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Mn^* COINCIDENCE COUNTING FACILITY 

by 

A. DeVolpij K. G. A. Porges., 
and R. N. L a r s e n 

ABSTRACT 

A two-s tage absolute counting facility for la rge l iq­
uid sam.ples of aqueous Mn SO4J p r imar i l y intended for 
bet ter than 1% prec i s ion mieasurements of neutron source 
s t rengths by the "manganese bath" technique, is descr ibed 
h e r e . Two-l i ter samples a r e counted in a 7 7 coincidence 
a r r angemen t which great ly improves long- te rm reproduc­
ibility at some sacr i f ice in counting s ta t i s t i cs ; this s a c r i ­
fice iSj howcAz-er J l e ssened through anovel pulse-dis t r ibut ion 
scheme which allows full uti l ization of the output of each 
detector channel. The sys tem is cal ibrated on an absolute 
scale through another unit which counts aliquots of strongly 
act ivated samples mixed with liquid scint i l lator m a 47T^/7 
coincidence mode. The ent i re faci l i ty is designed to be r ead ­
ily adaptable to other radioisotope-counting r equ i r emen t s . 

I. INTRODUCTION 

As par t of exper iments which requ i re the absolute determinat ion 
of weak neutron intensities., a two-s tage counting sys tem has been devel­
oped chiefly to assay the activity of radioact ive solutions obtained from 
integrating neutron de tec tors of the manganese bath type. When a p r ec i ­
sion of be t ter than 1% is r equ i red of such a rad ioassay , long- te rm stability 
becomes an important considera t ion in determining the choice of detection 
sys tem. 

A survey of l i t e r a tu r e r e fe r r ing to the manganese bath technique 
has disclosed that cus tomary counting methods do not offer much hope for 
the requi red prec i s ion . In pr inciple , the Mn decay scheme (Fig. l)\^'-^l 
suggests severa l poss ibi l i t ies for activity analys is ; however, when a 640-
l i te r solution • as in the p resen t case - is activated by a re la t ively weak 
neutron sources a l a rge liquid sample is neededj which tends to rule out 
beta counting. Detection of light from Cherenkov radiat ion is reasonably 
efficient for upwards to 0.1 l i ter of 200-gm/ l i t e r manganous sulfate per 
2-in. cathode d iameter of a low-noise photomultiplier tube. Beta-
scinti l lation counting through di rec t contact of the solution with plast ic 
sc int i l la tors is complicated by light collection, surface a rea , and other 
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d i f f i cu l t i e s . E v a p o r a t i o n of a 2 - l i t e r s a m p l e y i e l d s a l m o s t 1 kg of powde r 
for a 2 0 0 - g m / l i t e r c o n c e n t r a t i o n of MnS04. U s e of t h e S z i l a r d - C h a l m e r s 

r e a c t i o n to s e p a r a t e c a r r i e r - f r e e 
ac t i v i t y su f f e r s f r o m an a b s o l u t e 
u n c e r t a i n t y of about 2% and a r a n g e 
of n o n r e p r o d u c i b i l i t y of about Z%.\^i 

Mn^^ (2 .58 h r . ) 

\ 
\ 
\ 

- ~ . ^ 0.33(1.2%) 

0.85(12.2%) 

X i.O»(gO.H%) 

\ 
2.85(66.2%) 

1.81 
(2C%) 

2 . 6 6 
(0 .2%) 

2. 10 
(12%) 

2 .52 
(1.2%) 

• 3 . 7 0 

- 3 . 3 7 

• 2 . 9 6 

- 2 . 6 6 

0 . 8 5 
(99%) 

2 . 9 5 
(0 .2%) 

3.37 
(0.2%) 

• 0 . 8 5 

Fe 

F i g . 1. D e c a y S c h e m e a f t e r L o w -
e n e r g y N e u t r o n A c t i v a t i o n 
of Mn^^ 

D i r e c t g a m m a count ing of a 
l iqu id s a m p l e i s f e a s i b l e , though it 
h a s to con t end wi th ga in d r i f t s , wh ich 
a r e an i n h e r e n t diff iculty in s c i n t i l l a ­
t i on coun t ing . When the d e c a y s c h e m e 
is s u i t a b l e , a s i s t he c a s e for Mn , 
the effect of a m p l i t u d e d r i f t s can be 
g r e a t l y r e d u c e d by r e q u i r i n g c o i n c i ­
dence b e t w e e n two s c i n t i l l a t i o n c r y s ­
t a l s at s o m e s a c r i f i c e in e f f ic iency . 
By c o m p u t i n g the r a t i o of the p r o d ­
uc t of the p u l s e - h e i g h t - s e l e c t e d 
s i n g l e - c h a n n e l coun t s N» and N-D 

to the g a m m a - g a m m a c o i n c i d e n c e count N A-D, one o b t a i n s a quan t i ty p r o ­
p o r t i o n a l to the d i s i n t e g r a t i o n r a t e N: 

N A N B 

N A B 
= N ( l +a)/.i 

T h i s r a t i o depends on the d e t e c t i o n ef f ic iency l a r g e l y t h r o u g h the s m a l l 
f ac to r a, which i s a l s o a funct ion of the d e c a y b r a n c h i n g f r a c t i o n s . A m o r e 
t h o r o u g h d i s c u s s i o n of t h i s f a c t o r , which in m o s t s i t u a t i o n s a m o u n t s to 
l e s s t han 0 . 1 , m a y be found in Append ix A, w h e r e the above equa t ion i s d e ­
r i v e d f r o m v e r y g e n e r a l c o n s i d e r a t i o n s ! The quan t i ty Ji i s chief ly d e p e n d ­
ent on g e o m e t r y , wi th a s m a l l p o r t i o n be ing s e n s i t i v e to p u l s e - h e i g h t 
s p e c t r u m . 

The c o i n c i d e n c e r e q u i r e m e n t , to be s u r e , r e s u l t s in c o n s i d e r a b l y 
w o r s e s t a t i s t i c s of the o v e r a l l m e a s u r e m e n t when s i n g l e - c h a n n e l eff i­
c i e n c i e s a r e low. O r d i n a r y c o i n c i d e n c e c i r c u i t r y d e l i v e r s useful coun t s 
only o v e r a s m a l l p a r t of i t s output s p e c t r u m , s ince one channe l of p u l s e -
he igh t s e l e c t i o n i s a s s o c i a t e d wi th e a c h d e t e c t o r . A p u l s e - d i s t r i b u t i o n 
s c h e m e , d e s c r i b e d in de t a i l in t h i s r e p o r t , o v e r c o m e s t h i s l i m i t a t i o n by 
m a k i n g a l m o s t the full s p e c t r u m a v a i l a b l e . With the a id of t h i s count r a t e 
doubling t e c h n i q u e , l e s s than 1% s t a t i s t i c a l e r r o r can be ob ta ined , for i n ­
s t a n c e , f r o m a c t i v a t i o n of a 1-c R a - B e n e u t r o n s o u r c e in a 2 5 - g m / l i t e r 
MnS04 so lu t ion c o n t a i n e d in a 4 2 - i n . - d i a m e t e r s p h e r e . 

G a m m a - g a m m a c o i n c i d e n c e count ing does not , h o w e v e r , r e s u l t in 
an a b s o l u t e m e a s u r e m e n t , p a r t l y b e c a u s e an unknown g e o m e t r y f a c t o r is 



introduced in o rder to obtain high counting efficiency from a 2- l i te r solu­
tion, and par t ly because branching in the decay of Mn is not known a c ­
cura te ly enough. Fo r this reason , the g a m m a - g a m m a counter is 
in te rca l ibra ted with another sys tem by comparing disintegrat ion ra t e s 
from a source of high specific activity. The la t ter sys tem, a 471 ^ / 7 coin­
cidence unit, is also descr ibed in this r epor t . 

The use of a two-s tage m e a s u r e m e n t p rocess affords a ce r ta in 
latitude in design of each unit. Thus, the ga rama-gamma coincidence setup 
was designed for re la t ive ly low background, optimum efficiency, and long-
t e r m reproducibi l i ty; on the other hand, high counting ra te capabi l i t ies , 
maximum efficiency, and appropr ia te prec is ion have been incorporated into 
the other section, a b e t a - g a m m a coincidence unit. A major par t of the 
e lectronic c i r cu i t ry is common to both uni t s , as will be descr ibed, effect­
ing a considerable economy. 

In the 7-7 sys tem, two 4 x 5-in. sodium iodide c rys ta l s a r e mounted 
so that a lmost 2 l i t e r s of solution can sur round the detec tors in an annulus. 
The solution can be poured in through tubing which e inerges from the lead 
shielding. Phototube signals a r e amplified and shaped in two doubly differ­
entiating ampl i f ie r s , the pulses a r e t imed from the zero c ross ing , selected 
in energy by two single-channel pulse-height ana lyzers , and finally placed 
in coincidence. Mn gammas have energ ies 0.845 Mev in coincidence with 
1.8 or 2.1 Mev. A delay, mixing, split t ing, and repeating art i f ice is used 
to pe rmi t counting the 0.845-Mev radia t ion from either c rys ta l and sti l l 
obtain valid coincidences with the l ines of higher energy from the opposite 
detector . 

The ^7 sys tem takes advantage of the fact that ^ emiss ion of Mn^ 
is 100% in coincidence with gamima emiss ion , and that most of the beta 
par t i c les have high energies (cf. F ig . 1). Aliquots of activated manganese 
solution a r e added to a liquid scint i l la tor which has a beta-detect ion effi­
ciency of about 98%, a background level (including noise) of about 1. 3 cps . 
and can with high accuracy cur ren t ly handle count r a t e s up to 10 cps. 
The accompanying gammia channel fea tures a 3-in. NaI(T'.) scint i l lator 
which makes use of the same e lec t ronic chain as the 7 7 de tec to r s . 

Convenient operat ion of the beta de tec tors at room t empera tu re 
with adequately low noise r a t e s was made possible by establishing a photo-
elect ron coincidence requ i rement between two photomultiplier tubes ob­
serving the sarae scinti l lat ion event. The pulses a r e fed direct ly from 
high-gain phototubes into a pair of tunnel-diode d i sc r imina to r s , b iased to 
accept pulses due to a single photoelectron, thence into a coincidence ana­
lyzer and subsequently into t ime analysis with the gamma channel. 

Daily, thorough checkouts of gain, t iming, scaling, and other aspects 
a re ut i l ized to ensure re l iable operat ion. These p rocedu re s , as well as 
methods of in terca l ibra t ion , of data accumulation and process ing , and of 



sample prepara t ion , a r e incorpora ted in this handbook. In addition, r e ­
sults of tes t ing and evaluation of the two sys tems a r e documented. All 
e lectronic and nonelectronic appara tus a r e descr ibed, including pe r fo rm­
ance of the c i rcu i t ry . Appendices contain (A) an examination of the 
coincidence equations, reveal ing the feasibili ty of h igh-s tabi l i ty 77count ­
ing, (B) dead- t ime and reso lv ing- t ime co r rec t ions , (C) a l i t e r a tu re survey, 
(D) da ta -process ing chain, (E) some useful tables concerning Mn decay, 
and (F) techniques of p repa ra t ion of manganese s ample s . 
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II. D E T E C T I O N A P P A R A T U S 

A. G a m m a - G a m m a S y s t e m 

T'wo 4 - i n . - d e e p , 5 - i n . - d i a m e t e r Nal (Tl ) c r y s t a l s a r e m o u n t e d a s 
shov/n in F i g . 2. The a r r a n g e m e n t w a s c h o s e n to o p t i m i z e co inc idence ef­
f i c i ency whi le a l s o allow^ing e a c h d e t e c t o r to v iew a s l a r g e a v o l u m e a s 
p o s s i b l e . The c o n t a i n e r , p l u s tub ing , h o l d s 1.85 l i t e r s of fluid. O r d i n a r i l y , 
t 'wo-fold c o i n c i d e n c e e q u i p m e n t i s d e s i g n e d to a l low e i t h e r p o i n t - s o u r c e 
g e o m e t r y o r 47T de t ec t i on by one of the d e t e c t o r s for r e a s o n s c o v e r e d in 
Append ix A. H e r e , h o w e v e r , a b s o l u t e d e t e r m i n a t i o n v^as s a c r i f i c e d in 
o r d e r to have as h igh a c o i n c i d e n c e ef f ic iency a s p o s s i b l e , g iven the u s e 
of tv/o a v a i l a b l e i n o r g a n i c c r y s t a l s . The fact tha t co inc idence eff ic iency 
in s o m e r e g i o n s of the c o n t a i n e r i s n o t i c e a b l y lov/er than in the c e n t r a l 
v o l u m e e n t e r s in to the r e s u l t only to the ex ten t of the Compton con t r i bu t i on 
to the 0 . 8 4 5 - M e v s p e c t r u m ; t h e s e c o n c l u s i o n s a r e s u p p o r t e d in Appendix A. 

INLET & VENT 

tUsi 

5-L 

OUTLET 

H -
%li\k\\\V 

LJ 

L I Q U I D 
REGION 

-l-g--

"0" RING 

NaJ aJl) 
CRYSTAL 

:̂m̂  
» = m 

2 8 

SUPPORT 

COOLING COILS 

P-M TUBE VOLTAGE 
DIVIDER 

FRAME 

F i g . 2. D e t a i l s of L iqu id C o u n t e r C o n s t r u c t i o n . ( D i m e n s i o n s in in.^ 

In o r d e r to o p t i m i z e the g e o m e t r y , the Nal (Tl ) c y l i n d e r s w e r e r e ­
m o v e d f r o m t h e i r o r i g i n a l c o n t a i n e r s and r e p o t t e d in 1 0 - m i l - t h i c k s t a i n l e s s 
s t e e l c a n s . The f lange a t the b a s e of e a c h can w a s d e s i g n e d to c lo se one 
end of a s e c t i o n o f -^ - - in . - th ick , 6- | - - in .-ID, Type 304 s t a i n l e s s s t ee l p i p e . 
The s t a i n l e s s c o n t a i n e r and f i t t i ngs , a s w e l l a s Tygon tubing, w e r e c h o s e n 
to p r e v e n t c o r r o s i o n by the a c i d i c so lu t ion and to p e r m i t e a s y c lean ing of 
the s y s t e m by f lushing . When r e p o t t e d in the t h i n - w a l l e d s t ee l can , a 
m i n i m u m a m o u n t of MgO re f l ec t i ng pov/der w a s u s e d in o r d e r to d e c r e a s e 
the d i s t a n c e bet-ween so lu t ion and c r y s t a l (which o r i g i n a l l y had been o v e r 

X m . , The mount ing f lange f r o m the a l u m i n u m H a r s h a w p a c k a g e w a s 
r e u s e d , but the top p l a t e -which m o u n t s a r o u n d the g l a s s op t i ca l c o u p l e r 
w a s m a c h i n e d f r o m s t a i n l e s s s t e e l . F i g u r e 3 shows the expanded s e c t i o n s 
c o m p o s i n g the can . The g l a s s coupl ing p l a t e w a s s e c u r e d wi th t r a n s p a r e n t 
a d h e s i v e , and the e n t i r e p a c k a g e w a s a s s e m b l e d and s e a l e d wi th epoxy by 
E l e c t r o n i c s D iv i s ion p e r s o n n e l in t h e i r d r y r o o m . The tv/o iden t i ca l c r y s ­
t a l s w e r e then i n s e r t e d in the o u t e r c o n t a i n e r . F i n a l l y , the e n t i r e r ig i s 



m o u n t e d , as shown in F i g . 2, in a f r a m e wi th s h i m s tha t t i l t the l iqu id con­
t a i n e r s l igh t ly to p e r m i t full d r a i n a g e and f i l l ing, and f u r t h e r p r e v e n t a i r 
p o c k e t s f r o m f o r m i n g (which would r e s u l t in u n p r e d i c t a b l e effect ive l iqu id 
v o l u m e ) . 

0" RING GROOVE 

F i g . 3. E x p l o d e d View of D e t e c t o r A s s e m b l y for 4 x 5-in. Na l (T l ) 
C r y s t a l s Used in L iqu id Count ing 
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The l iqu id c o u n t e r f r a m e , v/ith pho to t ubes moun ted on e a c h c r y s t a l , 
a s we l l a s vo l t age d i v i d e r s a t the b a s e of e a c h pho to tube , s i t s on a l e ad 
b a s e and i s e n t i r e l y s u r r o u n d e d by about 8 in. of l e a d sh ie ld ing , a s 
d e s c r i b e d be low. 

The p l u m b i n g s y s t e m i s s c h e m a t i c a l l y i n d i c a t e d in F i g . 4. In 
p r e p a r a t i o n for a count , a p p r o x i m a t e l y 2 l i t e r s of solut ion a r e p o u r e d into 
the 2 - l i t e r s t a i n l e s s s t e e l b e a k e r , f i l l ing the count ing v o l u m e by g r a v i t y 
flov/. A i r i s v e n t e d t h r o u g h the s t a n d p i p e , wh ich a l s o is u s e d to m e a s u r e 
the l iquid l e v e l in the tub ing . Af ter count ing , the so lu t ion i s d r a i n e d 
t h r o u g h the b o t t o m va lve into a 2 - l i t e r po lye thy l ene c o n t a i n e r . The e n t i r e 
un i t h a s b e e n r a i s e d about 8 in . off the f loor to a l low run-off into a s t a n d ­
ing bo t t l e . Al though t h e r e should be no t r a p p e d poo l s a f t e r d r a i n a g e , 
r e s i d u a l d r o p s of l iqu id m u s t be f lushed out by a t l e a s t two c o m p l e t e 
c h a r g e s and d i s c h a r g e s of o r d i n a r y w a t e r . The ins ide d i a m e t e r of the 
e n t i r e p l u m b i n g s y s t e m h a s b e e n kept above — in. to keep t r a n s f e r t i m e s 
down to a m i n u t e o r so . T h u s , it t a k e s about 5 m i n to empty , f lush t w i c e , 
and re f i l l . 
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F i g . 4. Shie lding and L iqu id F l o w A r r a n g e m e n t for 7 7 Counte r 

P r o v i s i o n w a s m a d e for m a i n t a i n i n g the d e t e c t o r s and p h o t o m u l t i -
p l i e r s a t c o n s t a n t t e m p e r a t u r e by m e a n s of cool ing co i l s wh ich s u r r o u n d 
the dynode r e g i o n of the p h o t o m u l t i p l i e r t u b e s and m a y be connec ted t h rough 
to a t h e r m o s t a t . The t e m p e r a t u r e of the count ing r o o m , which is o r d i n a r i l y 
m a i n t a i n e d v/i thin a few d e g r e e s by the a i r - c o n d i t i o n i n g s y s t e m , h a s thus 
far been s t ab l e enough to d i s p e n s e wi th t e m p e r a t u r e c o n t r o l . 
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Both in o rder to prevent heating and for access ib i l i ty r ea sons , no 
vacuum tubes or t r a n s i s t o r s a r e inside the shield. Coaxial cables convey 
DC voltages to dividers mounted close to the photomult ipl ier sockets ; 
anode signals a re t r ansmi t t ed direct ly to the p reampl i f i e r s through about 
2 ft of low-capacity (RG-114U) cable. 

B. Be ta -Gamma System 

After considering and testing var ious a l te rna t ives , a 47T liquid 
scintil lation counter was chosen for the beta channel. In this device, 

aliquots of aqueous solution from an 
i r r ad ia ted manganese sample a re 
mixed with liquid scinti l lator and 
poured into a counting vial (show^nin 
Fig . 5). Scintillations and Cherenkov 
light from this source a re viewed 
by two phototubes, optically coupled 
to the vial . 

Besides the two-tube liquid 
scintil lation detector on a horizontal 
axis , there is a 3-in. Nal(Tl) c r y s ­
tal ver t ica l ly under the scintillation 
sample, as shown in Fig . 6. The 
two EMI-6255S phototubes were 
canned in a special alignment jig 
with about 2 in. of g lass protruding 
at the cathode end. The threaded 
portion of each can is screwed into 
the scintillation housing; depth of 
the penetrat ion can be var ied. The 
scintil lation cell holder floats be -
tw^een the two phototubes in silicon 

fluid, large "O" r ings being used to seal the phototube penet ra t ions . The 
cell holder, sho^wn in detail in Fig . 7, has a removable horseshoe-shaped 
spacer . When in place the spacer locates the cell on the same horizontal 
axis as the two photomult ipl iers ; when removed it is possible to inse r t 
other types of phosphors , such as a p l a s t i c scint i l lator . 

Fig . 5. Pyrex Liquid Scintillation 
Cell (Dimensions in in.) 

