measurements 

During t h e  course of t he  ac t iva t ion  measurements, t he  neutron 

was continuously monitored by the  associated p a r t i c l e  technique, 

detect ing alpha p a r t i c l e s  a t  168O t o  the  deuteron beam using a 

s i l i c o n  surface b a r r i e r  detector .  

and neutron y ie ld  and f o r  the.purpose of ca lcu la t ing  t h e  f l u x  a t  

In order t o  r e l a t e  t h e  a l p h a r a t e  

t h e  pos i t ion  of t h e  sca t t e r ing  r ings ,  high-purity (99.9%) copper 

d isks  were act ivated,  and the  neutron f l u x  i n  t h e  14-MeV energy 

region was‘ determined i n  accordance with t h e  Texas Convention14. 

The f o i l s  were placed a t  the pos i t ion  of  t he  sca t t e r ing  samples 

and a t  severa l  o ther  locat ions with respect  t o  t h e  d i r ec t ion  of t he  

deuteron beam. 

from t h e  photopeak of t h e  annih i la t ion  r ad ia t ion  detected,  using 

a 3-in X 3-in NaI(TR) s c i n t i l l a t i o n  spectrometer. 

measurements showed t h a t  t h e  f l u x  as calculated from t h e  alpha 

monitor i s  i n  good agreement with t h a t  measured by t h e  copper f o i l s ,  

when t h e  l a t t e r  a r e  placed forward along a l i n e  joining the  alpha 

monitor t o  the  t a rge t .  For pos i t ions  o ther  than along t h i s  l i n e  o r  

about l o o  on e i t h e r  s i d e  of it, t h e  r e s u l t s  show a la rge  d i f fe rence  

between t h e  values of  t h e  neutron f l u x  thus obtained. This difference 

may be a t t r i bu ted  t o  t h e  var ia t ion  of t he  (d , t )  neutron i n t e n s i t y  

with angle and t o  the var ia t ion  of copper-63 react ion cross  sect ion 

with neutron energy. 

The induced a c t i v i t y  of t h e  samples was determined 

The r e s u l t s  of t h e  

The e f f e c t  o f  t he  tungsten cone on t h e  f a s t  
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neutron f l u x  a t  t he  sca t t e r ing  r ing  was invest igated by ac t iva t ing  

f o i l s  with t h e  cone i n  pos i t ion  and with it removed. 

cant change was detected i n  t h e  induced a c t i v i t y  per  monitor count. 

No s i g n i f i -  

2.5 Multlple Scat ter ing 

A f a c t o r  r e l a t ed  t o  the  problem of f l u x  measurement i s  t h a t  of 

neutron mult iple  s ca t t e r ing  i n  the  sample. 

neutron being sca t te red  more than once is dependent on the  dimensions 

of  t he  s c a t t e r e r  and the sca t t e r ing  cross sect ion.  

shown t h a t  i f  t h e  r a d i a l  and a x i a l  thickness of t he  r ing  do not  

d i f f e r  by more than a f a c t o r  of  two, t h e  e f f e c t s  o f  multiple 

s ca t t e r ing  cancel out t he  neutron at tenuat ion a t  the  f i rs t  col-  

l i s i o n .  One can, t o  a good approximation, assume t h a t  t he  neutron 

f lux  is  constant throughout t h e  sca t t e re r .  

assumption was checked by Nishimura e t  a l .  

applicable within t h e  experimental error. 

r ings  of t h i s  work have dimensions whose r a t i o  (10 t o  7) f a l l  within 

t h e  prescribed f ac to r ,  t he  above approximation was assumed t o  apply 

i n  the  present measurements. 