A foam-rubber -cushioned lid gives access into the housing through 
the top. The lid p r e s s e s on a microsw^itch in s e r i e s with the input to the 
DC supply for j3-channel high voltage. Another such microsw^itch p r e s s e s 
against the lead shielding plug which mus t be removed in order to reach 
the liquid sample cel ls . Both switches must be closed for the high voltage 
to be on, thus preventing accidental light damage to the sensitive phototubes. 
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Sufficient silicon oil (index of refract ion close to 1.5 - about the 
same as the phototube g l a s s , the scinti l lat ion cell , and the liquid sc int i l ­
lator) i s introduced by means of a 20-ml hypodermic syringe into the 
scinti l lat ion cell holder to obtain good coupling between the vial and both 
phototube faces . A plenum is provided which mainta ins a r e s e r v e of oil 
against unavoidable depletion as sample via ls a r e withdrawn repeatedly. 
In ord inary u se , the chamber needs to be cleaned and refi l led about 
once a week. 

In o rder to c i rcula te cons tan t - t empera tu re a i r in the vicinity of 
the t empe ra tu r e - s ens i t i ve scinti l lat ion cel l , photocathode, and f i rs t dynode, 
the cell housing contains two threaded por t s for connection to a thermio-
stat. However, this step has not been indicated thus far by our exper ience. 

Voltage b leeders in miniboxes a r e at tached onto the phototube bases 
through Teflon sockets appropr ia te to this EMI tube. These boxes a r e 
sealed with black tape to safeguard the l ight-proofing. (Although the tube 
bases have been painted black, a few remaining pinholes make this ex­
ternal cover neces sa ry . ) F o r the same reason , the inside of the cell 
housing and the lid a r ea has been coated with black, nonreflecting pamt. 

The 3 X 3-in. Nal(Tl) c rys ta l , located directly under the housing, is 
in a s tandard package with a 3-in. photomult ipl ier tube and bleeder minibox 

To place a sample eel] in the counter, the following procedure is 
requi red : 

(1) The 10"lb lead top plug is lifted out of i ts fitted channel. (A 
microswi tch opens, disconnecting high voltage ) 

(2) The cell housing lid is removed (breaking the second m i c r o -
s^vitch connection). 

(3) The vial may be placed in the holder by grasping the thm neck 
of the cell . (Silicon fluid is immediate ly displaced, making 
good optical contact.) 

(4) The housing lid is rep laced snugly (closing microswitch) 

(5) The lead top plug is seated ( res tor ing high voltage upon 
microswi tch contact) . 

As in the other sys tem, the phototubes and thei r respect ive voltage 
dividers a r e the only e lec t ronic devices included within the shield. 

C. Shielding 

Shielding design for e i ther sys tem was based on somewhat different 
r equ i r emen t s which a re briefly d i scussed below. Potent ial local sources 



of radiat ion background which had to be considered include: (a) cr i t ica l 
facility located in the same building; (b) a multiple foil-counting facility 
located in the same room; (c) var ious other radioactive sources which 
might be brought into the room or building from time to t ime. F u r t h e r ­
m o r e , gamma radiat ion " c r o s s talk" between the 77 and ^ 7 detection 
units as well as added background m the relat ively unshielded foil 
counters , mentioned above, had to be effectively prevented by proper 
shielding and location of each unit F o r the beta detector , the radiation 
shield was also requ i red to improve overa l l integrity against light leak­
age; on the other hand, radiat ion background was relat ively l ess important 
as this detector usually counts strong sources with high efficiency. 

To mee t these r equ i remen t s the respect ive shields a re located 
about 4 ft apar t ; the ^7 unit is surrounded by 4 in of lead, and the 7') 
unit by 8 m. The shields a r e const ructed of s tandard 2 x 4 x 8-in. b r i cks , 
overlapped v^herever poss ib le ; all cable and plumbing penetra t ions are 
angled or stepped in such a way as to avoid a "beam hole" direct ly into 
a detector c rys t a l . The roof of the 77 shield is built over a steel plate 
which r e s t s on the f rame of the detector unit; the |37 shield, on the other 
hand, is built over a "unis t rut" skeleton which s imi la r ly supports the 
roof on a steel p la te . Additional shielding of —-in.-thick steel pipe was 
placed around each of the gamma-de t ec to r photoniultiplier tubes. Remov­
able, stepped plugs of 1-in. d iameter in the roof of the 77 unit, and through 
the side of the |37 unit, allow the p lacement of var ious sources in the vicin­
ity of the gamma de tec to r s , for purposes of cal ibrat ion or checkout, (in 
the 77 unit, the —-in. s teel outer casing of the liquid source container is 
still in terposed between the de tec tors and any source thus introduced.) 
The 67 shield a lso has a removable plug through the roof through which 
scint i l la tor via ls a r e inser ted , as desc r ibed previously. 

With this amount of shielding, gamima-de tec tor backgrounds a re 
down to the o rder of 1 cps per Nal c rys ta l inside a 10-20% pulse-height 
channel This background level is adequate for counting manganese bath 
samples ; hence no effort was made to bring do^vn the background to a 
level comparable "with the best cu r ren t p rac t i ce 



III. SIGNAL CIRCUIT CONCEPTS 

A. Gamma- Gamma 

The purpose of the 7 7 counting sys tem is to detect a relat ively 
weak activity contained in a l a rge liquid sample (approximately 2 l i t e r s ) 
with high background d iscr iminat ion and ex t remely constant detection 
efficiency. When a suitable decay scheme occur s , the las t -ment ioned r e ­
quirement can be met most easi ly by requir ing coincidence between two 
gamma detec tors viewing the sample , as d iscussed in m o r e detail in 
Appendix A. This makes the p roces sed counting information (product of 
s ingle-channel counts divided by coincidence count) a lmost ent i re ly inde­
pendent of inevitable fluctuations in detection efficiency, including e lec ­
t ronic fac tors , but reduces the total efficiency very strongly, since it is 
n e c e s s a r y to exclude mutually the range of pulse heights accepted by the 
coincident channels . Ordinar i ly , this impl ies a corresponding r e s t r i c t ion 
of the detector channels; the p resen t sys tem removes this r e s t r i c t i on 
e lectronical ly by redis t r ibut ing the pulses from both de tec tors into coin­
cidence and s ingle-channel output. The ra t ionale of this pu lse -
redis t r ibut ion sys tem may become c l e a r e r from a brief exposition of the 
p rob lems with a specific nuclide, Mn , 

In the decay scheme of Mn (see Fig . 1), over one- th i rd of all 
beta dis integrat ions leave the Fe nucleus in 3 .3- , 2 .9- , or 2.7-Mev ex­
cited s t a t e s ,* which then decay to the ground state a lmost exclusively 
through the 0.85-Mev level . The emit ted gamma spec t rum thus consis ts 
of a h igh-energy group and a low-energy group; just about all of the high-
energy photons a r e emit ted in t ime coincidence with low-energy photons; 
converse ly l / 2 to 2/3 of the low-energy photons a r e not emit ted in t ime 
coincidence with h igh-energy photons. The h igh-energy group can be 
readi ly separa ted by pulse-height selection; on the other hand, a channel 
which se lects the low-energy peak also inevitably admits a ce r ta in f rac ­
tion of the Compton "tai l" of the h igh-energy group of rad ia t ions . F r o m 
these var ious facts , it is readi ly apparent that, when weak sources a r e 
counted, the coincidence count ra te of a s t ra ightforward coincidence 
sys tem tends to be marg ina l . An improvement by a factor of two, achieve 
by miaking full use of the pulses del ivered by both de tec to rs , is therefore 
very useful. 

In pr inciple , severa l e lectronic schemes can be devised to sor t 
pulses in such a way as to use all of the coincidence component. A 
s t ra ight forward scheme, for ins tance, is shown in F ig . 8. In that sys tem 
the re a r e two pulse-height s e l ec to r s , one accepting the 2-Mev group and 
one set for 0.8 Mev, applied to each detector channel. The appropr ia te 
pulses a r e added and then p resen ted to the coincidence c i rcui t . This 

3ls 

The fractional population of higher excited s ta tes va r i e s roughly 
between l / 3 and l / 2 , as repor ted in the l i t e r a t u r e . 
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scheme obviously deinands careful alignment and excellent stability of all 
four ana lyze r s , as well as requir ing a la rge amount of electronic equip­
ment. (Additional c i r cu i t s , which would be required to allow short coin­
cidence gates and thus suppress accidental coincidences, a r e not shown.) 
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Fig. 8. Ful l -capabi l i ty Single-channel 
Detection Using Four Analyzers 
and Two Amplif iers 

If, on the other hand, one introduces sufficient delay into one of the 
detector channels, one can add the detector outputs and sort out pulse height 
groups in only two single-channel s e l ec to r s ; coincidence is then r ees t ab ­
lished by repeating the pulses in concordance with the initial delay. A 
sys tem of this type is depicted in Fig . 9; this is essent ial ly the method de­
scr ibed in this repor t . One should note that one of the two amplif iers may 
be omitted, as indicated in Fig . 10. Some comments concerning the r e l a ­
tive advantages and defects of these schemes are made below and in Sec­
tion VII-B. 

A simplified pulse h is tory for ei ther of the two delay-mixing-
repeat ing schemes is presented in Fig . 11. This figure specifically con­
s iders a situation in which coincidence is actually detected in the pair of 
Nal(Tl) c r y s t a l s . Analyzer A is adjusted for 2-Mev amxalitudes and ana­
lyzer B for the 0.8-Mev photopeak. The pulse from detector 2 is delayed 
enough to minimize overlap; the l inear amplifier or amplif iers a re 
assumed to be capable of handling this pulse t ra in . Each analyzer fires 
when the proper pulse shows up; then we r e s to re the t ime-coincidence 
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information by repeat ing the pulse with a separat ion t ime identical to the 
initial delay. By v i r tue of symraet ry , the r e v e r s e d detection occur rence 
sti l l yields a coincidence. The remainder of this section is devoted to de­
tai led considera t ions influencing the e lectronic design of the p resen t s y s ­
tem, which uses two ampl i f ie rs ; actual c i rcu i t s a re shown in Section V. 

Being commit ted to two specific ampl i f iers , it was then also n e c e s ­
sa ry to use an emi t te r - fo l lower between the delay and the amplif ier input, 
which is designed for a signal source of ve ry low innpedance (a condition 
which cannot be miet by pass ive c i r cu i t ry except at a la rge sacr i f ice of 
pulse height). F u r t h e r m o r e , the existing digital outputs were not sufficient 
to drive the n e c e s s a r y loads with a passive repea te r . Thus, a chass is 
which contains the low-level na ixer -sp l i t te r and a pair of pulse re i iea ters 
was designed to satisfy these two r e q u i r e m e n t s . Another important ad­
vantage of the active r epea t e r is that shape and height l o s se s in cable r e ­
flection can be readi ly compensated. RG 176 (ZQ = 2200^ ) is used for the 
bas ic delay and repeat ing functions. Adjusting the repeating cables to the 
c o r r e c t length is not difficult since they a re open-ended delay l ines , t h e r e ­
by permit t ing cutting and unpeeling from that end. 

B. Beta- Gamma 

The equii3ment for ^ 7 coincidence counting had to meet the 
following requiremients: (1) absolute accuracy , the chief concern; (2) capa­
bility of sustaining high dis integrat ion r a t e s ; (3) very high efficiency in 
the beta channel for Mn ; (4) smal l co r rec t ion factors for accidentals and 
dead- t ime effects; and (5) compatibil i ty with the 7 7 sys tem. 

The physical a r r angemen t has a l ready been descr ibed in Sec­
tion I I -B. Signals from the photomiultiplier anodes, after r e l e a se of at 
leas t one photoelectron at both photocathodes, enter into fast coincidence. 
Thus, a beta source of re la t ively low energy should requ i re photomulti |3liers 
of high conversion efficiency. Such tubes also generate a re la t ive ly strong 
the rmal noise cu r ren t and deixiand short coincidence gates to el iminate a c ­
cidental coincidences; in turn , the anode pulse r i se t ime and j i t ter must be 
somewhat shor te r than this gate in o rder to avoid loss of t rue coincidences. 
Noise reduct ion through cooling of the photocathodes is l imited by the ad­
ve r se effect of low t e m p e r a t u r e s on the naiscibility and optical p roper t i e s 
of the scint i l la tor m ix tu re . 

These difficulties can be avoided when the beta source has r e l a ­
tively high energy, as is the case with Mn^ , by t rading off some loss in 
convers ion efficiency against a considerable reduction in dark cur ren t 
with an "S" type photocathode. Available photomult ipl iers with "S" tyjae 
response and 1.7-in. photocathode d iameter , EMI-6255 S, were used in the 
p resen t beta detector . These tubes have the further ad-^'antage of develop­
ing enough gain to allow d i rec t connection of the anode to a tunnel diode 
d i sc r imina tor (about 0.25-v threshold) , but develop considerable t iming 



j i t t e r , having "venetian blind" dynode s t r u c t u r e s . The dark cu r ren t at 
room t empe ra tu r e (<0.01 | ia at 2000 a/ lumen) is however low enough to 
pe rmi t a lmost complete suppress ion with 50-nsec coincidence gates; thus 
the t iming j i t ter of the o rde r of 20 nsec has no dele ter ious effect. Despite 
the enhanced noise level (1000 c / s ) caused by re la t ively high voltage 
(2000 v) applied to each phototube, the beta-channel background ra te (noise 
plus radiation) is down to 1 c / s after ^^ coincidence. 

A m o r e ser ious difficulty with these tubes is the development of 
occasional satel l i te pu lses , possibly fromi positive ion feedback. Such 
af te r -pulses were suppressed in the p resen t sys tem by imposing 13-/isec 
pa ra lys i s after each count accepted by the |3|3 coincidence c i rcui t . This 
feature would begin to l imit use of the equipment for dis integrat ion ra t e s 
in excess of those which obtain in its p resent application (at most 10 dps). 

In o rder to match the RG-114 pulse cables , the phototube anodes 
have 185-ohm loads . Space-charge limiting between las t dynode and anode 
thus occurs at about 8 v, which has the useful effect of preventing possible 
double t r igger ing of tunnel diode d i sc r imina to r s with la rge pulses which 
occur without limiiting. The d i sc r imina to r output pulses a r e shaped with 
shor ted 50-ohm cables and then applied to the coincidence c i rcui t , whose 
input is para lyzed after every count for 5 jUsec. A slow coincidence output 
is fanned out into the singles sca le r ; a fast output is delayed for about 
1.8 fi.sec and then en te rs the final coincidence with the gaxnma channel. 

The gamma detector cons is t s of a Nal(Tl) c rys t a l coupled to a 
photomultiplier whose anode pulses a r e fed through a short cable to the 
preampli f ier of the undelayed 7 7 detector channel. By naeans of switches , 
further descr ibed below, the 0,8-Mev amplif ier , pulse-height se lec tor , and 
z e r o - c r o s s i n g t imer a r e "borrowed" from the 7 7 sys tem; the final coinci­
dence gate is thus approximately equal to the 50-nsec coincidence gate on 
the beta side plus the 300-nsec z e r o - c r o s s e r output. 

Against the possibi l i ty that higher count r a t e s might be requ i red of 
the beta sys tem, a 10-Mc p r e s c a l e r has been provided in the beta singles 
count channel. With pa ra lys i s removed, the p r e s c a l e r can yield an accura te 
count for low-energy beta e m i t t e r s , where extensive satel l i te production is 
not likely to occur . 
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IV. SIGNAL CIRCUIT OPERATION 

A. Gamma - Gamma 

This section p resen t s an exposition of signal routing in Fig. 12 and 
photographs of operat ion in Fig. 13, with explanatory comments . 
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The ent i re 77 facility can be tes ted with an on-line pulse genera tor , 
a 60-cycle m e r c u r y re lay type. The output of the pulse is attenuated and 
divided into two signals with pulse-height ra t io corresponding to the approx­
imate ra t io between the 0.8-Mev photopeak and the 1.8-2.1~Mev high-energy 
group of Mn^ . The pu l se r signals may be introduced by switches to the 
preainplif ier inputs; at the same t ime , high voltage is turned off to avoid 
feedthrough of cosmiic ray pulses . 

With the aid of a r eve r s ing switch, two pulse situations may be s i m ­
ulated; in the "high-low" position, a pulse of amplitude corresponding to 
the h igh-energy group is d i rec ted into preampl i f ier 1, while the pulse r e p ­
resent ing the low-energy photopeak is channeled into preampl i f ier 2; in the 
"low-high" position, the r e v e r s e situation applies - low into 1, high into 2. 

Channel 2 contains a 4-/j.sec delay; channel 1 is undelayed. Input 
into side 1 is at tenuated to raatch lo s ses in channel 2 delay line. 

After mixing, the signal is split into two identical output branches 
headed towards each amplif ier Since the electronic c i rcu i t ry throughout 
the m i x e r - s p l i t t e r cons is t s excKisively of emi t te r - fo l lowers to stabilize 
gain, there is some loss in pulse height. The output is shown in 
Figs . 13-(a) and (b). Pulse shapes a r e chosen to closely reproduce the 
cha rge - sens i t ive preampl i f ie r outputs for actual Nal(Tl) scint i l la tor input. 

Single-channel ana lyzers and z e r o - c r o s s i n g t imer s a re integral 
components of the two double-delay line differentiating amplif iers W'hile 
both ampl i f ie rs and z e r o - c r o s s e r s p r o c e s s all pulses , the analyzer labeled 
"A" se lec ts the h igh-energy group with a broad window and "B" the 0.8-Mev 
peak with a re la t ively nar row window. In order to obtain the best z e r o -
cross ing per fo rmance , gains in each amplif ier a re different. To improve 
overload conditions, the high-frequency response of the amplif iers was 
severe ly cur ta i led , as may be judged from Figs, 13 (c) through (f). One 
should note that, by careful tuning, the f i r s t pulse r e tu rns to the baseline 
well before the advent of the second. These photographs show the amplifier 
(which is identical with the pick-off c i rcu i t input) but not the actual d i s ­
c r imina to r input. There is an at tenuator in front of the A analyzer ; this 
pe rmi t s the gain of amplif ier B to be twice as grea t as A, allowing the A 
analyzer to be set about 10% with a 20% window and B at 33% with a 10% 
window. 

A we l l - t imed pulse in each channel is obtained from a coincidence 
between the z e r o - c r o s s e r and analyzer output These a re shown in 
Fig. 13 (g) through (i) for the two a r r i v a l sequences. Because of inherent 
delay in the s ingle-channel ana lyzer , the pick-off pulses have to be delayed 
at l eas t 100 nsec to obtain rel iable coincidences. To avoid loss of r i se t ime, 
this delay is made in a long-pulse t r a n s m i s s i o n cable ( R G / 1 1 4 , 185 SI) which 



can be matched to the co inc idence-c i rcu i t input without loss of pulse height. 
The fas t -coincidence output has the duration and timing of overlap. 

The fast output of the t iming coincidence c i rcu i t is passed to the 
r epea t e r which produces the pulses shown in Fig. 13, (j) and (k). Observe 
that the repeti t ion in terval is exactly the delay of channel 1 relat ive to 2. 
Actually, those pulses given in Fig. 13, (j) and (k) a r e f i r s t shunted through 
a pai r of fast d i s c r i m i n a t o r s , where they a r e further "squared off" and then 
clipped with a 50-ohm echo line to about 90 nsec; this width eventually de ­
t e rmines the final yy coincidence gate. 

Final adjustment of repeat ing t ime is made by carefully unwinding 
the end of the delay cable while observing pulses on the osci l loscope. As 
may be noted from photographs (l) and (m), this adjustinent, if carefully 
made , can produce very sa t i s fac tory and stable matching. Balancing 
channel A with r e spec t to channel B is possible by adjusting the length of 
t r a n s m i s s i o n line which br ings the z e r o - c r o s s e r signal into the t iming-
coincidence c i rcui t . Interchange of the a r r i v a l sequence of the low- and 
high-pulse groups leads to only a smal l shift in the final coincidence al ign­
ment . This is a sensi t ive indication of baseline r e s to ra t ion in the amplifier 
and is the final a rb i t e r as to whether delays a re balanced and repea te r 
clipping lines a r e cut to jus t one-half of the original delay in channel 2. 
To obtain photographs (l) and (m), the dual t race osci l loscope (Tektron­
ix 581 with type 82 plug-in) was t r i gge red with the final coincidence 
output "AB." 

The three coincidence c i rcu i t s used in the whole sys tem a re iden­
t ical ; each provides a 10-v "slow" output from a t r igge r pair which is used 
to dr ive 1-Mc s c a l e r s that requ i re about 5-v s ignals . Use is also made of 
the anticoincidence input on each unit to provide a long pa ra ly s i s . Photo­
graphs (n) through (p) show the at tenuated and delayed "slow" output pulses 
which a r e fed back to the anticoincidence input, as well as the d i rec t fast 
output for compar ison. Thus, s ignals going into coincidence AB have pulse 
widths of about 90 nsec but have dead t imes close to 5 jJ. sec. While this 
s t r a t agem inc rea se s the dead t ime cor rec t ion , it improves the overa l l 
accuracy of the sys tem, as explained in Appendix B. 