The probabi l i ty  of  a 

Day” has 

The v a l i d i t y  of t h i s  

and found t o  be 

Since the  sca t t e r ing  

3.  Cross Section Measurements 

Since the  present work was pr imari ly  concerned with the  de- 

termination of t he  absolute value of t he  production cross sect ions 
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for t he  20 m s  h a l f - l i f e  24Na isomeric a c t i v i t y  i n  magnesium 

and aluminum by t h e  (n,p) and (n,a) react ions,  respect ively,  

it was considered advisable and worthwhile t o  measure the  

2 7 A l  (n,p) 27Mg and ”A1 (n,a) 24Na cross sect ions a t  14.8 * 0.3 MeV 

neutrons. 

In a recent  compilation of  the  (n,p) cross sect ions f o r  

approximately 14 MeV neutrons, Gardner pointed out several  

ser ious discrepancies among values reported by d i f f e ren t  authors. 

In pa r t i cu la r ,  s ix teen  measurements of t h e  (n,p) cross sect ion 

i n  aluminum have been reported, and these range from 52 _+ 10 t o  

87 k 7 t o  140 & 30 mb. The reported maximum and minimum l i m i t s  

are 170 and 42 mb. 

Many inves t iga tors  have measured the neutron cross sect ion 

f o r  t h e  (n,a) reac t ion  i n  aluminum i n  t h e  v i c i n i t y  of 14 MeV. The 

average value of t he  cross sect ion a t  14.5 MeV is  about 116 mb. 

In  general ,  t h e  agreement between t h e  various reported values of 

t h e  cross sec t ion  f o r  t h i s  reac t ion  i s  good t o  within 5%. 

agreement between experimental values and theore t ica l  calculat ions 

is also good 

The 

!7,18,19 

3.1 (n,p) Reaction i n  Aluminum 

This reac t ion  i n  t h e  isotope 2 7 A l  leads t o  the  res idua l  nucleus 

27Mg which decays with a h a l f - l i f e  of 9.46 minutes t o  various leve ls  

of 2 7 A l .  A 69% branch (6’) goes t o  the  843.71 keV leve l  and 31% 
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t o  t h e  1014.49 keV leve l  i n  *’Ale 

with 97% probabi l i ty  t o  t h e  ground s t a t e  and with 3% probabi l i ty  

t o  t h e  first excited s t a t e .  

The 1014.49’ keV level  decays 

To measure t h e  (n,p) cross  sect ion t h e  r i n g  sample was 

i r r ad ia t ed  for 45 minutes and one minute after t h e  end of irra- 

d ia t ion  it was placed around,the Ge(Li) de tec tor  and counted for 

30 minutes. 

recorded and found t o  be  negl igible .  

obtained from t h i s  reac t ion  is  shown i n  Figure 5. 

of t h e  photopeaks was measured by ac t iva t ing  two one-gallon can 

s i z e  blocks of aluminum and recording t h e  spectrum simultaneously 

with standard sources of  I3’Cs and 6oCo. 

After each measurement t h e  back ground count was 

The gamma-ray spectrum 

The energy 

The i n i t i a l  a c t i v i t y  was determined from t h e  areas under t h e  

843.71 and 1014.49 keV photopeaks. The cross  sect ion a t  14.8 k . 3  

MeV was calculated from t h e  r e l a t ion :  

where N P 
d is in tegra t ion ,  K i s  t h e  absorption correct ion of t he  gamma rays 

produced i n  the  sample, and t h e  remaining symbols a re  a s  defined 

is  t h e  photopeak area,  b i s  t h e  number of gamma rays per  

i n  Equation (5). The absolute cross sect ion f o r  the  (n,p) reac t ion  
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i n  Aluminum is  given i n  Table 1. 

of several  determinations. 

This value i s  the  average 

3.2 (n,a) Reaction i n  Aluminum 

This reac t ion  i n  "A1 leads t o  the  res idua l  nucleua 24Na 

which i s  be ta  ac t ive  decaying. t o  the  various leve ls  of 2'Mg. 

The ground s t a t e  of 24Na decays mainly (99.92%) t o  the  4122.54 keV 

leve l  of 24Mg which de-excites by gamma emission t o  the  1368.57 keV 

level. 

s ta te  of 24~4g. 

The l a t t e r  leve l  decays by gamma emission t o  the  ground 

The aluminum r ing  sample was i r r ad ia t ed  f o r  a duration of 

s i x  t o  e ight  hours, a f t e r  which the  sample was counted f o r  a 

period of th ree  hours. 

i r r a d i a t i o n  were introduced f o r  t he  purpose of allowing short-  

l ived a c t i v i t i e s  t o  decay before the  24Na a c t i v i t y  was counted. 

For t h e  purpose of h a l f - l i f e  determination, the  a c t i v i t y  of t he  

1368.5'7 keV photopeak was followed f o r  several  ha l f - l ives .  The 

measured h a l f - l i f e  was found t o  be 14.98 rt 0.02 hours. The gamma- 

ray spectrum obtained from t h i s  reac t ion  is shown i n  F igu re  6. In 

t h i s  f i gu re  the  upper portion (1368.57 keV photopeak) was recorded 

approximately four  and one-half hours p r i o r  t o  the  lower portion. 

The induced a c t i v i t y  was determined by measuring the area under 

Varying delay times from the end of 
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t h e  1368.57 keV photopeak a f t e r  background correction. 

cross  sect ion was then calculated from Equation (8) above. 

The 

3.3  24Na Isomer 

The react ion 24Mg(n,p)24Na and 27Al(n,a)'4Na lead t o  the  re- 

s idua l  nucleus 24Na which has an isomeric s t a t e  472.48 keV above 

t h e  ground s t a t e .  

i n t e rva l  between successive neutron burs t s .  In order t o  obtain 

maximum detector  response f o r  cyc l i c  ac t iva t ion  analysis,  proper 

s e l ec t ion  of t he  parameters i n  Equation (5) was necessary. It 

can e a s i l y  be seen t h a t  the  de tec tor  response is  maximum for a 

given decay constant A,  a period T, and a run time nT, when 

td = 0 and tb = t, = T/2. 

t h a t  shor t  delays 

counting and p r i o r  t o  the  next burs t .  

p o s s i b i l i t y  o f  counting prompt rad ia t ions  due t o  the  neutron 

i n e l a s t i c  s ca t t e r ing  a t  the  expense of an acceptable decrease i n  

t h e  detector  response. 

This a c t i v i t y  can be recorded i n  the  t i m e  

However, it is  experimentally advisable 

be introduced a t  t he  end of the  burs t  before 

Such delay w i i l  reduce the  

For t he  present invest igat ion a near maximum detector  response 

was obtained by a timing combination of (20, 22,  20,  SO), i . e . ,  

t h e  f a s t  neutron burs t  had a duration of 20 m s ,  the  delay a f t e r  the  

time zero pulse was 22 m s ,  following which the  analyzer was gated 

on (coincidence) f o r  20 m s ,  and t h a t  the  time zero pulses were 

separated by a period of 50 m s .  The magnesium and aluminum r ings 
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were i r r ad ia t ed  f o r  about 4.2 x 10” and 4.8 x 10” t o t a l  neutrons 

per run, respect ively.  

i n  Figures 7 and 8. 

The gamma-ray spectra  obtained a re  shown 

In addi t ion t o  t h e  472.48 keV gamma ray  from the 24Na 

isomeric a c t i v i t y ,  197.96 keV and 511 keV gamma rays were a l so  

produced. 

spec t ra ,  were shown t o  be due t o  t h e  in te rac t ion  of sca t te red  

neutrons i n  the  de tec tor  and i t s  housing2’. Figure 7 shows a 

very weak 350.89 keV gamma-ray l i n e  from the  Mg(n,a)21Ne 

react ion.  

monitored a t  the  t a r g e t  with an oscil loscope. It  was observed 

t h a t  occasionally t h e  neutron burs t  width would s t r e t c h  out  t o  

overlap momentarily t h e  analyzer coincidence gate.  

i n  t h e  detect ion of t he  above prompt rad ia t ion  produced from 

t h e  (n,a) reac t ion  i n  magnesium. 