With a Mn^ solution in the liquid counter, the amplif ier outputs 
appear as shown in (q) and (r) . Here an effort was made to photograph 
some actual coincident events . 

B. Be ta -Gamma 

When ^7 coincidence counting is to be conducted, one amplif ier chan­
nel is "borrowed" from the 7 7 sys tem, as well as the coincidence c i rcu i t s , 
fast d i s c r i m i n a t o r s , and, of cour se , s c a l e r s . The two r e p e a t e r s , the other 
amplif ier channel, and the preampl i f ie r with subsequent 4-Usee delay a re 



switched out of grid. As the j37 mode has its own Nal(Tl) detector and 
high-voltage supply, the 77 high voltage is turned off to prevent background 
feedthrough. 

The liquid scinti l lation detector at the input of the beta channel has 
a l ready been d iscussed. In Fig. 14, photograph (a) exhibits the high-gain 
phototube outputs after the signals t r a v e r s e about 8 ft of RG 114. Riset ime 
is around 15 nsec (the tubes a r e inherently no faster than about 10 nsec). 
Note that signals a re l imited by space-charge effects; further, observe 
that the noise spect rum is visible in d i sc r imina tor A input but is absent in 
d i sc r imina tor B input: this is due to t r igger ing the scope on d i sc r imina­
tor A output, effectively displaying the envelope of coincident and noncoin-
cident pulses . Although not noticeable on this photo, there a re satell i te 
pulses t rai l ing along for severa l mic roseconds . A 13-/ isec pa ra lys i s , 
imposed as descr ibed above on coincidence output /5/3, was found to be suf­
ficient to reduce the sate l l i tes to l ess than 0.1% of acceptable pulses . 
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Soine gauge of t ime j i t t e r in the p channel may be obtained by 
exainining the d i sc r imina to r outputs synchronized with one of the s ignals , 
as shown in (b); t ime d i spe r sa l is not much m o r e than that of the pulse 
r i s e t i m e . 

Figure 14 (c) depicts afterpulsing on the signal which en te r s the 
^|S coincidence, while the lower t r ace r ep re sen t s the dead t ime which 
blocks the ^^ coincidence output. 

The 100-nsec signals from the ^£> coincidence go to a spl i t ter 
located in the 10-Mc p r e s c a l e r cha s s i s . After scaling by 2, one branch 
goes via a switch box to a s c a l e r - r e g i s t e r . The other (unsealed) branch 
is amplified to 6 v, driving a lmos t 2 jisec of RG 71, 9 3 - ^ cable (over 
1500 ft) in o rde r to center the beta event within the confines of the gamma 
pulse emerging from coincidence B. 

When the gamma photon is detected in the inorganic scint i l la tor , 
its e lec t ronic represen ta t ion is p r o c e s s e d through p reamp 1, the m i x e r -
sp l i t te r , and then amplif ier B, leading to a t imed pulse coming out of 
coincidence B. This signal is then diver ted to coincidence A, which a c ­
complishes the final analysis of JS7 corre la t ion . Photograph (d) of Fig. 14 
exhibits such events being t r i gge red on the slow 7 output. J i t t e r he re is 
of the order of 30 nsec . The coincidence c i rcui t f i res at a threshold of the 
o rde r of-|- v; thus, the total gate t ime (Tg + 'T y) is over 400 nsec . 

Shifting from 77 to ^7 can be effected ent i re ly by switching without 
reconnecting cables . In the i n t e r e s t of improved counting s ta t ics , it is also 
expedient to r e s e t the upper and lower levels on s ingle-channel analyzer B. 
The window is enlarged to about 20 v, while the 0.8-Mev photopeak is ma in ­
tained at the same location as in 77 counting. 
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V. ELECTRONIC DESIGN 

A. Digital Circui ts 

1. Digital Pulse Repeater 

The pulse r epea te r uses the reflection from a delay line to 
produce a second (repeated) digital pulse . The circui t is shown in Fig. 15. 
At the input, the 1-kf2 bias r e s i s t o r at Qj base also provides a terminat ion 
for the sending cable. When a negative pulse appears at the input, it goes 
through diode D^ and emi t te r followers Qg and Q3. The pulse at this point 
has lost some amplitude and " squa renes s , " so it is reshaped in the output 
stage. One-half of a pulse appearing at the emit ter of Qj is propagated 
down the 2200-fi delay line. Since this line is unterminated, the pulse is 
reflected uninverted fromi the open end and appears back at the sending 
end after a t ime of 2 T , where T is the delay of the cable in one direction. 
This reflected pulse sees an approximate Zg terminat ion of the cable 
(2.2 hQ) because diode D^ has become nonconducting and the reflected pulse 
is of the polari ty to back bias it even further. The reflected pulse is r e ­
shaped and amplified in the output stage. The position of the second pulse 
relat ive to the f i r s t is de termined by the length of the delay line. 

EMlTTEf? 
FOLLOWER 

Fig. 15. Digital Repeater 

2. Coincidence Circuit 

The coincidence c i rcui t is based on a design by R. Epstein and 
L. Welter of Argonne National Laboratory.(38) This c i rcui t has been de­
veloped as pa r t of a sys tem in which pulses to the coincidence circui t a r e 
generated by pulse s t andard ize r s . The c i rcui t is not suitable for being 
driven by sources capable of producing large overload pulses . 
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The coincidence front panel is shown in Fig. 16. There a re 
two coincidence c i rcu i t s and 3 power supplies mounted on one 3 j - i n . - h i g h 
panel. A top view of the chass i s is shown in Fig. 17. The pr in ted c i rcui t 
boards a re mounted direct ly on the input connectors to provide minimum 
lead length between the connector and the input t r an s i s t o r . 

143-839 
Fig. 16. Front Panel Arrangement of Dual Fas t - s low 

Coincidence Circuit 

I 1 

'1 

143-854 

Fig. 17. Chassis Layout of Dual Fas t - s low Coincidence Circuit 
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The c i rcui t is shown in Fig. 18 and the operation is as follows: 

Consider the tunnel diode ( T D ) and its 700-̂ "2 load, which a r e 
connected a c r o s s the -12-v and -3-v supply l ines . In the absence of cu r r en t 
fromi Qj, Qj, Q3, or Q4, the TD conducts sufficient forward cu r ren t to be in 
the high-voltage s ta te . 

Q2, Q3, and Q4 a re cu r r en t genera to r s whose combined cur ren t s 
flow into the tunnel diode. This cu r r en t flowing through the tunnel diode in­
su res that the net TD cu r ren t is m the r e v e r s e direction. Thus, the voltage 
a c r o s s the tunnel diode is a smal l r e v e r s e voltage. If all of the cu r r en t s 
a re cut off, the tunnel diode switches to the high-voltage s ta te . If all but 
one of the cu r r en t s a re cut off, the tunnel diode remains in the low-voltage 
s ta te . Any of the inputs may be disabled by placing the input switch for 
that input in the "not requ i red" position. This will quiescently cut off the 
cu r r en t through the t r ans i s to r instead of requir ing that an input pulse cut 
it off. 

The voltage pulse from the tunnel diode is t r ans fo rmer coupled 
(through emi t te r - fo l lower Qj,) to the long tail pair Q^ and Q^. There is a 
snriall s tep-up in voltage through the pulse t r ans fo rmer (approximately 
1.5:1). 

Qg is normal ly off and Q^ is on. A negative pulse r e v e r s e s this 
condition, sending c u r r e n t to Qg and producing a fast output pulse at the 
col lector of Q7. This pulse is always of the same width as the input pulse. 
The function of Qg is to p re sen t a ^'oltage pulse to the sca le r drive c i rcui t s 
(QIOJ Q9, Qii) Q12) without having a significant voltage pulse appear at the 
col lector of Q5. S u c h a p u l s e a t this point is undesirable because it is coupled 
through the Mil ler Effect back to Qg base , which slows the c i rcui t action. 

Qq and Q^Q form a t r igge r c i rcu i t The output from this t r igger 
dr ives cascaded emi t t e r - fo l lowers Qn and Q12. These s ea l e r -d r ive c i r ­
cuits a r e capable of operat ion at 4 Mc or l e s s . 

Qi, upon rece ip t of a negative pulse (anticoincidence), dr ives 
additional backward cu r ren t through the tunnel diode, preventing it from 
switching to the high-voltage s ta te , even in the p resence of coincidence 
inputs at t r a n s i s t o r s Qj, Q3, and Q4. 

Nominal values for the coincidence and anticoincidence input 
pulses a r e : 

amplitude -0.75 v 
duration 10 nsec or g rea t e r 
count ra te 10 Mc or l e s s 
slow input amplitude 12 v 
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143-1202 
Fig. 18. Fas t - s low Coincidence Circuit 



The c i rcui t will work for the following conditions as l imi t s : 

amplitude -0.5 v 
durat ion 5 nsec or g rea t e r 
count ra te 30 Mc or l e s s . 

3. Discr imina tor 

The d i sc r imina to r c i rcui t is shown in Fig. 19. Its operation 
is as follows: when the d i sc r imina tor level pot is set at zero percent , the 
emi t te r of Q2 is approximately ze ro voltage. Since the tunnel diode No. 1 
cathode is a lso at ze ro voltage there will be no quiescent cur ren t through 
the 600-n r e s i s t o r . Qj quiescently conducts approximately 9-8 ma , which 
is in the direct ion such as to switch TD No. 1 to its high state. Therefore , 
when an additional signal c u r r e n t of 0.2 m a is provided, TD No. 1 will 
switch. However, if the d i sc r imina to r level pot is set at 100%, all the 
quiescent cu r ren t of Q| will flow into Q2, which means that there will be 
zero cu r r en t through TD No. 1. In this case , a signal cu r ren t of 1 0 ma 
mus t be provided to switch TD No. 1 to its high s tate . 

The input stage is designed to have an input impedance of 200 fl 
This is provided by the 180-0 r e s i s t o r in s e r i e s with approximately 20 f2 
of the grounded base configuration of Q^. The input signals a re negative, 
which insu res that Q^ will always remain conducting, thus providing a 
re la t ively constant iinpedance at the input. Since the voltage on the 
emi t t e r of Qj is quite constant under signal conditions, a voltage pulse 
at the input will be t ransfor ined to a proport ional cu r r en t signal at the 
collector of Q|, This cu r r en t is then used to switch the tunnel diode cu r ­
rent d i sc r imina to r TD No. 1. 

TD No. 2 is a post d i sc r imina to r and shaper . It is t r iggered 
each t ime that TD No 1 switches . The width of the pulse froin TD No. 2 
is de te rmined by the 5 0-Q clipping line. The 2b-?L r e s i s t o r between the 
clipping line and TD No. 2 is needed to provide an approximate ZQ t e r m i n a ­
tion for the clip l ine. The output from TD No. 2 is shaped in the following 
stages which a r e identical to the output s tages of the coincidence circuit . 
It should be noted that the d i sc r imina to r is not ex t remely l inear , since this 
was not one of the r equ i r emen t s of this c i rcui t . In o rde r to provide bet ter 
l inear i ty , TD No. 1 mus t be biased by a cons tan t -cu r ren t source , which 
would involve the use of a few m o r e t r a n s i s t o r s that should be t empera tu re 
compensated. 

The d i sc r imina to r will operate with input pulses of 10 nsec . 
The maximum acceptable count r a t e is a function of the length of the clipping 
line, but the input s tage is capable of operat ion at 10 Mc. The useful dy­
namic range of input pulses is approximately 0.1 to 2 v. It will to lera te 
a 50-v pulse at the input without producing a f t e r -pu l ses . 



U i 

-I2V 

Q|2 
2NI499A 

•ho BNC 

-o) FAST 
/ OUTPUT 

143-1203 

+ IZV 

NOTES: 

I T, = 15 TURNS OF * 2 6 ENAMEL WIRE WOUND 

ON 208FI25-I02 FERROXCUBE TOROID 

15 TURNS 

\ 10 TURNS 

+ I2V' 
560 

0+3V 

#2 -^ #: 

TIN LEAD 

'3l l#l 

2 FAST OUTPUT DRIVES 50-". TERMINATED 
TRANSMISSION LINE. D.C IMPEDANCE TO 
GROUND AT END OF LINE MAY BE 0 TO 50 OHMS 

3 SCALER OUTPUT DRIVES TERMINATED 93-"-
TRANSMISSION LINE 

4 fAST OUTPUT MUST BE TFRMINATFO IN 50-^^ 
AT ALL 

Fig. 19. Tunnel Diode Discr imina tor 



The physical layout of the d i sc r imina tor is identical with that 
of the coincidence circui t . There a re two d i sc r imina to r s and three power 
supplies mounted on one 3 —-m rack panel. 

4. 10-Mc P r e s c a l e r 

A p r e s c a l e r was originally incorporated into the beta channel 
in o rder not to prejudice the m e a s u r e m e n t s through a dead time in the 
single beta-count channel, as mentioned above. 

5. Other Scalers 

Three s c a l e r s , ANL model No. S24A, a r e used for manual 
checkout. These units a r e remote ly controlled for g r ea t e r convenience 
with a dekatron t i iner , ANL Model No. 89 B, through additional re lays A 
single pushbutton thus r e s e t s al l s c a l e r s , r e g i s t e r s , and the t imer , and 
r e s t a r t s a count after a delay of 0 1 sec. The sca le r inputs may be 
switched over from the manual s ca l e r s to an automatic systena, descr ibed 
in a labora tory r epo r t (4) The la t ter sys tem can be p rog rammed for r e ­
peated counting at adjustable in te rva ls ; counts a r e punched out into IBM 
ca rds . The manual s c a l e r s , which a r e used chiefly for checkout routines 
(see next section), have been integrated with a dekatron t imer , by means 
of a simple a r r angemen t of re lays and switches, so a single pushbutton 
r e s e t s three s c a l e r s and r e g i s t e r s as well as the t ime r , and s t a r t s another 
count after an about 0 1-sec delay 

B. Detector Signal Circui ts 

This c i rcu i t rv includes the input mixer and spl i t ter , l inear ampl i ­
f ie rs , pulse-height ana lyze r s , and z e r o - c r o s s i n g timing c i rcui ts 

1. Analog Mixer and Spli t ters 

This c i rcui t is shown m Fig 20 The emi t te r follower bias 
r e s i s t o r has a r e s i s t a n c e of 2 2 kf̂  and also t e rmina tes the input cable. A 
pulse which appears at input 1, or point A, will appear at point B at tenu­
ated by 50%, since point C is held fixed by the low-output impedance of 
the emi t t e r follower. The same follows for a pulse which appears at in­
put 2. The pulse is split at the output of a th i rd emi t t e r follower. Thus, 
a pulse appearing at e i ther of the two inputs appears (50% attenuated) at 
both outputs 

2. Axnplifiers, Pu lse-he igh t Analyses , and Zero Grosse r s 

The ampl i f ie rs , Genera l Nuclear Corp. Model No. 108, a r e 
a lmost exact copies of the ORNL A-8 c i rcui t . As the units when del ivered 
contained a number of wiring mis takes and requi red fairly extensive 



changes in layout before they could be used, a few revis ions were made in 
the basic c i rcui t . More damping, for instance, was added in the output 
loop to improve overloading cha rac t e r i s t i c s at some expense in r i se t ime . 
Different tubes of bet ter power dissipat ion were used in the single-channel 
analyzer , resul t ing in a considerable improvement in stabili ty. The z e r o -
c r o s s e r c i rcui t , del ivered as a separa te unit, was incorporated in the main 
chass i s ; this made it possible to remove some of the very crowded compo­
nents from the z e r o - c r o s s e r subchass is and to replace the ra ther unsa t i s ­
factory negative bias supply of the la t ter with a tap into the negative supply 
available on the main chass i s . 

RG7I-U 

RG7I-U 22K 

L . 
HH-2000(RG-I76-U) 

APPROX. 4 M- SEC. 

NOTE. I ALL TRANSISTORS; 2NI499A 
2 BYPASS CAPACITORS S RFC COILS 

IN SUPPLY NOT SHOWN. 

143-1349 
Fig. 20. Mixer -sp l i t t e r 

The output pulses of the z e r o - c r o s s e r were sharpened by 
shunt-peaking and clipped very sharply through reduction of the coupling 
capacitor of the output t r igger pair ; the cur rent through this c i rcui t unit 
was at the same time increased so as to obtain output pulses of adequate 
he ight. 

A number of diodes were replaced with diodes of bet ter quality 
now available; r e s i s t o r s in some cr i t i ca l locations were replaced with 
prec is ion wire-wound r e s i s t o r s and /o r with r e s i s t o r s of higher wattage 
rat ing. 
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The clipping cables were separa te ly jacketed in external shields 
to remove some echoes from the tail end of the pulses (for repeated input 
pulses such echoes a r e , of course pa r t i cu la r ly objectionable). 

Another change which appeared to be desi rable was to reduce 
the gain of the f i r s t loop of the amplif ier . Many coinmercia l ly available 
ampl i f ie rs , it appea r s , tend to have too much gain for scintil lation applica­
tions, which means that input signals mus t usually be heavily attenuated. 
A reduction in gain obviously improves the feedback stability and, hence, 
seems advisable whenever the best possible stability is needed. 

Through these var ious m e a s u r e s the stability of performance 
of the ampli f iers was considerably improved. 

An in teres t ing and perhaps somewhat disappointing feature of 
operating these ampl i f ie rs with repea ted pulses is that much of the overload 
stability is lost when repeated osci l lat ions begin to appear at something 
like 20 to 50 t imes overload. This may well be due to the fact that the 
amplif ier is necessa r i ly verv sensi t ive to the repeti t ion frequency (250 kc 
for a 4 - / i sec delay), which may lead to, perhaps , forbidding difficulties if 
the pu l se - repe t i t ion scheme is a t tempted in a counting problem for which 
considerable overloading is unavoidable. 

A final change made in the c i rcui t s r equ i res a brief exposition 
of two p rac t i ca l difficulties inherent in the operat ion of z e r o - c r o s s e r 
c i rcu i t s : 

a. The two adjustable p a r a m e t e r s of the c i rcui t , the t h r e s ­
hold and the h y s t e r e s i s , a r e interdependent, but vary individually with 
the age of active e lements m the t r igger c i rcui t . As a resul t , the range 
over which the timing e r r o r falls withm cer ta in l imits is necessa r i ly 
smal le r than the full range of input pulse heights. Since the e r r o r becomes 
large very rapidly for pulse heights below, say 10 v, it is expedient to 
keep the z e r o - c r o s s e r threshold well above this value, allowing some 
change as vacuum tubes weaken 

b. In the p resen t sys tem, the timing e r r o r also becomes 
large near the high end of the pulse-height spec t rum. As d iscussed by 
Fa i r s t e in et a l . , w ° / the z e r o - c r o s s i n g point is the image of the t ime at 
which the input pulses r i s e to half their height; thus, any nonlinearity of 
amplif ier gain (which may occur long before saturat ion limiting) will 
cause a sys temat ic shift of the c ross ing point. 

For these r e a s o n s , counting with the highest prec is ion and 
stabili ty calls for a m o r e or l ess fixed window threshold, somewhere 
above the z e r o - c r o s s e r threshold , as well as a maximum window width 



below the region of increas ing tinning e r r o r . In o rde r to select different 
pa r t s of spec t ra with the pulse-height analyzer , it is then expedient to p r o ­
vide an at tenuator between amplifier output and analyzer input; such a t ­
tenuators were incorpora ted in our equipment F u r t h e r m o r e , it was 
neces sa ry to widen the maximum window from 10 to 20 v in order to 
accommodate the whole "high-energy" group, by rewir ing the potent iometer-
dividers controlling the window width 

C. DC and AC Power Supplies 

All the ampl i f i e r s , high-voltage supplies , and t r ans i s to r i zed c i r ­
cuits rece ive their AC supply from a Sorenson Model No. FRLD 750 voltage 
regula tor . This unit provides 0.35% dis tor t ion for a typical 2% line d i s to r ­
tion and at tenuates line t rans ien t s by a factor of 8 m l e s s than one cycle. 
Regulation accuracy is of the o rde r of 0.5%, according to rat ings by manu­
fac turer . Additional pickup reduction was obtained by placing fe r r i t e chokes 
in the DC supplies for the tunnel diode d i sc r imina to r s and the digital 
sp l i t t e r s . 

The phototubes on the Nal(Tl) c rys ta l s a r e operated from Fluke 
Model 409A high-voltage supplies . These units a r e ra ted at 3 ma, 0.01% 
regulation for a 10-v change in line voltage and 0.02% stabili ty per day 
after warmup. Since the phototube bleeders draw about-—-ma each, a d i ­
vider c i rcu i t was made up to supply both r e s i s t o r s t r ings from the same 
409A. The divider shown in Fig. 21 was constructed to provide fine control 
of both tubes in comimon, as well as adjustment of each phototube voltage 
over a wide range. Ceramic ro ta ry switches and l o w - t e m p e r a t u r e -
coefficient ( less than 50 ppm/°C) r e s i s t o r s and helipots were used 
throughout. 