These peaks, which a r e  present i n  the  background 

2 4  

The analyzed-beam current  pulse was continuously 

This resu l ted  

3.4 Background and Errors 

In  many cases t h e  l imi ta t ion  on t h e  cross  sect ion accuracy 

t h a t  i s  obtainable i s  due t o  t h e  presence of background peaks i n  

t he  gamma-ray spectrum. Therefore, i n  order t o  determine t h e  

gamma-ray y i e ld  accurately,  background sources must be properly 

subtracted .) 

The background contribution t o  the  (n,p) and (n,a) react ions 
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i n  aluminurn was ins igni f icant .  

a period of delay from the  end of i r r ad ia t ion  during which time 

the  acce lera tor  was turned o f f .  

These spectra  were recorded a f t e r  

In t h e  case of  t he  cyc l ic  ac t iva t ion  of magnesium and 

aluminum a carbon r ing  was used as s c a t t e r e r  f o r  background 

runs. The carbon r ing  has the  same dimensions as the  metal 

samples. 

when no s c a t t e r e r  and when a carbon s c a t t e r e r  is used. The 

photopeaks i n  t h e  spec t ra  a r e  produced by neutron in te rac t ions  

i n  the  room, and with the  detector  and its housing system. 

Figure 9 shows typica l  background spectra  obtained 

The 

neutrons producing t h i s  background may be t h e  room returned 

neutrons, but another source i s  t h e  r ing  s c a t t e r e r  i t s e l f .  The 

contribution of t h i s  l a t t e r  source t o  the  i n t e n s i t y  of the  

197.96 keV and 511 keV gammas is  approximately 20 and SO%, 

respect ively.  Thus, t h e  spectrum taken with carbon r ing  repre- 

sen ts  t h e  background e f f ec t s .  

The pr inc ip le  e r ro r s  i n  the  measurement of t he  ac t iva t ion  

cross  sect ions reported here arise i n  the  determination of  t he  

gamma-ray yield and t h e  neutron flux. 

gamma-ray y ie ld  involves the  photopeak counts, t h e  photopeak 

eff ic iency,  i n t e rna l  conversion correction, and a correct ion f o r  

t he  self-absorption i n  the  sca t t e r ing  r ing .  

The determination of t he  

The magnitude of the  

combined e r ro r  i n  these quant i t ies  is about 7 t o  8%. The standard 
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e r r o r  i n  the  measurement of the  neutron f l u x  i n  the  experiment 

described here i s  believed t o  be about 4 t o  5%. The e r ro r s  i n  

the  remaining quant i t ies  entering Equations (5) and (8) a r e  kept 

t o  a minimum since sample posi t ion and timing cycle have been 

measured with an accuracy b e t t e r  than 1%. 

introduced i n  t h e  cross  sect ion by t h e  neutron multiple s ca t t e r -  

An addi t ional  e r r o r  i s  

ing which is  estimated t o  be about 2%. 

combined quadrat ical ly ,  give values which vary from 8 t o  10%. 

t h e  cyc l i c  ac t iva t ion  experiment t h e  problem of background sub- 

These uncer ta in t ies ,  when 

In 

t r a c t i o n  introduces an additional e r r o r  o f  about 2%. 

4.  Results and Discussjon 

The measured ac t iva t ion  cross sect ions a t  14.8 f 0.3 MeV 

neutron energy f o r  t he  *'A1 (n,p) "Mg, and 2 7 A l  (n,a) 24Na were 

75 k 6 mb and 111 t 9 mb, respectively.  

together with those of o ther  authors, a r e  l i s t e d  i n  Table I. 

As i s  evident i n  t h i s  t ab le ,  t he  agreement between the present 

The experimental r e s u l t s ,  

r e s u l t s  and recent ly  reported values i s ,  i n  general, r a the r  

good i n  t h i s  energy region. 

The measured "A1 (n,a) 24mNa cross  sect ion is higher than 

previous measurements - being 8% higher than the  c loses t  

previous measurement, t h a t  of Monnand5 

by Glagolev e t  a1 .*, and 100% higher than measured by Van Zelst 

60% higher than reported 
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e e t  a l .  

The 24Mg(n,p)24mNa is  a l so  higher than reported by the  above 

inves t iga tors .  The r e s u l t s ,  together  with o ther  measurements 

of t he  gamma-ray energy, t he  h a l f - l i f e  of  t he  isomeric a c t i v i t y ,  

and the  cross  sec t ions  a r e  presented i n  Table 11. 

the  magnesium t o  t h e  a1uminum.isomeri.c s t a t e  production cross 

The r a t i o  of 

9 sec t ions  is i n  excel lent  agreement with t h e  reported r e l a t i v e  value. 

The absolute cross sec t ions  were calculated from the  isomeric 

a c t i v i t y  by determining the  area under the  472.48 keV photopeak 

after background subtract ion.  The background spectrum taken with 

t h e  carbon r i n g  was subtracted from each of  t he  or ig ina l  spectra ,  

Figures 7 and 8, a f t e r  normalization t o  t h e  same alpha monitor 

counts. 

Since the  20 m s  ha l f  l i f e  24Na isomeric a c t i v i t y  is pro- 

duced i n  both Mg and A l l  t h i s  po in ts  out t o  the  p o s s i b i l i t y  of 

analysis  fo r  magnesium i n  t h e  presence of aluminum i n  samples 

such a s  Basalt which contains approximately equal amounts’’ of 

Mg and A l .  

2 4 N a  isomer, A 1  leads t o  the  9.46 min 27Mg a c t i v i t y  by the  

27Al(n,p)27Mg react ion.  

1014.49 keV gamma rays from t h e  res idua l  27Mg a r e  produced i n  

s u f f i c i e n t  i n t e n s i t y  during t h e  cyc l ic  ac t iva t ion  run, they could 

provide a bas i s  f o r  A 1  analysis .  

For i n  addi t ion t o  472.48 keV gamma ray  from the  

Thus, it appears t h a t  i f  the  843.71 and 

A s  an exploratory study, A l  blocks 



-20- 

were ac t iva ted  by t h e  cyc l ic  method u n t i l  t he  472.48 keV 

gamma r a y  was b u i l t  up t o  a reasonable in t ens i ty .  Three 

mintues a f t e r  t h e  end of the  cyc l i c  ac t iva t ion  run the  843.71 

and 1014.49 keV gammas were counted f o r  20 minutes. The 

r e su l t i ng  gamma-ray spectrum showed t h a t  t he  above two photo- 

peaks were produced i n  a reasonable i n t e n s i t y  r e l a t i v e  t o  the  

472.48 keV photopeak. 

cons t i t u t e  a r e a l i s t i c  tes t  f o r  A1 analysis ,  s ince  it was obtained 

under i d e a l  conditions.  Additional s tud ies  under normal conditions 

a r e  desirable .  

This p a r t i c u l a r  measurement does not 
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TABLE r 

Neutron Reaction Cross Sections in Aluminum 

Reference E, (MeV) Cross section (mb) 

Mani et a1.3 (1960) 
Depraz et a1.29 (1960) 
Schmitt E Halperin2' ' (1961) 
Gabbard 6 Kern23 (1962) 
Butler and Santry17 (1903) 
Paulsen 6 L i ~ k i e n ~ ~  (1965) 
Crumpton et a1.I'. (1969) 
Barrall et al. l 9  (1949) 
Lebowitz et al.25 (1970) 

Present Work 

Poularikas G Fink26 (1959) 
Mani et al. (2960) 
Mukherjee et al.27 (1961) 
Gabbard E Kern23 (1962) 
Hassler F Peck28 (1962) 
Bonazzola et a1.29 (1964) 
Tiwari E Kondaiah3' (1968) 
Cuzzocrea Perillo3' (1968) 