The gamma channel in the [dy coincidence a r r angemen t has a sep­
a ra t e 409A providing cu r r en t througJi another 300-kO helipot for fine gam 
control It is by means of these high-voltage controls that gains a r e modi ­
fied in al l gamma de tec tors to compensate for day- to-day var ia t ions 

The two EMI-6255S phototubes in the beta channel draw their supply 
from a Fluke Model 405. This power supply readi ly provides the 2 ma and 
2200 V requ i red to obtain high gam, while maintaining 0.01% line regula­
tion and 0.005% per hour, 0.05% per day stabili ty after warmup. A divider 
which allows independent adjustment of each tube voltage, as well as the 
b leeders affixed to the base of each photomult ipl ier , a r e shown in Fig. 22 
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VI, EQUIPMENT OPERATION 

A. Daily Checkout 

1, Gamma-Gamma 

About 45 min to an hour each working day is devoted to a m o r n ­
ing checkout of both the 7 7 and ^ 7 counting sys tems . The tes t s a r e designe 
to inspect for malfunctions, gain changes, timing shifts, and stability. 

In order to es tabl ish continuity m operation, a check l is t is p r o ­
vided (see Fig. 23), which may be used to verify all set t ings. After a short 
period of exper ience , re fe rence to the l i s t no longer becomes necessa ry . 
The 7 7 mode is usually checked with the aid of the form in Fig, 24, A dual-
t r ace osci l loscope is set to view the t r igge red coincidence AB input with the 
pulse genera tor . A check m a r k is placed when switching the low-high 
sequence provides pu l ses , as in Fig, 13 (l) and (m). 

Next, by recording the number of counts m all th ree sca le r s for 
each pulse sequence, a fairly extensive t e s t of the counting sys tem is a c ­
complished. It is impor tant at this stage that the number of coincidence 
counts be equal to the number of counts in one of the two single channels 
(specifically, the lowest). 

The next task is to check the location of the 0,85 = Mev peak. 
This is c a r r i e d out with the aid of a Mn^ source , which happens to have its 
single line at an energy jus t under the 0,855-Mev peak of Mn^ , The half-
life of Mn'̂ * is about 300 days, A brief d i sc r imina tor bias curve is accumu­
lated in the vicinity of the peak. This is obtained from f irs t channel 1 with 
channel 2 switched out at the p r e a m p and then for channel 2, thus es tab l i sh­
ing that the gain of each channel is identical to the des i red extent, and that 
pulses f rom each c rys t a l will over lap. Some typical spec t ra a r e por t rayed 
in F igs . 25, 26, and 27, That there is essent ia l ly no less resolut ion when 
adding the two channels is indicated in Fig, 25, 

A note should be added concerning the poor resolut ion displayed. 
For Mn^^, this is l a rge ly the resu l t of poor geometry, since the radiation 
must pene t ra te a -j - in, s teel pipe and a l so is degraded by much scat ter ing 
ma te r i a l . Although Mn^ is inside the s tee l pipe, it is dissolved within two 
l i t e r s of water and i ts spec t rum is fur ther penalized by scat ter ing. Once 
tbe two channels a r e aligned, the total count with both channels switched on 
is obtained in o rde r to evaluate over lap with bet ter s ta t i s t i cs , Norinally, 
gain cor rec t ions of only 1% a r e neces sa ry , and there a r e many days when 
no adjustments at a l l a r e requi red . 
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i l g . 25. Mn̂ '* Spectra Used in Checkout 
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Fig, 26, Comiparison of Mn '̂* and Mn^^ Spectra 
(Mn '̂* Normalized in Pulse Height) 
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Fig . 27 
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A m p l i f i e r B 

60 8C 

CHANNEL NUMBER 

One f u r t h e r t e s t i s m a d e wi th the Mn̂ "̂  s o u r c e . As ind ica t ed in 
F ig , 26, the b i a s in a n a l y z e r A can be c h o s e n a s to avoid c o m p l e t e l y a l l 
counts due to the 0 .85 -Mev peak . When th i s b i a s is p r o p e r l y chosen , t h e r e 
should be no c o i n c i d e n c e s a t a l l due to the Mn̂ ** s o u r c e (but a few f r o m 
b a c k g r o u n d ) . A c c o r d i n g l y , the c h a n n e l A d i s c r i m i n a t o r is l o w e r e d un t i l 
the sudden o n s e t of c o i n c i d e n c e o c c u r s , and th is v-alue i s r e c o r d e d . N o r m a l 
o p e r a t i o n of the h i g h - e n e r g y c h a n n e l A i s a t 8.0%, wel l above the 57-% c u t ­
off i nd i ca t ed . 

In o r d e r to m a k e an a s s e s s m e n t of the c o i n c i d e n c e - c i r c u i t 
o p e r a t i o n , an Y ^ s o u r c e i s p l a c e d in p o s i t i o n for count ing. Th i s 100-day 
g a m m a s o u r c e h a s a conven i en t c o i n c i d e n c e be tween 0 , 9 1 - and 1,85-Mcv 
l e v e l s for sibout 90% of a l l d e c a y s . Only a s m a l l change in d i s c r i m i n a t o r B 
l oca t i on is r e q u i r e d to ob ta in an o p t i m u m count r a t e . F i r s t , a 1-min r u n 
i s m a d e , the e f f i c i enc ie s and d i s i n t e g r a t i o n r a t e being c a l c u l a t e d and c o m ­
p a r e d wdth p r e v i o u s r u n s . A l o n g e r run m a y be m a d e l a t e r du r ing the day 
when conven ien t . 

The nex t t e s t s wi th the Y ^ s a m p l e a r e c a r r i e d out by swi tching 
v a r i o u s togg les l o c a t e d on the c o i n c i d e n c e p a n e l s . By " 3 - F o l d " is nneant 
the i m p o s i t i o n of a t h i r d c o i n c i d e n c e r e q u i r e m e n t udien, in fact , only 



two pulses a r e enter ing the pa r t i cu la r unit; the re should be an immediate 
cessa t ion of coincidences, as the check m a r k s so a t tes t . 

If, in the final coincidence AB, ei ther A or B input is placed 
in "not requi red" posit ion, then the re should be d i rec t feedthrough of the 
single channel; this is the meaning of "2-Fold(A)" and "2-Fold(B)," There 
is a smal l difference in the dead t imes of the two coincidence output 
(~0,5 /isec), so that at very high count r a t e s one can expect a d iscrepancy. 
This pa r t i cu la r t es t has been ve ry helpful in indicating some shortcomings 
which have now been cor rec ted . At one timie overloading of the ampl i f iers 
was poor, a si tuation especial ly noticeable with l a rge background pu lses . 
Since the re was only l - / i s e c deadt ime in the d i rec t output for s ingles , but 
a lmos t 5 / isec for coincidences, ex t ra single pulses were appearing. This 
has been r emed ied by bet ter tuning of the ampl i f i e r s . 

The remaining two Y®̂  t e s t s de te rmine fea tures of fast and slow 
coincidence without the s imultaneous fas t -s low requ i rement . The number 
of AB counts in "2-Fold(F)" ref lects the number of coincident pulses hitting 
the z e r o - c r o s s c i rcu i t . This number should be equal to, but not much l e s s 
than, the lowest count r a t e of the two single channels . There a r e six pulses 
at the ze ro c r o s s for every one accepted in Channel B fas t -s low coincidence 
and 4:1 for Channel A. Channel B r a t e should be l a r g e r , since it needs 
higher gain in o rde r to f i re on 0.85-Mev events; Channel A pick-off t r i gge r s 
only on events above that energy. 

When the fast channel is no longer requi red , then the number 
of counts in A and B under "2-Fold(S)" should ag ree , within s t a t i s t i c s , 
or be not much m o r e than the counts obtained with the r e su l t s under 
"2-Fold(A)" or "2-Fold(B)" or be ~ of a 60-sec count, A higher r e su l t in 
Channel B would indicate that a few pulses a r e re jec ted on the bas i s of 
t iming. The re a r e only 11 coincidences in AB resul t , instead of perhaps 
— of 14, because the leading edges of the slow pulses a r e not p roper ly 
t imed for final AB coincidence; alignmient is based on fast pulse appearance . 

The fourth test ing ca tegory is background. F i r s t of all , this 
ensu res that the re is no significant r e s idua l activity or sources in the a r e a 
and that the re is no e lec t ronic pickup f rom other equipment. The "4-Fold" 
t e s t is made under s tandard operat ing conditions, whereas "2-Fold(A)" and 
"2-Fold(B)" again t e s t for a feedthrough d iscrepancy. Space is set as ide 
for record ing the r e su l t s of a longer background run when c a r r i e d out on 
the manual console. 

When the automatic equipment is to be used, a brief check is 
made with the pulse genera tor to ensure that pulses a r e going into the 
p rope r s ca l e r . After a Mn^ sample has been inse r ted in the liquid counter , 
a computation is made to a sce r t a in that counting efficiency is in the no rma l 
range . 



Severa l s u m m a r i e s of tes t data a r e maintained. A quick glance 
at the Y®̂  efficiency s u m m a r y provides a re l iable indication of any t rends 
in the single efficiencies or the dis integrat ion r a t e . These a r e further sup­
por ted by a log of "Mn^* counts in 30 sec" and the summary of Mn^ 
efficiencies, 

2, Be ta - Gamma 

On those days that ^y detection is to take place, a brief tes t 
s e r i e s is conducted, A 20% window is used in o rder to obtain high efficiency 
at reasonably low background; thus, the peak counting ra t e occurs at a lower 
d i sc r imina to r setting for analyzer B, even though the gain is about the same 
as for 7 7 counting. With the Mn^^ source , the peak is maintained at the 
21 j % level, A background check for 1 min is adequate to disclose possible 
spurious operat ion. An aliquot of Co , dissolved in a liquid scint i l la tor , is 
maintained as a r e fe rence s tandard for efficiency. The dis integrat ion ra t e 
and channel efficiencies a r e computed; in addition, the blocking pulse is r e ­
moved from the /B'̂  coincidence in o rder that a more valid m e a s u r e of the 
t rue efficiency may be obtained, as well as a s su rance of c o r r e c t operation. 

Finally, when a Mn vial has been placed in the chamber , the 
r e su l t s of an init ial run a r e r eco rded as the final r e fe ree , A log of Co and 
Mn re su l t s is a lso maintained for this mode of operation. The computed 
dis integrat ion ra t e for Co has been quite reproducible within counting 
s t a t i s t i c s , Mn^ beta efficiency has been consistently in the o rder of 98% 
and the gamma efficiency around 1,9%. 

B. Counting Routine 

1, Inter ca l ibra t ion 

Since the 77 sys tem is not completely independent of efficiency 
in the computation of N ^ N g / N ^ g , a p rocedure of inter cal ibrat ion is c a r r i e d 
out frequently. At p resen t , this is done every day, but as r e su l t s r each a 
re l iable pa t te rn , the inter ca l ibra t ion frequency will diminish to two or 
th ree t imes a week. 

A MnS04 sample , i r r ad ia t ed in the CP-5 rabbit , is dissolved in 
a dilute aqueous solution at a specific activity intended to yield around 
10'* ( d / s ) / 1 0 0 X in the late afternoon. A 50-X aliquot is quantitatively in t ro ­
duced to a liquid scint i l lat ion sample and 100 X to 2.000 l i t e r s of dist i l led 
v/ater. The pipett ings a r e c a r r i e d out with an u l t r amic robure t , or , more 
recent ly , with a p ipe t -bure t with re la t ive del ivery accuracy bet ter than 
0.1%. General ly , th ree scint i l lat ion and th ree water samples a r e made. 
Specific detai ls of the p rocedure a r e l is ted in Appendix F, 



The samples a r e then counted according to a p r e sc r ibed plan 
(see Table l) so as to yield about 10^ coincidences for each sample in the 
course of approximately 2 hr . The 7 7 counting of th ree samples ordinar i ly 
takes about 1 i hr and F.y counting of th ree samples l ess than -j- hr . The 
resu l t s a re then sent to the computer , where the appropr ia te calculations 
a re made; further information on the steps involved in handling this data 
a r e re legated to Appendix G. 

Table I 

(Mn* INTERCALIBRATION SCHEDULE 

Initial Rates 

rr 
N 

(d/s X lO-'l) 

4 

3.5 

3 

3 

2.5 

2.5 

Z 

2 

1.5 

AB 
(c/st 

70 

63 

50 

50 

45 

45 

36 

ISr 
N 

(d/s) 

2x Vfi 

1.8 X 104 

1.5 X 104 

1.5 X 104 

1.25 X 10^ 

1.25 X 104 

104 

36 104 

25 7.5 X 103 

Hr 
fc/Sl 

500 

450 

375 

375 

300 

300 

250 

250 

190 

rr 
standard 
Deviation 

m 

1/3 

1/3 

1/3 

1/2 

1/3 

1/2 

1/3 

1/2 

1/2 

Counting Time 

... • ... 1 ... 
101 
min 

25 

30 

36 

18 

40 

20 

50 

27 

36 

102 
min 

28 

35 

41 

20 

47 

23 

65 

31 

41 

103 
min 

34 

41 

47 

24 

63 

27 

88 

37 

47 

rr 
Totai 

Coincidence 
Counts 

105 

105 

105 

5 x 1 0 ^ 

105 

5 x l 0 4 

105 

5 x 10^ 

5 x l 0 4 

Counting Time' 

201 
min 

4 

5 

7 

5 

10 

7 

15 

9 

14 

202 
min 

4 

5 

7 

5 

10 

7 

16 

9 

15 

203 
min 

11 

17 

10 

16 

Total 
Counting 
Time" 
(min) 

97 

136 

160 

93 

1% 

106 

266 

138 

184 

* In all cases total ^ /co inc idence counts = 8 x 10* for 0.1% standard deviation. 

" Includes 15 min for total sample-cfianging time. 

It is n e c e s s a r y to flush out the 7-, liquid counter with w^ater at 
leas t twice in order to reduce res idua l activity to a smal l fraction. This 
r equ i res about 5 min, including time for refilling with the next counting 
sample. Time for changing scintil lation samples is about 1 min. 

As shown in Appendix B, there r emains , after computing the 
disintegrat ion ra te for "̂, "̂  detection, a cor rec t ion factor re la ted to the t rue 
ra te obtained in the 1:7 coincidence appara tus . The specific activity is 
determined by dividing the weighted mean disintegrat ion ra te for each 
sample by its aliquot volume. The rat io of the yy to 67 specific act ivi t ies 
is then obtained, and this resu l t is divided by 4; division by 2 is requi red 
in order to adjust the resu l t for the presca l ing factor of 2 in l:>^i counting; 
the other factor of 2 is used to c o r r e c t the double efficiency factors in the 
'/-/ equations. The existing ra t io of 1.23 is close to t7(l + o )Vgff/2.000; 
this implies that J7{1 + :>:)»^1.35. A log of these resu l t s is kept cur rent , and 
those data obtained since the las t modification of the equipment have an 
r m s spread of 0.67% for over 30 in terca l ibra t ions . 

The relat ionship between 2.000 l i te rs used in in tercal ibra t ion 
ve r sus the approximate 2 l i t e r s drawn from the bath is as follows: The 
liquid counter actually holds about 1.8 l i t e r s within the counting volume and 



immedia te tubing. The remaining liquid is re tained in the tubing which 
pas se s through the shield and for the mos t par t , in the beaker on top of the 
shield. Thus, there is an effective voluine (Veff) which is seen by the 
gamma sc in t i l l a tors , and this volumie is quite insensi t ive to the exact 
amount of liquid remaining in the shielded beaker . When the in terca l ibra t ion 
takes p lace , the same analys is holds t rue , but at this point it is important to 
dilute the activity to an exact volumie; yet the resu l t is applicable to Veff» 

Z, Manganese Bath 

It is intended that about 5 hr of each working day be devoted to 
counting samples der ived f rom the manganese bath. With a 1-hr checkout 
and a 2-hr in terca l ibra t ion , this is feasible; on days without an in t e r ca l ib ra ­
tion, a,dditional t ime may be devoted to the manganese bath. Usually, a 
manganese bath solution is counted for about one half-life (2.6 hr) . 

After at l eas t 1 hr of s t i r r i ng by a closed-loop pumiping p r o c e s s , 
a sample of volume approximate ly 2 l i t e r s is withdrawn and then ca r r i ed 
downstai rs tc the counting room. Information appropr ia te to decay c o r r e c ­
tions is recorded . 

Some r e su l t s based on a dilute concentrat ion (2 5 g / l ) of man­
ganese sulfate act ivated by a 1-c R a - a ~ B e source indicate an r m s deviation 
of 1% for 5 runs . 

The mos t significant counting efficiency to discuss is the number 
of coincidence counts/ sec ( r e f e r r e d to the s t a r t of actual counting) divided 
by the number of Mn^° d i s i n t eg ra t i ons / s ec in the sphere at saturat ion. This 
is 4 X 10"^ count /d is in tegra t ion for a 640-l i ter manganese bath. F r o m the 
in te rca l ib ra t ion p rocedure , one l ea rns that the efficiencies for counting 
2 l i t e r s in the count r a t e doubler ">'7 sys tem a r e A - 2 x 0.02b; 
B -̂  2 X 0.048, AB - 2 x 0.001, There is a 5-10 min lag between sample 
withdrawal and commencement of counting, 

3, Other Radioisotopes 

Although the 77 counter is r a t h e r l imited in t e r m s of isotopes 
that can be counted, the ^7 sys t em is quite ve r sa t i l e . Since timing by the 
z e r o - c r o s s e r is c losely re la ted to pulse height, one can only use the 7") 
mode without modification if the ra t io of gamma energies is about 
2 to 2 .5 :1 , (This applies to Y^^ and Na^*, for example.) One further r e s t r i c ­
tion would be that it is bes t not to int roduce long-lived radioisotopes into the 
counting chamber because of difficulty in flushing. On the other hand, a 
l" in, source hole is available for counting external sainples , although this 
suffers f rom attenuation by - j -m, s tee l surrounding the Nal(Tl). By either 
bypassing the m i x e r - s p l i t t e r (and r epea te r ) or by changing gain, window, 
and z e r o - c r o s s se t t ings , any type of 77 detection may be c a r r i e d out; in 
fact, by providing new inputs to the p r e a m p s , ex ternal de tec tors may be 
encompassed 



The /37 mode can accommodate a much wider range of active 
nuclides with a sp read in dis integrat ion r a t e s . Again, keeping in mind the 
r equ i rement s of pick-off c i rcui t adjustment, the 7 channel has reasonable 
latitude for differential or in tegra l se t t ings . The re i s , however, l i t t le room 
for changes in Nal(Tl) dis tance to scinti l lat ion vial , although this feature 
may be added in the future. The background level of this channel is i ts miain 
l imitat ion. When set for a ve ry broad region around the 0.85-Mev peak, 
7 background is about 1.5 c / s and coincidence background about 0,014 c / s . 
When opened up for Co counting (lower level around 0.6 Mev, in tegra l 
setting), gamma background goes up to 2.2 c / s and coincidence ra te by a 
factor of 10 (due to cosmic ray coincidences) . 

High in t r ins ic ^ efficiency (98% for Mn^^) and miodest background 
(1,5 c / s ) allows this single channel to be used even for noncoincident low-
energy isotopes , such as C . One must f i r s t find a chemical form com­
patible with a liquid scint i l la tor to obtain these high efficiencies, but 
exper ience , as indicated in the l i t e r a tu r e survey in Appendix C, has proven 
that a lmos t any nuclide can be incorpora ted for in terna l liquid scinti l lat ion 
counting. Moreover , t he re a r e supplemental methods , such as use of gels , 
Cherenkov counting, and foil counting with a p las t ic sc int i l la tor . 

For Cherenkov detection, we have dissolved active MnS04 in a 
counting vial filled with water and obtained 40% efficiency. In addition, we 
know from e a r l i e r exper ience that concentrat ions of 200 g / l , although 
slightly pink in solution, s t i l l approach that l imiting value. Counting of 
Na^* (1,39 /3 miax) has yielded 25% efficiency for an 11.8-ml solution contain­
ing 7 g of NaNOs; we have also managed to count an aqueous solution of 
0.3 g NaNOs with 96% efficiency when incorpora ted in a liquid sc int i l la tor . 

A p las t ic sc int i l la tor , shaped in a cylinder not much l a rge r than 
the scinti l lat ion vial , cut in two with a sma l l r e c e s s for a 1-cm^ foil, i ts 
plane lying on the hor izonta l axis between the two phototubes, provides 
73% efficiency for a 5-mil manganese foil. Our efficiencies a r e equal to 
or be t te r than those given by Loveridge,i^^ which is bas ical ly the sys tem 
upon which our setup is pa t terned. Somie typical efficiencies f rom that 
r e fe rence a r e abs t r ac t ed in Table II and compared with those we have ob­
tained. It appears that an augmentat ion of in te rna l scinti l lat ion sample ef­
ficiency is obtained from Cherenkov light genera ted in the g lass and coupling 
fluid. If sa t is factory sea ls can be made, we plan to use a liquid scint i l la tor 
as coupling fluid in o rde r to catch additional photons f rom long-range betas 
w^hich escape at the walls of the scint i l la tor vial . 