Present Work 

14.75 
15.0 1 0.4 
14.76 k 0.06 
14.9 
14.5 i- 0.06 
14.71 1 0.27 
14.8 
14.8 1 0.2 
14.7 

14.8 rt 0.3 

A 1  (n ,p) 7Mg 27 

14.8 
14.75 
14.8 
14.4 
14.4 
14.7 
14.2 
14.67 2 0.09 

14.8 1 0.3 

113 -f- 3 
116 1 9 
117 1 8 
112 1 11 
116 1 4 
119 1 7 
121 -+ 6 
116 9 8 
110 k 20 

111 ;t. 9 

53 1 6 
68 k 5 
77 1 7.7 
50 rt 7 
93 1 10 
6 6 2  2 
71 5 9 
78 2 5 

75 i- 6 



TABLE I1 

Summary of  Present and Other Cross Section Measurements f o r  the  Production of 24Na Isomer 

Dropesky and Schardt' Ne (gas) 

Target Reaction ,Energy (kev) Cross Section (mb) Reference 

22Ne ( t  ,pi  4Ne 
2 4 ~ e ( ~ - )  4 ~ a  472 2 4 

40 
80 

Glagolev e t  a l .  A 1  
Mg 

20 t 1 
20 +- 1 

470 2 10 
470 * 10 

A 1  7 A l  (n , a)2 4m Na 4 72 25 

470 * 10 
Glagolev and 

Y amp o I s k i  i 27Al(n,a)24m Na 18.3 2 0.6 

20 2 0.6 
20 rt 0.6 

A l  

60 
100 

Monnand A 1  
Mg 

2 7 A l  Na 
4Mg (n ,pp 4m Na 

475 
4 75 

7 A l  (n, a? 4m Na A 1  470 2 10 20 2 0.7 Meyers and Schats' 

Bene t sk i i  e t  a l e 7  470 4Mg (n ,p? 4m Na 20 

0 Van Zelst e t  a l .  2 7 ~ 1  (n,aP4m Na 
24Mg(n,py4m Na 

33 t 10 
48 5 15 

A 1  
Mg 

7 A l  (n ,ap 4m Na 
24Mg(n,py4m Na 

Present Ii'ork .; 472.48 
472.48 

65 2 6 
138 +- 1 4  20 2 1 



Figure Captions 

Fig. 1. Experimental geometry f o r  the present invest igat ions.  

Fig. 2 .  Experimental geometry and e lec t ronics  block diagram. 

Fig. 3.  Representation of pulsing and counting time in te rva ls .  

Fig. 4 .  Photopeak ef f ic iency  of a Ge(Li) de tec tor  6.4 cm2 X 

7.5 mm f o r  r ing  geometry. 

Fig. 5. Gamma-ray spectrum from 27Mg obtained by i r r a d i a t i n g  
an aluminum r ing  with 14.8 MeV neutrons. 

Fig. 6. Gamma-ray spectrum from the  27A1 (n,a) 24Na react ion.  
The upper and lower port ions of the  spectra  were recorded by 
introducing 256- and 2048- channels d i g i t a l  zero s h i f t s  
i n  the  ADC, respect ively.  

Fig. 7. Low energy cyc l i c  ac t iva t ion  gamma-ray spectrum from Mg 
r ing.  
prompt rad ia t ion  from the  29Mg(n,a) 21Ne reaction. 

The 350.89 keV photo eak is  a t t r i bu ted  t o  the  

Fig. 8. Low energy cyc l i c  ac t iva t ion  gamma-ray spectrum from 
A1 r ing.  
system. 

The 197.96 keV photopeak i s  from the  detector  

Fig. 9. Low energy background spectra .  The upper curve (closed 
c i r c l e s )  was obtained with a carbon r ing .  
curve was obtained with no sca t t e re r .  

The lower 
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