T a b l e II 

COMPARISON O F B E T A CHANNEL E F F I C I E N C I E S 

I s o t o p e 

M n " 

p 3 2 

Co6° 

Na24 

S c " 

B e t a E n d - p o i n t E n e r g y 
(Mev) 

2.8 (50%)1 
1.1 (30%) y 
0.7 (20%) J 

1.7 

0,31 

1.4 

0,36 

Our R e s u l t s 

98% 

99% 

93% 

98% 

95% 

L o v e r idge^^ ' 

96% 

98% 

85% 

97% 

87% 

4. B a c k g r o u n d and E n v i r o n m e n t 

N i g h t t i m e s and w e e k e n d s a r e u s u a l l y r e s e r v e d for b a c k g r o u n d 
m o n i t o r i n g . When the a u t o m a t i c r e a d o u t e q u i p m e n t i s a v a i l a b l e , count ing 
p e r i o d s of about 2000 s e c a r e c h o s e n ; the da ta a r e l a t e r i n s p e c t e d for s p u ­
r i o u s ef fects and then t a l l i e d to ob ta in the a v e r a g e for a l l t h r e e c h a n n e l s . 
Mos t of the t i m e b a c k g r o u n d i s r u n for the y / m o d e , but about once a w e e k 
a ^y r u n is m a d e . With the a u t o m a t i c da t a , it i s p o s s i b l e to o b s e r v e the 
a p p e a r a n c e of any r e s i d u a l a c t i v i t y not f lushed out. F o r a long weekend , 
we often l e a v e a fully a c t i v e s a m p l e in the c o u n t e r and follow i t s decay into 
b a c k g r o u n d l e v e l s (Mn^^ d e c a y s by a f ac to r of 10^ in a full day) . The da t a 
a r e p r o c e s s e d by the c o m p u t e r and s u b s e q u e n t l y p lo t ted , t h e r e b y t e s t i n g 
the l o n g - t e r m s t ab i l i t y of the a p p a r a t u s . 

In o r d e r to p r e c l u d e a s y s t e m a t i c e r r o r , s o m e b a c k g r o u n d s a r e 
ob ta ined d u r i n g the w o r k i n g day. T h e s e c h e c k w e l l wi th o v e r n i g h t and w e e k ­
end count r a t e s . 

T e m p e r a t u r e and h u m i d i t y a r e a l s o r e c o r d e d da i ly . 

A r e v i e w of one m o n t h ' s a c c u m u l a t e d b a c k g r o u n d i n f o r m a t i o n 
r e v e a l s the fol lowing: 

/3 = 1,562 ± 0.118 c / s ; 7 = 1,47 ± 0.15 c / s ; ,67 = 0,015 ± 0.001 c / s 

A = 1.58 ± 0,17 c / s ; B = 1.96 ± 0.10 c / s ; AB = 0.018 ± 0,001 c / s 

The e r r o r s a r e r m s v a l u e s . 



52 

With a source yielding 10^ n e u t r o n s / s e c in a 200 g / l manganese 
solution, s ignal /background r a t e s at the s t a r t of counting would thus be 
approximately: 

A = 1,7/1 with s i g n a l / e r r o r = I6 /1 

B = 2.9/1 with SS/l 

AB = 7/1 with 120/1 



VII. DISCUSSION 

A. E q u i p m e n t P e r f o r m a n c e 

i . G a m m a - G a m m a 

An e x t e n s i v e s e r i e s of t e s t s have b e e n c a r r i e d out to d e t e r ­
m i n e the d e p e n d e n c e of c h a n n e l coun t s and c o i n c i d e n c e r a t i o on v a r i o u s 
o p e r a t i n g p a r a m e t e r s . F o r s e v e r a l s e t t i n g s which s t r a d d l e the n o r m a l 
o p e r a t i n g r e g i o n , d i s i n t e g r a t i o n r a t e s have b e e n ob ta ined at s t a t i s t i c s of 
1/2% or b e t t e r . F i g u r e s 28 and 29 d e m o n s t r a t e tha t p l a t e a u s ex i s t in the 
n e i g h b o r h o o d of the 0 . 8 4 5 - M e v p e a k , which is s e t da i ly on each d e t e c t o r . 
A c c o r d i n g l y , changes in gain of ±5% in e i t h e r de t ec t i on channe l m a y be 
t o l e r a t e d b e t w e e n c h e c k o u t s . S i m i l a r r e s u l t s ob ta in for c h a n g e s in d i s ­
c r i m i n a t o r l eve l or window width . To e n s u r e r e l i a b i l i t y of c o i n c i d e n c e s , 
c u r v e s such a s F i g . 30 have been r u n . 

70 ec 
RELATIVE CHANNEL 1 HIGH VOLTAGE, 1 

F i g . 28 . 7'T D i s i n t e g r a t i o n Ra te as a Func­
t ion of C h a n n e l 1 High Vol tage 
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Fig. 30. 7 7 Delay Plateau 

Other evaluations, such as variat ion in fluid volume, confirm 
that the liquid counter is p r imar i ly sensit ive only to the 1.8 l i t e r s con­
tained and is adequately isolated from the 200 ml in the tubing and beaker 
outside the shield (see Fig . 31). Thus, the exact quantity of liquid drawn 
from the manganese bath is not significant, permit t ing use of an effective 
volume for calculat ions. 
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F i g . 31. I n s e n s i t i v i t y of 1 1 Coun te r to Liquid 
Volume (Capac i ty 2.00 L i t e r s ; 

An i m p o r t a n t t e s t which is s e n s i t i v e to m a n y eifectb is the 
o p e r a t i n g p l a t e a u ob ta ined a s a function of c o m m o n high vo l tage , that i s , 
the s ing le supply which g o v e r n s bo th c h a n n e l s . Th i s c o r r e s p o n d s to chang­
ing both d e t e c t o r ga ins s i m u l t a n e o u s l y . I he r e s u l t s of th i s i nves t iga t ion 
a r e r e v e a l e d in F i g . 'il. At th i s j u n c t u r e it is a p p a r e n t that a h i g h - \ o I t a g e 
supply with good r e g u l a t i o n i s n e e d e d and is emp loyed . 
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Possibly the mos t severe t e s t of the sys tem is obtained by 
allowing a very hot sainple to decay over many half- l ives until it reaches 
background level. This displays the adequacy of computer cor rec t ions 
based on assumptions inade (see Appendices B and D), as well as the ex­
tent of stability over a full day or so. F igures 33 and 34 a re the r e su l t s ; 
in Fig . 33 the slope is that of the cha rac t e r i s t i c Mn curve normal ized 
only at the in te rsec t with the ordinate . The computed weighted mean and 
probable e r r o r a r e drawn in Fig . 34. A s imi la r set of decay curves for a 
sample from a solution weakly activated by a Ra-Be source is presented 
in Fig . 35. 

0 2 4 8 8 10 12 14 X lO* 
TIME, sec 

Fig. 3L ~i 7 Decay Curves for 12 Half-l ives 
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when combined with information obtained from reco rds of 
count r a t e s of reference sources (300-day Mn and 90 day Y ) and with 

,56 
the computed values of s ingle-channel Mn efficiencies based on the coin­
cidence equations (see Appendix D), these data provide a s su rance of long-
t e r m reproducibil i ty in u se . 

Beta-Gannma 

Similar functional curves have been obtained for the absolute 
sys tem. The emphasis he re has been in showing that fair ly la rge fluctua­
tions in beta or gamma efficiency could be to lera ted while sti l l leading to 
invariant disintegrat ion ra t e s for Mn . This may be accomplished by 
varying the high voltage (see Fig . 36), the discrimiinator level (see 
F i g s . 37 and 38), the 7 window width (see Fig. 39), and the delay (see 
F i g s . 40 and 41). These indications of stabili ty a r e sustained by a decay 
curve of a lmost 3 half- l ives (see F igs . 42 and 43). 
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There i s , in addition, proof that resu l t s a r e insensi t ive to 
aliquot volume in the range of normal use , or to other factors involved in 
sample prepara t ion , such as liquid scint i l lator quenching and manganese 
concentration; however, a t r i a l - a n d - e r r o r procedure was requi red to find 
the optimal procedure for i r radia t ion , handling, dilution, and del ivery. It 
is for this reason that an appendix is included with details of the steps 
involved. 

To date, the main effort has been directed towards demonstrat­
ing the invariant cha rac te r of be t a -gamma operation. A lengthy p rog ram 
of compar ison with 471/3 counting is in p r o g r e s s . Careful cor rec t ion is r e ­
quired for the c r o s s o v e r s involved in the Mn decay scheme. 

Although liquid scint i l la tors tend to de te r io ra te after months 
of s torage, and although the Co betas have a ra ther low mean energy, 
consistent dis integrat ion ra tes have been collected for such a reference 
sample . 

The liquid scintil lation sys tem is ra ther ve rsa t i l e , as d i s ­
cussed e a r l i e r . There a r e occasions when thin deposits cannot be made 
with sufficient activity or when there a r e chemical difficulties in sample 



p r e p a r a t i o n for 47T/3 p r o p o r t i o n a l coun t i ng . In add i t ion , wi th o r wi thout the 
a id of s u p p l e m e n t a l p u l s e - s h a p e - r e c o g n i t i o n c i r c u i t r y j it is p o s s i b l e to 
count and d i s t i n g u i s h b e t w e e n b e t a s , a l p h a s , and f i s s i o n f r agmen t s . ' - ' 
H o w e v e r , when l a r g e a m o u n t s of m a t e r i a l a r e i n c o r p o r a t e d i n t e r n a l l y , one 
no l o n g e r b e n e f i t s fromi l e n g t h y r e g i o n s of s t ab i l i t y o r f r o m v e r y h igh ef­
f i c i ency . In s u c h c a s e s , s e c o n d a r y c a l i b r a t i o n s a r e often e s s e n t i a l , and 
p r o p e r c o n s i d e r a t i o n m u s t be g iven to the effect of s c i n t i l l a t i o n p u l s e s 
c a u s e d by i n t e r a c t i o n s o r i g i n a t i n g f r o m g a m m a e m i s s i o n , e t c . S i n g l e -
c h a n n e l coun t ing of c h a r g e d p a r t i c l e s i s f e a s ib l e wi th t h i s e q u i p m e n t ; in 
fac t , for l o w - e n e r g y r a d i a t i o n , the 13-/-isec d e a d t i m e m a y b e r e m o v e d , 
l e a v i n g only a 0A-jisec p a r a l y s i s c a u s e d by the p r e s c a l e r . 

F u t u r e u s e s of the e q u i p m e n t inc lude n e u t r o n - y i e l d i n e a s u r e -
m e n t s wi th Cf'' s p o n t a n e o u s f i s s i o n s and t h e r i n a l beana a c t i v a t i o n s of 
T T 2 3 5 

U s o u r c e s . 

B . C o m m e n t s on D e s i g n and P e r f o r m a n c e 

In the c o u r s e of d e s i g n i n g , t e s t i n g , i m p r o v i n g , and o p e r a t i n g the 
e q u i p m e n t d e s c r i b e d in t h i s r e p o r t , a n u m b e r of a l t e r n a t i v e mieans of s i g ­
na l p r o c e s s i n g w e r e s e r i o u s l y c o n s i d e r e d ; a t t he s a m e t i m e , f u r t h e r p o ­
t e n t i a l l y use fu l a p p l i c a t i o n s of the d e l a y - m i x i n g p r o c e s s i n g logic b e c a m e 
a p p a r e n t . S o m e b r i e f o b s e r v a t i o n s on t h e s e m a t t e r s m a y be a p p r o p r i a t e 
h e r e . 

The f i r s t g r o u p of c o m m e n t s c o n c e r n s the g a m m a - g a m m a e l e c ­
t r o n i c s . As a l r e a d y m e n t i o n e d , the s y s t e m d e s c r i b e d in t h i s r e p o r t w a s 
spec i f i c a l l y d e s i g n e d to m a k e u s e of two a v a i l a b l e a m p l i f i e r - s i n g l e -
c h a n n e l a n a l y z e r s of v e r y good s t a b i l i t y and o v e r l o a d c h a r a c t e r i s t i c s . If 
a m p l i f i e r s p e c i f i c a t i o n s a r e u n r e s t r i c t e d , t he d e l a y - m i x i n g schemie would 
in p r i n c i p l e a l low one to u s e only a s i n g l e a m p l i f i e r and z e r o - c r o s s e r , 
wi th two p u l s e - h e i g h t s e l e c t o r s . One cou ld f u r t h e r r e p l a c e the m i x e r -
s p l i t t e r input s t a g e wi th a p a s s i v e n e t w o r k , to inaprove the o v e r a l l ga in 
s t a b i l i t y , and l i k e w i s e r e p l a c e t h e r e p e a t e r wi th a p a s s i v e n e t w o r k in the 
i n t e r e s t of e cono iny and s i m p l i c i t y . 

The d e s i g n of p o s s i b l e p a s s i v e n e t w o r k s for m i x i n g (and sp l i t t ing) 
p u l s e s a t the input of t h e a m p l i f i e r (or a m p l i f i e r s ) m u s t m a t c h output i i n -
p e d a n c e s of p r e a m p l i f i e r s and input i m p e d a n c e s of a m p l i f i e r s to the i m ­
p e d a n c e of a v a i l a b l e d e l a y c a b l e s of a d e q u a t e bandwid th , a s we l l a s to 
p u l s e c a b l e s wh ich i n t e r c o n n e c t u n i t s . By p r o p e r l o c a t i o n of the n e t w o r k , 
long i n t e r c o n n e c t i n g c a b l e s can be p l a c e d w h e r e they do not affect the 
p u l s e s h a p e . A t t e n u a t i o n due t o the n e t w o r k i s not i m p o r t a n t , s i n c e enough 
t o t a l ga in i s a l w a y s a v a i l a b l e in the a m p l i f i e r and p r e a m p l i f i e r . D i s t o r ­
t ion of p u l s e s h a p e s , and a p p e a r a n c e of s m a l l s a t e l l i t e s due to d i s t r i b u t e d 
c a p a c i t a n c e s and i n d u c t a n c e s a r e , however . , m o r e s e r i o u s ^ and would have 
to be e l i m i n a t e d by c a r e f u l l ayou t and c o m p e n s a t i n g n e t w o r k s . T h i s r a t h e r 



laborious task would improve overal l stabil i ty to the extent to which a 
purely pass ive element is more stable, in the long run, than any c i rcui t 
component, however carefully designed, which includes active e lements . 

The splitting and repeating 
of the digital pulses at the output 
of the two pulse-height se lec to rs 
could, s imi la r ly , be per formed by 
pass ive e lements ; in this case , 
attenuation is apt to be more of a 
nuisance than dis tor t ion and small 
sa te l l i tes . Two simple pass ive 
c i rcu i t s , for input mixing and for 
output repeat ing, respect ively , a re 
shown, for the sake of i l lustrat ion, 
in F ig . 44. 

When the equipment is in­
tended for very low count r a t e s 
only, the z e r o - c r o s s i n g circui t can 
be dispensed with; in that case , in­
stead of using r e p e a t e r s , the d i s ­
cr iminator output miay simply be 
lengthened to extend slightly be ­
yond the delay, resul t ing in an 
overal l sys tem of great simplicity. 

As concerns the choice of 
amplifier clipping and bandwidth, double differentiation c lear ly has the ad­
vantage of improving the re tu rn of the t r a c e to the base line, while usually 
lengthening the n e c e s s a r y delay of the second pulse with respec t to the 
first one. The delay, in turn , r esu l t s in attenuation - which can be comi-
pensated by adjusting the high voltage on the photoniultiplier whose output 
is delayed - and in distort ion of the pulse shape. For th is , as well as 
other r ea sons , a de lay-mix sys tem of count ra te doubling may not be suit­
able when good pulse-height resolut ion is a p r ime requis i te . On the other 
hand, when resolut ion is relat ively unimportant , single delay-l ine clipping 
may be feasible; the pulse separat ion could then be reduced by a factor of 
two. Ultimately, pulses might be clipped very sharply, and delay t imes 
thus cut down to severa l hundred nanoseconds, allowing use of ord inary 
pulse cable for all delays throughout the sys tem. The considerably bet ter 
bandwidth of such cables would resul t in improved sharpness of t iming, 
allowing coincidence gates to be nar rowed to the point where the accidental 
t rue coincidence rat io is insignificant at the highest prac t ica l count r a t e s . 
The ul t imate l imit of clipping beyond which the resolut ion becomes inade­
quate is imposed only by the detector pulse r i s e tiixie, since stable ampl i ­
f iers of bandwidth up to 50 Mc have become available recently. 

PASSIVE MIXER FOR ANALOG SIGNALS 

Ri z'o 

R|=Zc-Zo 

R2- l -Zb=fR34-ZI)Zc/(R3+ZI- ic/2) 

Z0= PREAMPLIFIER OUTPUT IMPEDANCE 

Zi =AMPLIFIER INPUT IMPEDANCE 

¥ 
Hc-2i 
A A A — _ » COINCIDENCE 

PASSIVE REPEATER FOR DIGITAL PULSES 

Fig . 44. Some Pass ive Network 
Concepts for Mixing, 
Splitting and Repeating 
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The add i t i on of p u l s e doubl ing and s o r t i n g c i r c u i t r y does not i n t e r ­
f e re wi th o c c a s i o n a l u s e of t h e s y s t e m , o r p a r t s of the s y s t e m , wi thout 
doubl ing , if a few s w i t c h e s a r e a r r a n g e d to d i s a b l e the doubl ing funct ion. 
The gamima channe l b o r r o w e d for the b e t a - g a m n a a c o i n c i d e n c e s y s t e m 
d e s c r i b e d in t h i s r e p o r t i l l u s t r a t e s one of m a n y p o s s i b l e a r r a n g e m e n t s of 
t h i s s o r t . F u r t h e r i n o r e , p a r t of the doubl ing c i r c u i t r y m a y be c o m b i n e d 
with add i t i ona l un i t s to c o n s t r u c t o t h e r use fu l s y s t e m s , such a s , for in ­
s t a n c e , a s u m - c o i n c i d e n c e s p e c t r o m e t e r . 

A m o d i f i c a t i o n of the d e l a y - m i x t e c h n i q u e m a y be usefu l in l iqu id 
s c i n t i l l a t i o n coun t ing : when p h o t o n i u l t i p l i e r s a r e u s e d whose gain i s not 
l a r g e enough to d e l i v e r s ing le e l e c t r o n p u l s e s d i r e c t l y to a d i s c r i m i n a t o r 
( say , 200 m v ) , the anode s i g n a l f r o m one tube m a y be s l igh t ly d e l a y e d and 

m i x e d with the s igna l f rom the o the r t ube , the 
c o m b i n e d s igna l fed to a s ing le a m p l i f i e r and 
d i s c r i m i n a t o r , the d i s c r i m i n a t o r output sp l i t , 
one b r a n c h de l ayed , and both fed to a c o i n c i ­
dence c i r c u i t ( see F i g . 45). Th i s s t r a t a g e m , 
to be s u r e , r e s u l t s in an i n c r e a s e by a fac tor 
of t h r e e of the a c c i d e n t a l co inc idence r a t e ; 
h o w e v e r , wi th p u l s e s of 5 - 1 0 - n s e c width, a c c i ­
den t a l s would s t i l l be neg l ig ib le at r e l a t i v e l y 
h igh count r a t e s . F u r t h e r c o m m e n t s on l iquid 
s c i n t i l l a t i o n count ing e l e c t r o n i c s a r e m a d e be low. 
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Fig. 45. Delay-mixiug-splitting-
repeating Technique 
Applied to Single-
channel Liquid Scintil-
la tio n C oun tin g 

The r e l a t i v e a d v a n t a g e s of the d e l a y -
naix s c h e m e in c o m p a r i s o n with two s e p a r a t e 
s ing le c h a n n e l s on e a c h d e t e c t o r , fol lowed by 
add i t ion of a p p r o p r i a t e outputs and c o i n c i d e n c e , 
inay now be b r i e f l y d i s c u s s e d . Al though no p e r ­
f o r m a n c e f i g u r e s have b e e n ob ta ined for the l a t ­
t e r s y s t e m , o t h e r t e s t s show tha t channe l gain 
in s t ab i l i t y is by far the l a r g e s t con t r i bu t ing 
f ac to r to c o i n c i d e n c e - r a t i o f luc tua t ion . The ad ­
di t ion of two m o r e s i n g l e - c h a n n e l s e l e c t o r s , 
whose l e v e l and window m u s t be a b s o l u t e l y 

s t a b l e , t hus a p p e a r s to be i n h e r e n t l y l e s s d e s i r a b l e than the addi t ion of the 
r e l a t i v e l y s t ab l e d ig i t a l c i r c u i t s which p e r f o r m the t i m e r e a l i g n m e n t ; 
f u r t h e r m o r e , f r equen t exac t a d j u s t m e n t of four s ing le channe l s m a y be 
s o m e t h i n g of a n u i s a n c e in the long run . On the o the r hand , t h i s s c h e m e 
would a c h i e v e s l igh t ly b e t t e r r e s o l u t i o n , for r e a s o n s naent ioned above , and 
b e h a v e b e t t e r u n d e r s e v e r e o v e r l o a d i n g . Whe the r a d e l a y - m i x s y s t e m of­
f e r s an e c o n o m i c advan t age o v e r a f o u r - c h a n n e l s y s t e m is difficult to 
a s s e s s , a s both r e l a t i v e l y i n e x p e n s i v e , t r a n s i s t o r i z e d , s i n g l e - c h a n n e l a n a ­
l y z e r s and d ig i ta l c o m p u t e r c i r c u i t r y a r e b e c o m i n g i n c r e a s i n g l y a v a i l a b l e . 
The d e l a y - m i x i n g s y s t e m a l l ows m o r e s cope for useful i m p r o v e n n e n t s , 
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such as ant i -pi leup c i rcu i t s and self-contained pulse t iming of z e r o -
c ross ing or other type, which improve the accuracy of deadtime 
co r r ec t ions . 

We consider now some of the problems of the beta liquid scint i l la­
tion counter . In pr inciple , a single photoniultiplier and fast d i sc r imina tor 
a r e sufficient to count all events which resu l t in the emiss ion of at l eas t 
two e lec t rons from the photocathode within a t ime of the o rde r of the 
t r ans i t t ime j i t ter of the tube and re jec t d a r k - c u r r e n t single e lec t rons . 
This impl ies , however, that the light emitted by a scinti l lat ion is as ef­
ficiently collected by a s ing le - tube-p lus - re f l ec to r sys tem as by two tubes , 
that the gain of the tube and the discrimiinator level a r e very constant , a l ­
lowing re l iable re ject ion of single e lec t rons and acceptance of more than 
one e lect ron, that no af terpulses occur , and that the da rk -cu r r en t , two-
e lec t ron pileup is negligible in compar i son with the des i red signal count 
r a t e . In p rac t i ce , it is found that light collection is never quite as ef­
ficient for single tubes as for two-tube a r r a n g e m e n t s , that fast; s table 
d iscr iminat ion between single and mult iple e lec t rons is very difficult, that 
l a rge light pulses r e su l t in af terpulses of mul t i - e l ec t ron height, and that 
available phototubes of low t ime d i spers ion produce an appreciable two-
elec t ron pileup, even with a few-nanosecond pulse clipping. The las t r e ­
m a r k r e fe r s to room t e m p e r a t u r e ; it tu rns out, however , that organic 
sc in t i l la tors compatible with an appreciable admixture of aqueous solution 
becomie opaque when cooled to a t e m p e r a t u r e at which the dark cu r ren t of 
the phototube is reduced significantly. Light couplers which would allow 
cooling the tube but not the sc int i l la tor again reduce the l ight-col lect ion 
efficiency. An important r eason , however, which makes a coincidence 
scheme an improvement over a s imple pulse-addi t ion scheme is the p r e s ­
ence of numerous af terpulses following a la rge light pulse , due to beta 
pa r t i c l e s near the upper end of the spec t rum. 

Such af te rpulses , whether due to positive ion or to light feedback, 
a r e miniraized by the Venetian blind s t ruc tu re and opaque coating of the 
EMI 6255-S tubes used in our beta counter; other types of tubes presumiably 
a r e not likely to give be t te r r e s u l t s . Since the af terpulse r a t e i nc r ea se s 
rapidly with mult ipl icat ion, relief might be sought through reduction of 
tube gain and wideband amiplification between mul t ip l ie r and d i sc r imina to r . 

Fo r the r eco rd , an abor ted e a r l i e r effort to obtain high efficiency 
and good stabili ty for liquid counting is summar ized . This was by means 
of Cherenkov- |3/Nal(T 1) -7 coincidences . Five low-noise phototubes, each 
with gain capabil i t ies of be t te r than 4 x 1 0 , were obtained from EMI, Dark 
cu r r en t s ranged from 0,002 to 0.010 /ia and p r o p r i e t a r y " t r i t ium ra t ings" 
were 90/8 to 90/20. The photocathodes prot ruded into a 1-in. annulus 
which surrounded a single 4 x 5-in. sodium iodide c rys t a l (see F ig . 46), It 
has been previously de termined that the maximium range for light collection 
from a manganous sulphate solution of 200 g / l i t e r was about 1 cm. The 
l ight -absorbing dis t r ibut ion of the slightly pink solution a r e p resen ted in 
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Fig. 47. Because the re existed reasonable t r ansmis s ion in the ul t raviolet , 
only quar tz- faced photoniultiplier tubes (EMI 6255S) were used, since 
Cherenkov light is emit ted as l/X^ in this region. Operation was at room 
t empe ra tu r e with no ant i -noise coincidence requi rement . 
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Fig. 47. Absorbance of Manganous Sulphate 
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The efficiencies obtained at f i rs t appear relat ively impress ive ; 
for a 1.8-liter solution we found: 

beta: 2.4% with 4.9 c / s background for all tubes added. 

gamma: 5.8% with 0.85 c / s background for a full-width window 
on the 0.85-Mev peak. 

be ta -gamma coincidences: 0.35% for 0.02 c / s background ra te . 

However, abandonment of this miethod was found necessa ry due to 
the poor stabili ty distr ibution of the disintegrat ion r a t e s . In the vicinity of 
the beta bias setting, a slope of 3% disintegrat ion ra te per 10% beta ampl i ­
tude change resul ted . In F ig . 48 a steep slope for the Mn Cherenkov d i s ­
tr ibution indicates that there was no inherent region of plateau operation, 
as is the case for the present gamma-gamma coincidence mode. The 



failure of efficiency t e r m s to cancel is a t t r ibuted la rge ly to the fact that 
Cherenkov photons were col lected from only 500 ml of the fluid at bes t . 
This leaves a la rge mult ipl icat ive factor to am.plify res idual efficiency 
dependent t e r m s a r i s ing from the "poor geometry" situation presented 
h e r e , as far as the coincidence equations (see Appendix A) a re concerned. 

S ,0^ -
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Fig. 48. Cherenkov Counter Integral 
Bias Curves 



VIII, SUMMARY 

It is now possible to obtain consis tent r e su l t s in the assay of rad io­
active MnS04 solutions, enabling extended m e a s u r e m e n t s of neu t ron-source 
s t rengths which lead to r a the r weak act ivat ions . Although counting t ime to 
obtain a given level of s ta t i s t ica l confidence is extended, sys temat ic e r r o r s 
a r e l e s s likely to affect the de terminat ion . Cal ibrat ion procedures a r e st i l l 
r equi red , but as exper ience in operat ion develops these steps may be r e ­
duced at a fas ter ra te than would be pe rmi t t ed for a comparable single-
channel counting sys tem. The g a m m a - g a m m a detection mode also allows 
a re la t ively la rge sampling of the manganese bath in a situation of r e l a ­
tively low background under all exper imental conditions The util i ty of the 
count r a t e doubling technique as well as the 4IT j5-"Y sys tem is demonst ra ted 
in t e r m s of a facility for genera l -purpose detection, aside from its original 
application to Mn , and, f u r the rmore , for some special situations where -
under other methods of r ad ioassay a re l e s s effective. 
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Appendix A 

GEOMETRY, GAIN STABILITY, AND DECAY-SCHEME DEPENDENCE 
OF COINCIDENCE COUNTING 

I. 

G a m m a - g a m m a coincidence counting is frequently used to de te rmine 
the absolute activity of radioact ive sources which have a suitable decay 
scheme, the source decay ra te being obtained as the coincidence ra t io 
(product of s ingle-channel counts to coincidence count), with cer ta in co r ­
rec t ions which involve the decay scheme, the counting geometry, and de­
tect ion efficiencies of channels . These co r rec t ions , as will be shown, a r e 
known only when the decay scheme is known with sufficient accuracy and 
the source is essent ia l ly a point. For a la rge source , a p r ec i s e , absolute 
activity m e a s u r e m e n t through coincidences is therefore impossible . How­
ever , coincidence counting st i l l improves the accuracy of intercomiparison 
of a number of such sou rce s , as only a sma l l par t of the cor rec t ion t e r m 
mentioned above is influenced by s ingle-channel count - ra te var ia t ions due 
to e lec t ronic gain instabil i ty. Since gain var ia t ions of this sor t cannot be 
reduced beyond a cer ta in point, the coincidence rat io obtained with a l a r g e -
sample g a m m a - g a m m a coincidence sys tem is a m o r e rel iable m e a s u r e of 
the re la t ive activity of different s amples , assayed over long per iods , than 
the channel count which might be obtained without coincidences, to the extent 
that the ga in-sens i t ive par t of the co r rec t ion t e r m is small in compar ison 
with unity. The gamma-gamima counting sys tem descr ibed in this r epor t 
takes advantage of this fact. The geometry and decay-scheme dependence 
of the co r rec t ion t e r m is p resumably constant , and may therefore be found 
empi r ica l ly by compar ing coincidence ra t ios of aliquots of the same source 
m e a s u r e d by the g a m m a - g a m m a sys tem and an absolute counter , in which 
the detection geometry may be optimized. The la t t e r sys tem may be for 
ins tance , a b e t a - g a m m a coincidence sys t em, which has cer ta in ad^^'antages 
over gamma-gamima counting chiefly re la ted to the decay scheme. Argu­
ments in support of these seve ra l a s s e r t i o n s will now be given, both for a 
l a r g e - s o u r c e g a m m a - g a m m a counting and for a b e t a - g a m m a counting. 

II. 

Consider , f i rs t , a gammia-gamima sys tem of a r b i t r a r y geometry , in 
which an extended, homogeneous source is viewed by two scinti l lat ion de­
t e c t o r s , at tached to single channels with pulse-height selection, which de­
l iver countable pulses to single s c a l e r s as well as suitably shaped pulses 
to a coincidence c i rcu i t and at tached coincidence sca le r . Fo r the sake of 
s implici ty , we a s sume that the source has a s imple decay scheme of the 
Co type, and adopt the convention that Ti has higher , andTj lower energy. 
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A decay which takes place at some source point S thus r e su l t s in 
the absorpt ion, at var ious points in the in ter ior of ei ther or both sc in t i l ­
l a t o r s , of var ious photons, as the source photons a r e sca t t e red and de ­
graded (through Conipton, pair production, and photoelectr ic interact ions) 
in the source , in the sc int i l la tor , and e l sewhere . A cer ta in amount of light 
is thereupon genera ted in ei ther or both sc in t i l l a tors , yielding a cer ta in 
number of e lec t rons at the photocathodes, and eventually in pulses of c e r ­
tain ampli tudes in e i ther or both channels . While the t ransformat ion of 
wel l -co l l imated incident gamma radiat ion into pulse height has been ex­
tensively studied both theore t ica l ly and experimental ly,(37) the p re sen t 
situation fur ther includes degradat ion in a medium surrounding the sc in­
t i l la tor , and a r b i t r a r y r a the r than colli inated incidence. This p rec ludes 
any d i rec t calculat ion of pulse-height spec t ra , even for relat ively simple 
geome t r i e s . A cer ta in amount of insight can, however, be gained by singling 
out different contributions to the spec t ra in both de tec tors from radiat ions 
emanating from a smal l volume dV near some a r b i t r a r y source point S(rg). 

We consider now specifically that par t of the pulse-height spec t rum 
in one channel, say channel "a," which r e su l t s from decays near the 
point S, and absorpt ion by detector _a of d i rec t or degraded radiat ion of 
type 1. The number of such pulses per unit pulse height interval we denote 
by Nia(^^»i"s) *̂ Ĵ ^^ d i scussed above, this number is an implici t function of 
decay scheme , source geometry , and detector paramieters , and an explicit 
function of the coordinate rg . All quanti t ies re fe r r ing to such a point 
source will be designated he re by p r i m e d symbols ; the same quant i t ies , 
r e fe r r ing to the whole source , by unpr imed symbols . Integrat ion over all 
pulse heights yields the in t r ins ic po in t - source detection probabil i ty: 

W^a = Nia(rs .h) dh , (A- l ) 

whereas a s imi l a r integrat ion over the analyzer cut (assuming al l pulses 
whose heights fall between hj and h2 a r e accepted) yields the contribution 
to the channel count ( l / r ) ) (dCia/dV3) pe r unit decay from point S, by 7^ 
photons only, in channel _a ( T) = source density). The ra t io of channel 
count to in t r ins ic detection probabil i ty may now be defined as the e lec t ronic 
detection efficiency: 

Alternat ively, the e lec t ron ic efficiency (which is the only par t of the over ­
all efficiency sensi t ive to e lec t ronic gain) may be defined in t e r m s of the 
normal ized point spec t rum; 



hz 

eia = I n^aCh.rg) dh ; (A-3) 

-nUh . rg ) = Nia/Wla • (A-4) 

Single absorption of the other gamma ray, ignored thus far , may be 
t r ea t ed analogously. However, all or p a r t of the energy of both gamma 
rays may be absorbed in one detector , which yields a further contribution 
to the observed spec t rum. This sum spec t rum, Nga('^>^s)^-^' with int r ins ic 
detection probabil i ty 

W^a = I N^aCh.rs) dh , (A-5) 

may be wr i t ten as a folding in tegral : 

N^aCrs.h) dh = dh / N^aCrg.h) N2a(rs,h"hi) dhj . (A-6) 
Jo 

Substitution of Eq. (A-5) in Eq. (A-6) and integration, in r e v e r s e o rder , 
yield 

Nia(rs .hi) dhi / Nla(rs .h-hi) dh = Wj'a W^a • (A-7) 
0 Jo 

The probabi l i t ies defined above mus t now be co r rec ted for sum loss : 

(wla) t " W i a ( l - W l a ) • (A-8) 

Assuming that channel a. b racke ts the photopeak of 7 i s-nd channel b 
the photopeak of 72J some counts appear in channel b due to the Compton 
tail of 7 i photons absorbed in detector _b, while the r e v e r s e is not the case 
(we have a s sumed that 7i photons a r e m o r e energet ic) . Both channels, 
however, will sample the sum spec t ra . Coincidences can resu l t only from 
the joint detection of 1 in a and 2 in _b. The point -source channel counts 
and coincidence count per decay can now be writ ten down: 

dC' 
i dV; ^ £ia (Wia)^ + Csa = ^la Wla { 1 " W k [l " ( e g a A i a ) ] } ; 

(A-9) 
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d c ' 
^ ^ = ezb Wlbd - Wlb) + ^Ih Wlb (1 - W^b) + e^bWibW^b ; 

(A-10) 

1 dCab 
T] dV, = e l a e l b Wla W2b • ( A - l l ) 

The s p e c t r u m which would be o b s e r v e d in channe l a, for i n s t a n c e , f r o m a 
po in t s o u r c e a t S only is the w e i g h e d s u m of c o m p o n e n t s p e c t r a : 

N i a ( r s . h ) dh - JN^a (l " W^a) + N ^ (l - W^a) + N^a } dh ; ( A - 1 2 ) 

the t o t a l i n t r i n s i c d e t e c t i o n p r o b a b i l i t y for channe l _a i s ob ta ined by i n t e ­
g r a t i n g Eq . ( A - 1 2 ) o v e r a l l p u l s e h e i g h t s : 

Wa = Wla + Wla " W^a W ^ . (A-13) 

F r o m ( A - 9 ) , ( A - 1 0 ) , and ( A - 1 1 ) , one o b t a i n s the p o i n t - s o u r c e c o i n c i -
dence r a t i o 

dCa dCi) 
7, = 71 dVg (1 + a ' ) , ( A - 1 4 ) 

dCab • ' " • ^ 

w h e r e 

a' = [(rib WjbMb) - (Wk+Wlb)] 

- { r ib Wlb [I + (Wla /Wlb) ] " ( r k w ^ a + r^bW^b)} 

+ W l b W k { l + r i b - ( r ; a + rLb) + r ^ a [ ( r ^b " r^b) + ( r l b / w i b ) ] } I 

( A - 1 5 ) 

r i b = e i b / e l b ; r g a = ^ s a A i a l r g b = S s b / ^ z b • ( A - 1 6 ) 

The l ead ing t e r m of a ' in Eq . (A-15) is c o m p o s e d of the i n t r i n s i c d e t e c t i o n 
e f f i c i enc i e s of e i t h e r cry^stal for the r a d i a t i o n which i s not w a n t e d in tha t 
c h a n n e l , and of the Compton t a i l c o n t r i b u t i o n of 7 i to channe l b . I n t r i n s i c 
d e t e c t i o n p r o b a b i l i t i e s a r e s m a l l for s o u r c e po in t s w h i c h a r e no t too c l o s e 
to e i t h e r d e t e c t o r , wh i l e the Compton t a i l c a n a lways be r e d u c e d t h r o u g h 
s e l e c t i o n of a n a r r o w c h a n n e l , g i v e n r e a s o n a b l y good r e s o l u t i o n . T h u s , 
the c o i n c i d e n c e r a t i o i s c e r t a i n l y m u c h l e s s s e n s i t i v e to c h a n n e l ga in or 
d i s c r i m i n a t o r b a s e - l i n e shif t t h a n the ind iv idua l c o u n t s . It m a y be added 
t h a t the f ac to r (X' can a l w a y s be m a d e neg l ig ib ly s m a l l for g a m m a - g a m m a 
c o i n c i d e n c e count ing with a point s o u r c e by choos ing su i t ab le d e t e c t o r -
s o u r c e d i s t a n c e s , i . e . , r e d u c i n g W' f a c t o r s to l e s s than the r e q u i r e d 
f r a c t i o n a l p r e c i s i o n . 
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The observed counts due to a source of a r b i t r a r y size (and, again, 
simple decay scheme) may now be obtained through integration over the 
source volume: 

Ca = ^ / ^ l a Wla d " W ^ ) dVg 4 ^ / f ^ ^ a ^I 'a W ^ dVg ; (A-17a) 

Cb = T] j [e lbW2b (I -Wi'b) + ei'b Wlb (l - W'b) + c^bWlbW^b] dVg 

(A-17b) 

Cab = î / ^la c lb Wi'a W^h dVg . (A-17c) 

Note that al l t e r m s under the integrat ion sign a re sensit ive to source ge­
ometry . We may now wri te down integrals for component channel counts: 

Cia = NGia Wia = V f '^ia(rs) Wla(rs) dVg ; (A-18) 

pulse-height spec t ra : 

Nia(h) dh - (-|dh/N) r Ni'aCrs.hldVg , (A-19a) 

Nia(h) dh - (T]dh/NWia) f Nla(rs ,h) Wi'a(rs) dVg ; (A-19b) 

and electronic and int r ins ic detection efficiencies: 

Cia = / Nia(h) dh = ( T ] / N ) I e^^ [wla( rs ) /Wia] dVg ; (A-20a) 
hi ^ V g 

Wia = ( V N ) / Wla(rs) dVg . (A-20b) 
Vg 

In so many words , the whole-source counting efficiency, (Eq. A-20), as 
well as the whole-source component spec t ra , (Eq. A-19), a re composed of 
appropria te ly weighed poin t -source efficiencies and component spect ra 
(weights possibly including local source densit ies for nonuniform sources) . 
Fur ther defining cer ta in in tegra l s : 

T] / claWla Waa dVg = Iia . (A-21a) 

1 I f4aWla W2a dVs = Isa . (A-21b) 
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T l / e l b W2b W^bdVs = Izb , (A-21c) 

^ / ^ s b Wlb WlbdVs = Isb . (A"21d) 

rj Jelh Wlb Wlb dVs - I^b . (A-21e) 

ri jell, Wlb dVs = e,^ Wjb > (A-21f) 

^ / e l b W ^ b d V s = eibWzb = Q b / N , (A-21g) 

we obtain a coincidence ra t io for extended sources ; 

CaCb/Cab =̂  Np(l + a) , (A-22) 

where now 

a = {(£ibWib/c2bW2b)-[( l ia-Isa) / (NeiaWia) + (lib+l2b-Isb)/(N£2bW2b)]} 

- [eibWib d i a " Isa)/N£iaWiaeEbW2b] + d i a •• Isa)(lib + hh " I s b ) / 

N'eiaWiaezbWzb . (^"23) 

and 

P = CiaC2b/Nr)/(eiaWia)(e2bW2b) dVg (A-24) 

The factor C[' in Eq, (A-22) is seen to be s imi la r in s t ruc tu re to the 
analogous factor a' of the pa r t i a l coincidence rat io due to radiat ions fromi 
one a r b i t r a r y point of the source [see Eq, (A-14)]. Its leading t e r m is 
therefore st i l l smal l , being essent ia l ly composed of averages of var ious 
kinds (Wia, Iia •••) of smal l quanti t ies (Wia.^ia •••) over the source volume. 
The factor ^, on the other hand, is the ra t io of different kinds of averages 
of the same quanti t ies , and should therefore not differ very much from 
unity. 

As r e g a r d s the sensi t ivi ty of the "jl factor to e lect ronic instabili ty, 
we may as a ze ro approximat ion a s sume that the normal ized par t i a l 
pulse-height spec t r a from different source points of e i ther channel a r e 
roughly identical . Thus p" becomes independent of e lec t ronic gain: 

Mo = N WiaW2b/r| / w ^ a W ^ b dV^ . (A-25) 



Actually, one would expect a cer ta in amount of var ia t ion in the 
spect rum from different points of the source , both because of absorption 
and sca t te r ing by the source itself and because the resolut ion of the sc in­
ti l lation detector changes with the solid angle subtended by the detector at 
the source point. The equipment, however, is sensi t ive only to smal l 
regions of the pulse-height spec t ra in the vicinity of the respect ive chan­
nel windows; over such a region, differences between spec t ra from different 
source points should be re la t ively smal l . It may therefore be pe rmiss ib le 
to express the point efficiencies in termis of deviations from the whole 
source efficiencies: 

^ la (rs) = Gia [1 + ^ i a ( rs ) ] I ^^zhi^s) = ^zb [l + ̂ 2b (^s)] • 

(A-26) 

By inser t ing Eq. (A-26) in Eq. (A-24) and dropping smal l t e r m s , a f i r s t -
order approximat ion is obtained: 

Ml = Mo [1 + Ii + I2 - I12] 

where 

Ii = ™ / A l a (Wla/Wia) dV ; (A-28a) 

I2 = ^l^2h ( W ^ b M b ) dV ; (A-28b) 

Ii2= / ( A i a + ^2b) W^aWzbdv/JwlaW^bdV . (A-28c) 

The th ree la t te r in tegra l s , which consti tute the e lec t ronic gain-sensi t ive 
par t of the factor p , a r e source-vo lume averages of the deviations of 
l imited regions of s ingle-point -channel pulse-height spec t ra from the 
whole -source spec t ra . In Î  and I2 these deviations a r e weighted in such 
a way that the contribution from the mos t strongly deviating spec t ra ~ 
from m o r e distant points - is depressed . On the other hand, in Ijj the 
deviations a r e weighted m o r e evenly, for points close to detector 1, which 
have a la rge Wja, Wsb should be smal l , and vice v e r s a . The relat ive 
magnitudes of Î  + I2 and I12 should depend on the actual geometry; the 
above weighting cons idera t ions would lead one to expect a net smal l pos i ­
tive contribution. (Similar cons idera t ions govern the gain- insensi t ive 
par t , poswhich may be l a r g e r than unity by a substant ial amount.) Note 
that the in t r ins ic efficiencies W neces sa r i l y change very strongly over 
a source which is contiguous to the two de tec to r s , since W factors include 
solid angles subtended by the detector at the source point, and sti l l m o r e 
strongly due to absorpt ion. 

(A-27) 
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To sum up, the g a m m a - g a m m a coincidence ra t io for a sitnple decay 
scheme, extended source , and pulse-height select ion in both channels can 
be wr i t ten symbolical ly as 

^ — ^ = N Mo (Wi) [1 + I (Ai) + a (riWi)] , (A-29) 
'^ab 

where Mo(Wi) is ent i re ly independent of e lect ronic gain, I (A|̂ ) is a sma l l 
positive t e r m consist ing of th ree in tegra ls which a r e weighted averages of 
differences A^ej^ of channel e lec t ronic efficiencies over the source , and 
a (rj_, Wj_) is a smal l negative t e r m which is mainly a function of ra t ios 
x-^ of e lec t ronic efficiencies and of in t r ins ic efficiencies Wĵ . 

III. 

We now extend these r e m a r k s to include complex decay schemes , 
in o rde r to show that branching information appea r s in the factor a but 
not e l sewhere (this is p r i m a r i l y of impor tance in absolute a s says of sources 
whose decay scheme is not known with the requ i red prec is ion) . F o r the 
p r e sen t d iscuss ion, we specifically consider g a m m a - g a m m a coincidences 
as above; the situation i s , however, ent i re ly analogous for be t a -gamma 
coincidences . 

Suppose that the daughter nuclide has m leve ls , and let the f r a c ­
tional beta decay d i rec t ly into each of these levels be denoted by pg, Pi-.. 
Pjn (including a poss ible g round-s ta te t ransi t ion) . Let the re la t ive inten­
sity of gammia radia t ion connecting the ith and j th such levels be denoted 
q^j. Note that, given n^ b ranches in the decay of the ith level , 

ZPi^iJ = 1 " (^"^°) Pi - J- '< A ^ij ~ -̂  = 
1=0 j= i i i j 

Consider , now, the cascade r -* s -*0, for ins tance , and let counter 
channel 3;. be adjusted to count r ^ s and channel b to count s -*• 0 gammas . 
Again, let Wj.ga r e p r e s e n t the in t r ins ic detection probabil i ty of counter _a 
for r -*'s radia t ion (poin t -source geometry is a s sumed , for the sake of 
s implici ty) . We may now wr i t e down the channel count r a t e s (neglecting 
Comipton-tail effects and sum effects): 

Ca = NCrsa Wrsa (1 " W s o a ) J Pr + £ PiQiai I (A-31a) 
»- i=r+i J 

Cb = Negob W s o b i Ps^so + (l "Wrsb) Pr + >_. PiQib 
i=r+i 

(A-31b) 
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Cab = N e ^ s a ^^sob Wj-sa Wgob i Pr + ^ Pi Qiab i (A-31c) 

w h e r e 

ni 

Qia = q i r (1 - W i r a ) + ^ '^iJ'^Ji- ^^ " ^ i j a ) (l " W j r a ) + (A-32a) 
j = i 

n,- n4 

j = i £=1 
q j i q i r (1 -Wija) (1 -Wj la ) (l "Wj^a) + ••• 

(A-32b) 

Qib = qir (1 - W i r b ) + £ q i j q j r (1-Wijb) ( 1 - W j r b ) + ••• : 
j = i 

Qiab = qir (1 - W i r a - W i r b ) + Z '̂ ij'̂ ljr ^̂  " ̂ ^'ija ' Wijb)(l " Wjra " Vrjrb) + •••• 

(A-32c) 

J " i 

( l eve l s a r e l a b e l l e d f r o m the bo t t om up, a s c u s t o m a r y ) . 

We now m a y i n a k e u s e of r e l a t i o n s (A-30) and v / r i te the co inc idence 

r a t i o 

C a b 

111 11' 

N ( l - W g o a ) Z Pl, -r 2^ Pi Qia) 
k ? r i r ~ i / 

m \ [ '^s \ I 111 n i 

Z Pk ^ ' Z 'Ist ' ^̂  -^^-sb! (i - Z Pk * Z Pi*^n 
k ^ r / \ t - i / \ k * r l ^ r ^ l 

/ rri m \ 

(l - Z Pk " Z PiQiab] 
\ kTr i - r r i / 

(A-33) 

E v i d e n t l y , a l l b r a n c h i n g i n f o r m a t i o n can be lumped in a c o r r e c t i o n t e r m 
a: 

CaCb/Cab = N (1 - a) ; 

m m 

^ " Wsoa+ X Pk - Z Pi^ ia •••• Q-E.D. 
k?r i=r+i 



IV . 

T h e s e v a r i o u s c o n s i d e r a t i o n s m a y n o w b e i l l u s t r a t e d b y a p p l y i n g 
t h e m t o t h e p h y s i c a l s i t u a t i o n d e s c r i b e d i n t h e p r e s e n t r e p o r t . T h e Mn^ 
s p e c t r u m m a y f o r t h e s e p u r p o s e s b e s i m p l i f i e d : a l l t r a n s i t i o n s to t h e 
0 . 8 - M e v l e v e l a r e l u m p e d a s o n e t r a n s i t i o n of a p p r o x i m a t e l y 2 - M e v e n e r g y 
t h e r e l a t i v e s t r e n g t h of t h e d i r e c t b e t a e m i i s s i o n t o t h e 0 . 8 - M e v l e v e l i s 
l a b e l l e d p a n d h e n c e t h e s t r e n g t h of a l l h i g h e r l e v e l s i s ( l - p ) . A d o p t i n g 
t h e d e s i g n a t i o n s 0 .8 M e v = " 2 , " 2 M e v = " 1 , " a n d l o o k i n g f o r " 2 " w i t h 
c h a n n e l _b a n d f o r "1 " w i t h c h a n n e l a , o n e f i n d s c o u n t r a t e s ( f r o m a p o i n t 
s o u r c e ) in t h e a b o v e n o t a t i o n : 

1 d C a 
_ _ , (1 .p) [wla (1 - Wla) ela + W^aW^esa] ; 

T' 

^ ^ = (1 -P) [W2b (1 - Wlb) 4 b + Wlb (1 - W^b)eib + wlbWzb^^b] 

+ p W z b e z b ; 

1 d C g b 

- - ^ = (1 - p ) w l a W ^ b ^ l a e z b • 

H e n c e , a c o i n c i d e n c e r a t i o ( f r o m a p o i n t s o u r c e ) 

l - W ; b ( l - r s b + - ^ ^ u b ) + ^ 

d C a d C b 

r j d V d C a b 
( l - p ) [ l - W l a ( l - r s a ) ] 

W2b " " / 1-p 

= 1-a ; a = W2a+ wib 

is ob ta ined . Thus f a r , e a c h d e t e c t o r w a s a s s o c i a t e d wi th one channe l only. 
The p u l s e - d i s t r i b u t i o n s c h e m e r e s u l t s in an input , into e a c h channe l , of a 
m i x e d p u l s e - h e i g h t s p e c t r u m , c o m p o s e d of the poin t s p e c t r a of both d e t e c ­
t o r s a t s o m e s o u r c e poin t . The s y m m e t r i c a r r a n g e m e n t of the d e t e c t o r s 
a l l ows one , h o w e v e r , to c o n s i d e r two s o u r c e po in t s a t a t i m e , l o c a t e d s y m ­
m e t r i c a l l y w i th r e s p e c t to a c e n t r a l p l ane n o r m a l to the c o m m o n a x i s 
t h r o u g h the d e t e c t o r s . The c o m b i n e d s p e c t r a in e a c h d e t e c t o r f r o m two 
s u c h po in t s a r e now i d e n t i c a l and have 4 t i m e s the s t r e n g t h of the s i n g l e -
c h a n n e l - s i n g l e - d e t e c t o r s y s t e m d i s c u s s e d above . After i n t e g r a t i o n (over 
one -ha l f of the s o u r c e v o l u m e ) , one thus f inds to ta l s o u r c e count r a t e s 
tw ice a s s t r o n g a s p r e v i o u s l y , and hence a l s o twice the co inc idence r a t i o . 
No o t h e r d i f f e r e n c e s r e s u l t f r o m the u s e of any c o u n t - r a t e - d o u b l i n g pu l s e 
d i s t r i b u t i o n s c h e m e . T h i s c o n c l u s i o n wi l l s t i l l ho ld for the w h o l e - s o u r c e -
c o i n c i d e n c e r a t i o and count r a t e s . 



It may further be ins t ruct ive to obtain a rough es t imate of the 
relat ive magnitude of the factor p-g, through which mainly the coincidence 
rat io differs from the decay ra te of the sample , for the source geometry 
shown in Fig. 2 of the text . Let the whole source volume be split into 
two annular regions Vj and V2 around each detector plus a "plug" VQ be­
tween de tec to rs . The in t r ins ic detection efficiencies may then be roughly 
es t imated in termis of average values over these regions as sums 2Wĵ 4V4, 
where W^ = W22, WJQ = W20, and W12 = W2i « W„; fu r the rmore , Vj = V2. 
This yields 

/To = (2WiiVi)(2W2kA^)/(^WijW2jVj)(Vo+2Vi) 

= WiiVi [l + (WioVo/WiiVj) + (Wi2/Wii)]y[2Wj2+(w/oVo/WnVi)] (Vo + 2Vi) 

Dropping the smal l t e r m s , 

''""̂  ^ \ V o + 2 v J V^W.oVo/ • 

For the p re sen t ca se , Vj ~ YQ; fur ther , Wn « Wjo- With these rough 
approximat ions , 

Mo ^ 4 /3 . 

This value tu rns out to ag ree r a the r well with a scaling factor of 1.35 ob­
tained by cal ibrat ion. 

V. 

We consider now briefly the corresponding case of be t a -gamma co­
incidence. Once m o r e , it will be expedient to r e s t r i c t the discuss ion at 
f i r s t to a s imple decay scheme in which all beta t rans i t ions r each an excited 
level of the daughter nuclide, and hence a r e in cascade with a single gamma 
t rans i t ion (see Fig. 49 for a simplified ve r s ion of Mn^ decay scheme) . We 
specify that a photomult ipl ier is used in the beta channel; this photomult i-
pl ier may be coupled to a liquid sc int i l la tor containing the source , to a 
p las t ic sc int i l la tor sur rounded by the source , or simply exposed to the 
Cherenkov radiat ion from the source . As a resu l t of source activity near 
some source po in t s with coordinate rg, a cer ta in pulse-height distr ibution 
develops at the anode of the mul t ip l i e r ; these pulses a r e put into the be ta-
counting channel through an in tegra l d i sc r imina to r . The detai ls of the 
be ta -pa r t i c l e energy to voltage pulse t ransformat ion a re again of no specific 
in te res t h e r e ; it is wor th observing, however, that the nature of the beta 
spec t rum will cause a cutoff in the in t r ins ic efficiency which depends only 
on which one of the th ree energy- in to- l igh t conversion mechan i sms m e n ­
tioned above is used: highest for Cherenkov radiat ion, lowest for liquid 
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sc in t i l la tor -d is t r ibu ted sources . Angular cor re la t ions a r e averaged out, 
except for Cherenkov detection (which method anyway is not, as will be 
demonst ra ted , capable of sufficient accuracy to w a r r a n t angular c o r r e l a ­
tion cor rec t ions ) . 

fig) 

Hr"{2.B 

,1Q A 

F,5« r 

QUASI SIMPLIFIED SCHEME 

) 

\ 
50* \ ^ 
(2.81) \ ^ ^ 

F " 

SIMPLIFIED SChEHE 

"k-^iVlrvQ^^ \A^5(> T •^^r^O^,- C , 

0.8«5 

C.8i== 

As before, we consider in t r ins ic and electronic detection efficiencies 
separa te ly . Let a beta decay occur in a smal l volume near point S of the 
source ; the beta channel count then comes to 

dc' 
i -dV = '̂ Ab ^' " S b ) -̂̂ b + (1 - W b̂) S b 4 b + '^k'^yh^h • 

(A-34) 

The f i rs t t e r m includes detection of the beta ray in the beta detector and 
escape of the assoc ia ted gamma ray; the second t e r m escape of the beta 
ray, but stopping of the associa ted gamma in the beta detector; the third 
stopping of both radiat ions in the beta detector . For la rge beta-decay 
energy and integral d iscr iminat ion at low bias , 

•sb = c Pb (A-35) 

since the only difference in e Ab and ^ s b could be due to those r a r e 
events when beta detection alone does not yield pulses of sufficient 
height to pass the d i sc r imina tor . (Such events a r e r a r e when the 
channel gain in the beta channel is large enough to bring pulses due to 
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a few e lec t rons emit ted by the photocathode past the d i sc r imina tor and 
when the be ta-decay energy is high enough to yield more than this number 
of photoelectrons from mos t beta pa r t i c l e s stopped in the scint i l la tor . ) 
Thus, 

ri dV Wpb /̂Sb {l + [(1 -W^b) W^b^^b/W^b^b]} (A-36) 

to a very good approximation, subject to the stated conditions. The gamma 
count s imi la r ly comes to 

dc' 
i IT = Sa^-ia ^ -^Ih^.^L ^ (A-37) 

The f i r s t t e r m again compr i s e s al l gamma rays emit ted by the point 
source which were stopped and detected in the gamma detector , the second 
those re la t ive ly r a r e events when the gamma is stopped in the beta de tec­
tor , and the la t t e r in teract ion - Compton scat ter ing or pai r production -
resu l t s m one or m o r e secondary photons 6 which in the aggregate yield 
a detectable pulse in the gamma channel. The second t e r m thus involves 
an integrat ion over the beta detector , (in the same sense , the f i r s t t e r m 
may contain a smal l contribution from secondary radiat ion due to gamma 
scat ter ing e l sewhere - the source holder , shield, etc.) A further possible 
contribution to the gamma-channe l count, from bremss t rah lung , may be 
safely neglected as long as there a r e no media of high atomic number ex­
posed to d i rec t beta radiat ion The coincidence count then comes to 

i r ' 
1 ^ = W^^W^b^-;^e^b + (1 -Wpb) w;bWiaS'b4a 

+ W^bWiaW^b^^^a^eb • (A"38) 

The point coincidence ra t io in turn may be wri t ten , after some expedient 
r e a r r a n g e m e n t and dropping of s econd-o rde r t e r m s , as 

1 dCadCb 
- r ~ - — = 1 + A' ; A-39 
n dCab dV 

A' = [w4b(l-W/3b)/w^b] ( 4 b A ^ b ) • (A-40) 

The co r rec t ion t e r m A' can be made negligibly smal l by increasing W|3b as 
much as poss ib le , while keeping the sc int i l la tor volume smal l so as to 
keep W'Yb smal l . The value of Wftb may be miade large through good light 
collection and photocathode convers ion efficiency. The conditions specified 
above, l a rge be ta-decay energy and high channel gain, a r e , of course , mos t 
important of al l 



Proceeding again from the point source to the whole source , one 
a r r i v e s , after some steps s imi la r to the foregoing, at a coincidence ratio 

CaCb / W ^ b £ ^ b d V [ / W ' ; a e 7 a d V + / W 7 b W 6 a e 6 a d V ] 
- rj ^ _ _ _ — , . (A 41) 

Jw^aWjjbeTa^^bdV + /W^bWgaW^b^Sa^^bdV 

In this express ion , the small po in t -source cor rec t ion t e r m A' has been 
dropped, in accordance with the foregoing discuss ion. Note, however, that 
t e r m s in e i , which cancel to f i rs t o rde r in Eq. ( A - 4 0 ) , do not cancel in , . 0 a 
Eq. (A-41). For an extended source , it i s therefore n e c e s s a r y to make 
el smal l , which can usually be done through appropr ia te pulse-height d i s ­
cr iminat ion in the gamma channel (difficulties may a r i s e only in cases 
where there is a fairly complex decay scheme). With this further proviso, 
the second t e r m s in the numera to r and denominator of (A-41) may be 
dropped. F u r t h e r m o r e , recal l ing that the source volume Vg is relat ively 
smal l and that both int r ins ic and e lec t ronic beta-channel detection efficien­
cies a re l a rge , the point -source beta count may be expres sed , s imi la r ly to 
the gamma-gamiTia case t rea ted e a r l i e r , in t e r m s of re la t ively smal l devi­
ations V' of the point efficiencies from the whole-source efficiency: 

Web c^b = WbGb+ V , (A-42) 

where 

and 

^ / W^b<^^bdV = r|Wb£bVs = NW^e^ (^"43) 

/ V' dV = 0 . (A-44) 

Insert ing Eq. (A-43) in Eq. (A-41), and dropping smal l second-order 
quanti t ies , one finally obtains 

CaCb/Cab = N ( l - k ) ; (A-45) 

k = (7] /N£bWb£aWa) y ^'W^a^-zadV • (A-46) 

If the gammia detector is not too close to the source , the variat ion 
of the gamma-channe l efficiency over the source volume should also be 
relat ively smal l ; we may then put 

W^a^n'a = W a £ a + ^' • (A-47) 

Hence, Eq. (A-46) is replaced by 

k' = (Tl/NWbebWa^a) / ^ 'X ' dV . (A-46') 



Thus, it is apparent that the cor rec t ion k can be readily reduced to ins ig­
nificance, and an absolute m e a s u r e m e n t of the decay ra te of any source 
which mee t s the specifications d i scussed above is feasible with high p r e c i ­
sion through be t a -gamma coincidence counting. More complex decay 
schemes do not change this conclusion, as may be seen from the brief 
exposition of such decay schemes for the gamma-gamma coincidence case . 

To sum up, it has been shown that absolute be ta -gamma coincidence 
counting r equ i re s e i ther (a) high beta-channel efficiency and low detection 
efficiency of the beta detector for gamma rays , with a quasi-point source ; 
or (b) high be ta-channel efficiency, low gamma-detec t ion efficiency in the 
beta detec tor , plus low detection efficiency in the gamma channel for 
photons emit ted through gamma in terac t ions in the beta detector , and a 
fairly uniform gamma detection geometry . Some of these r equ i rement s 
may be redundant if o thers can be me t to a high degree (for instance, if 
1" can be made very smal l , X" need not be very smal l , or vice versa ) 



Appendix B 

CORRECTIONS FOR DEAD TIME AND COINCIDENCE RESOLVING TIME 

The mat te r of cor rec t ing the coincidence equations for dead- t ime 
and resolv ing- t ime effects has been recent ly covered in the l i t e r a t u r e . We 
presen t h e r e , however, a somewhat s impler derivation of essent ia l ly the 
same resul t , at l eas t to f i rs t o rde r ; fu r the rmore , the ent i re cor rec t ion 
evolves in one s tep. 

In Fig . 50, we have i l lus t ra ted the t ime re la t ionships involved in 
pulse events which requi re attention. F i r s t of al l , events of higher order 
(three pulses occurr ing in one dead- t ime sequence) a r e neglected. More ­
over , we assume nice square pulse shapes . We also a s sume that DD-2 
effects accentuated by a s ingle-channel analyzer tend to wash out, that i s , 
pulses knocked above the window a re compensated by pulses kicked down­
s t a i r s (valid only in double differentiation mode). There a re also complex 
effects of pi le-up on t ime of zero c r o s s that a r e ignored. We will further 
omit considerat ion of an accidental (or chance) coincidence being spoiled 
by the dead t ime of a preceding pulse on the grounds that both of these 
c i r cums tances a re in themselves to be kept to the o rder of 10% or l e s s . 

EVENTS 

CH. 1 ! 1 1 1 

. 1 

CH.2 r * H i 
^ r . ^ ! 

! 1 
' i 
i 
1 1 
1 1 

1 1 

1 1 
• ! 1 

1 

ACCIDENTAL COINCIDENCE COINCIDENCE SECOND COINCIDENCE 
COINCIDENCE LOST NOT LOST SPOILED BY FIRST 

Fig. 50. Timing of Events and Pulses Which 
Lead to Gains or Losses in Coin­
cidence Count Rate 

F r o m an exper imental point of view, the main i tem of in te res t is to 
find a relat ionship between the disintegrat ion ra te N and the three counting 
ra t e s Cj .̂ We shall make use of known fixed dead t imes and resolving t imes , 
and also find that we must know the channel efficiencies. 
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Let us define the following quant i t ies : 

tb 
P| = probabil i ty of an event being detected in i -̂  channel at 

amplitude proper for i*-*̂  d i sc r imina tor 
p^ = probabil i ty of not detecting the Pi event 

Ci = efficiency without r ega rd to pile-up effect 

©i = longest dead t ime, genera l ly the d i sc r imina tor or 
o therwise innposed 

T^ = coincidence resol-i^-ing t ime 

Ci = observed count r a t e s 

Pi(^i) ~ probabil i ty of an event pĵ  occurr ing during 0^ 

N = t rue dis integrat ion ra t e 

®i ~ ^ ~ % ^ i ~ dead- t ime loss factor ( f i r s t -order approximation) 

The following th ree equations a r e derived on the bas is of Fig. 5 0; 

(0, >e,) ( T i < e ^ ) ( 0 i 2 > 6 J 

Ci = Pi N - p jp i (e i ) N = pi N [1 - p , ( 6 i ) ] ; ( B - l ) 

C2 = P2 N - P2P2 (©z) N = P 2 N [1 -P2(e2)] ; (B-2) 

C12 = N \p1P2 + [PiP2P2('^l)Pl + P 2 P I P I ( T 2 ) P 2 ] - [PlP2Pl(6'l -^ l )P2 

+ P2PlP2(02-'^2)Pl] - PiP2Pl('9l)P2} ( l"PlP2(^12 " ^ z)'^} 

(B-3) 

If we s e t p£ = £]_ and a p p r o x i m a t e p|^(0£) a s G^S^N, t h e s e e x p r e s s i o n s 
m a y be r e w r i t t e n a s 

C i = e i N ( l - e i 0 i N ) = e i 6 , N ; (B-4) 

C2 = e 2 N ( l - e 2 e 2 N ) = e . e . N : (B-5) 

C12 = N{eie2 + [ e i ( l - e2)G2TiN(l-ei) + 62(1 - GJ) eiT2N(l - e , ) ] 

-[£1(1 - ^ z ) £1 (0i-7- , )N£2 +e^{l -G2) e2 (02-T2)NGj] 

= e i G 2 N { l + N [ ( l -G2)(l - e i ) ( T i + T 2 ) - Gid ~ez)ie^~Ti) 

- £ : . ( ! " e i ) ( 0 2 - T 2 ) - GiGs^i]} (1 - £ie2N(0i2 " 0i)} , (B-6 ) 

file:///p1P2
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and finally 

' " = N ™ - - - - ^ - » ^ , (B-7) 
'.12 ( 1 + N T „ ) 6 

g ' •̂ 12 

where we define an effective gate t ime 

Tg = ( l - e 2 ) ( l - e i ) ( ^ i + ' ^ 2 ) - - i ( l - e 2 ) ( S i - ' ^ i ) - *%(! "^didf-rz) 

- e^e^Oi . ( B - 8 ) 

It is impor tant to note that the dead t imes a r e often the dominant 
factor in the coincidence cor rec t ion- In fact, by setting a r a the r long p a r a l ­
ys i s it is possible to choose operat ing conditions such that the cor rec t ion 
factor tends to cancel ; this is especia l ly useful in that dead t imes a r e often 
re la t ive ly easy to set and a r e re la t ive ly r igid. One should observe that 
second-orde r effects have been neglected in both the numera to r and denom­
inator of ( B - 7 ) . 

Let us examine some special conditions of opera t ion. If Channel 1 
has an efficiency close to unity, while the other channel is somewhat l e s s , 
then 

CjC, ^ NOiG. 
( B - 9 ) 

'12 { i - N [ % e i - ( i - e - 2 ) T i ] } e , , 

When the coincidence resolving t ime ^\ <iC S ,̂ we then see that the 
res idua l co r rec t ion is chiefly the dead-t i ine loss for the inefficient channel. 
This impor tant conclusion may be used with grea t advantage in 
47T jB-7 counting. 

If both channel efficiencies a r e r a the r smal l , then 

C1C2 ^ ^ N 9,62 
C12 {1+N[(ri+T2) - e,e, - £202]}812 

(B^IO) 

In this case the dead- t ime l o s se s m the single channels a r e genera l ly 
smal l and the accidentals tend to be offset by deadtime l o s se s in the c o ­
incidence channel . Thus, the m e a s u r e of re la t ive chance coincidence must 
be diiTiinished by the effect of imposed pa ra ly s i s , another feature which 
may be used to advantage. In a repeat ing schemte such as repor ted h e r e , 
a deadtime > 4 . 1 /isec is r equ i red to avoid s ingle-channel accidental 
coincidences o 

The above r e su l t s agree in the f i rs t o rde r with the more e labora te 
formulae of Gandy,'9»10) who has exper imenta l ly verif ied his work; e.g., 
the re is only a 0.1% d isc repancy in N for a 10% dead- t ime l o s s . 



A computer p r o g r a m now needs to be provided only with three pa ­
r a m e t e r s for each isotope: the two dead t imes and the effective gate t ime, 
although a m o r e extensive code could be set up to make use of the daily 
efficiencies computed by taking the coincidence ra te and dividing by the 
s ingles . In our situation, the re a r e only smal l effects for modest changes 
in the efficiency due to some change in exper imenta l conditions. 

Having wired in dead t imes of the order of 13 usee , we calculate 
the following r e s u l t s : 

For 2300 d i s i n t eg ra t i ons / s ec , the cor rec t ion factor is 0.7%, where 
e^ = 0.98, Gg = 0.026, TJ = 0.125 ,«isec. and Tg = 0.275 /isec; yet dead- t ime 
lo s ses in the high-efficiency channel would be 8.5%. We must use 
Tg = -12-8 / i sec . 

For the same dis in tegra t ion ra te but with e^ = 0.042, e-^ = 0.092, 
and "̂ 1 = ^2 = 0.09 /isec, we have a factor of 0.7% when channel 2 loss is 
1%; he re T = -0.155 /isec 

Note that 6,̂ ^ = 0 if 0- s? 0 
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Appendix C 

LITERATURE SURVEY 

Mn56 

Manganese-56 is a pa r t i cu la r ly useful radioisotope in absolute c a l ­
ibrat ion of neutron s o u r c e s . It has a convenient half-life (2.577 ±0.003 hr);^-*-•'•/ 
a high t h e r m a l activation c r o s s section (13.2 + 0.1 b),'^^^^ a resonance i n t e ­
g ra l of 11.7 ± 1.5 b;( l3) good solubility in water (520 g / l as MnS04);(l4) 
re la t ively high atomic density; a na tura l abundance of 100%'•'•4) for Mn°^; 
h igh-energy radia t ion in decay, and cascades adaptable to coincidence count-
ing . ' ' ^^ A monograph on the r ad iochemis t ry of manganese is available.'••'•"/ 
The in ternal convers ion coefficient is quite small.^•'•'^ 

The decay scheme of Mn^^ is p resen ted in F ig . 1. Branching ra t io 
data among severa l investigators^-^' " ' • ' ' differ -widely, so that any count­
ing requir ing detailed knowledge of these ra t ios would be unlikely to a p ­
proach 1% in p rec i s ion . 

Some r e s e a r c h r e p o r t s d iscuss ing the use of Mn^ a re by De Juren 
in absolute ca l ibra t ion of neutron sources; '- '- '^"^^' Richmiond and Gardner ;v2^) 
Geiger and Whyte;'•^4)Macklin;\^4) and Axton and Cros s in 477 ^ counting.^'^^^ 

Liquid Scintillation Counting 

One of the p r i m a r v sources of information of liquid scinti l lat ion 
counting is der ived from the 1958 Nor thwestern symposium.^'^°/ Data con­
cerning the misc ib i l i ty of organic sal ts (such as of manganese) may be 
obtained from Loveridge;(5) from Packard Ins t rument Co. technical bu l -
letins;(^»^'^) Myers;(2Sl Ronzio;(^9) Horrocks;^^^) and Hayes.(3^) A u s e ­
ful monograph on organic scinti l lat ion de tec tors has been wri t ten by 
Schram.t32) 

Absolute Counting 

A recen t and thorough d iscuss ion of absolute counting techniques, 
espec ia l ly coincidence methods , has been wri t ten by Gandy,^ ' ' who includes 
a comprehens ive bibl iography. Gandy has a lso wri t ten two a r t i c l e s pub­
l ished in the "International Journal of Applied Radiation and Iso topes" ex ­
haust ively covering diode t ime and accidental coincidence co r rec t ions .19. lOj 
Some e a r l i e r significant works a r e by Steyn(33) on 4-71 j8 liquid scintillation/'y 
coincidence ca l ibra t ion; CaiTipion,'°/ who uses a 47Tproportional counter for 
the ,6 detector in coincidence with the y channel; and Putnam, w^/ who 
applies co r rec t ions for coiTiplex decay s c h e m e s . The Internat ional Atomic 
Energy Agency has devoted an ent i re symposium to "Metrology of Radio­
nuc l ides" : the proceedings a r e available in book form.v36j 



Appendix D 

DATA COLLECTION AND PROCESSING 

Data may be collected on ei ther punched cards or t r ansc r ibed onto 
f o r m s . The format for these operat ions is indicated in the accompanying 
i l l u s t r a t ions . Since there a r e factors which a re common to ei ther method 
of data accumulat ion, ce r ta in p a r a m e t e r s must be provided. Those which 
a r e r a r e l y changed a r e the dead t i m e s , coincidence gate t ime , decay con­
stant, and their respec t ive e r r o r s , as well as probable e r r o r assoc ia ted 
with the counting t ime and decay t i m e . P a r a m e t e r s associa ted with each 
pa r t i cu la r set of data a r e : data, sample withdrawal t ime , total number of 
data points, backgrounds, and e r r o r s in the background values . Each count 
inust, of cour se , include identification, t ime counting s tar ted , counting t ime , 
and total number of counts in each channel . When an i r rad ia ted sample 
f rom the manganese bath is counted, pert inent information (in par t i cu la r , 
the withdrawal t ime) is r eco rded on a char t such as in Fig. 51 . 

If the counting r e su l t s mus t be taken down by hand, then it is t r a n ­
sc r ibed onto a forin such as in Fig . 52. The card types l is ted A, B, G, and 
F follow the format of F ig . 53 . Card types A and B l is t the fundanaental 
p a r a m e t e r s ; c a rd G contains a r b i t r a r y identification of the problem set , 
date , sample-wi thdrawal t ime , number of F ca rds following, format iden­
tification (for handwrit ten data) , and backgrounds with e r r o r e s t i m a t e s ; 
ca rd F has the actual data taken d i rec t ly from the s ca l e r s with the e s s e n ­
tial chronology. The form in Fig . 52 has space for aliquot volume and 
other data cha rac t e r i s t i c of a par t i cu la r run to be recorded , but this i n ­
formation is not c a r r i e d over to the computer p r o g r a m . 

Data autonaatically read out is punched di rec t ly onto ca rds of 
type E, sho-w/n in Fig . 53. The cumulative t ime and count t ime a r e in 
seconds . The "Code" has two p u r p o s e s : (l) The las t th ree columns a r e 
used to identify the channels in which the pert inent data a r e recorded , the 
other th ree channels being ignored by the computer p r o g r a m . When, for 
example , 126 is set into the code, then the machine p rog ram looks for A, 
B, AB (or ^5 'y, ^y) in that permuta t ion of the three channels . (2) The other 
th ree columns (67, 68, and 69) can be used for any type of run identif ica­
tion; such usage is indicated in Table III. 

Since the cumulative t ime is obtained from a constantly running 
m e t e r which recyc les every 100,000 sec , it is expedient to inform the 
computer that the c lock -me te r cor respondence is punched on ca rd type D. 
The m e t e r can be r e s e t to ze ro each day. Generally, for all the data a c -
cunaulated in one day, it is n e c e s s a r y to put in one type C card advising of 
a "clock change" forthcoming in a D-type ca rd immediate ly following in 
the deck. Accordingly, a typical s tack of ca rds for automatic collection 
of data might consis t of the following: one each of ca rds A and B followed 
by a C and D, and then any number of E c a r d s . If a run with a different 



R E - 7 3 8 / 2 7 / 6 3 R a - B e I r r a d i a t i o n H i s t o r y 

Na ine of Rim Da te 

T I M E D A T E I T E M INITIALS 

. S o u r c e i n s e r t e d 

S o u r c e withdra-wn 

S h o r t c o l l i m a t o r i n s e r t e d 

Long c o l l i m a t o r i n s e r t e d 

S t a r t p u m p 

Stop p u m p 

L iqu id L e v e l ( P u m p off) 

T e m p e r a t u r e 

L i q u i d L e v e l ( P u m p off) 

T e m p e r a t u r e 

Add m l H2SO4 

Add ^ml H2O2 

Add ^ml H2SO4 

Add m l H2O2 

Dra-w s a m p l e 1 

D r a w s a m p l e 2 

Dra-w s a m p l e 3 

D r a w s a m p l e 4 

D r a w s a m p l e 5 

C h e c k c l o c k s ( = ) 

R e t u r n e d s a m p l e s to s p h e r e 

C O M M E N T S : 

Fig. 51 



704 INPUT DATA 

FORM II 
COST ronF 44m-0Hll-303 

PRDGRAM PROBLEW RE 258 

! l ,2 

1 2 3 4 5 6 7 8 9 | 0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 

-J.._.L .1 1 .1 . 
PROI 

.1^1 mi 
i 3 i 4 i - i 1 

CARD 
, NO, 1 1 

1 1 I 1 L i -

1 1 i 1 L . 

L 1 1 1 1 

1 1 1 1 l -

_ J _ J _ L _ L _ i _ 

1 J J J 1 _ 

1 1 1 1 1 

L L I 1 1 1 

1 i 1 1 1 

1 1 „ L . ± J 

I 1 1 1 1 

1 1 1 1 1 

. 1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

I L...L_J. 1 
LEM 
Ml I 11 

1 1 1 1 1 

SWT 
1 1 1 1 1 

_ i 1 1 1 1 

i 1 1 ! 1 

L i I 1 1 

^ 1 L 1 L 1 

J 1 ' 1 L 

1 1 1 1 1 
DATE 

1 1 1 1 L 

J..J." I . U _ START 
1 TIME. 1 

1 1 1 1 1 . 

1 J 1 1 1 

1 1 1 1 i . 

1 1 1 1 1 

1 1 1 1 1 

1 i 1 1 i 

1 1 1 1 1 

J i l l ! 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 t 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 ) 9 1 

1 1 1 1 1 

_ 

-_ 

»J_ 2 3 4 5 6 7 89,0 1 2 3 4 5 6 7 8 9 

' 1 

0 1 2 3. 4 5 6 7 8 9 

1 1 1 1. 

.L_ I_JL_L 
Si l 

1 1 1 1 

! 1 1 1 
COUNT 
TIME, , 

J . J 1 1 

1 1 1 ! 

L 1 l _ J . J 

I 1 1 1 

1 .1. 1. 1... 

! 1 1 I 

1 1 1 1 

1 1 1 ! 

1 1 1 1 

L_LJ-J_J_ 

L * 1 { 

1 1 1 1 

1 1 1 1 

I I I ! 

1 1 1 1 

ORIGIN AT OF 

3 

0 1 2 3 4 5 6 

J J _ ! L 1 

1 1 1 1 1 
NO. OF 

iCff lD? 1 

_ j _ j _ j _ J _ j _ 
TOTAL 

, • 1 iCH. 

_ L 1 J 1 L 

1 1 L L i 

1 i J_ 1 1 

1 1 1 1 1 

_ 1 1 - L L I _ 

1 1 .1_X...I, . 
FORMAT 

1 1 J J J 

1 1 ! l - l l 
COUNTS 
urn > 1 . 

._L 1 1 i 1 

i J i J _ L 

.1 L l i 1 

1 I 1 J _ l 

1 I . L I 1 

1 J 1 1 1 

I 1 1 1 1 

I I i l l 

1 1 1 I 1 

1 1 1 1 1 

1 1 1 i 1 

I 1 1 1 1 

J 1 1 I 1 

1 1 1 1 1 

1 1 . L ._LJ 

! A. DE VOLPI ( 

4 

7 8 9 |0 1 2 3 4 S 6 7 8 

1 1 1 I 1 

..._U.J 1, 1 1 

BA 

1 1 I 1 1 

1 1 1 1 1 TOTAL 

1 I L l 1 

I i I J L 

X.J. J _ l J ^ 

1 I J _ 1 1 

.1 1 1 1 1 

J i 1 1 1 

1 1 1 L l 

1 1 t J 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 J 1 

1 1 1 1 1 

1 1 ! 1 1 

_ l 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 

|3Y 

1 1 l_ l L 

- J _ J _ J _ i _ l _ 
otBft) 

1 1 1 L J 

1 1 1 1 1 

tOUNTS 
9M, < . . 

L l 1 1 1 

I I ! L l 

M I L L 

9 

1 

) DATE 

5 | 6 

PAGE OF 

7 8 

0 1 2 3 4 5 6 7 8 9 1 0 1 2 3 4 5 6 7 8 9| 0 1 2 3 4 5 6 7 8 9|o 

1 1 1 1 

t i l l 

BB 
i _i 1 1 1 

_ J _ L L „ L I 
TOTAL 

. , , QH.,A 

i X_J J L 

1 1 1 . L l 

. . - l - J . I L l -

. L i I J 1 

1 1 1 1 1 

1 J _ l i 1 

1 1 1 1 1 

1 1 1 1 L 

i 1 1. 1 1 

1 i 1 1 1 

1 1 1 1 L 

1_L 1 1 L 

I I I I 

1 U 1 1 

_ L L I 1 .1 

0 1 2 3 4 5 6 7 8 9 

4 

i a . - j _ _ L L 

_ _ i _ J _ L _ L L . 
otBg) 

-XJ 1 _1 1.. 
DOUNTS 
S(M , , , 

^ L X _ l ± I. 

1 J 1 L L 

1 1 J _ L L 

1 i X X J _ 

1 i 1 1 1 

L 1 1 1 1 

„ J L J J 1 

. L l 1 J „ i 

. M l J ^ L 

1 1 1 1 1 

1 1 1 1 1 

..1 1 1 I 1. 

1 I 1 1 1 

. 1 1 1 1 L_ 

.JJ__LJ L 

l—LLX-LL 

L L - U X - J — L . 

&AB 
I J L L L 

LJ_LJ_J_J_ 
1 PARAMETER 
1 f 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

1 
L 1 i L l d 
L J - J „ U _ L . 1 

1 1 1 1 1 

. t 1 J L L 

±.± 1 1 1 

1 1 1 L_L 

1 1 1 1 1 

1 1 1 1 L 

. J ^ L J 1 L 

1 1 1 1 J 

: 1 1 J I L 

. .L J . L J _ _ i _ 

1 1 1 1 .1 

- J - J — L - L - i -
'^^AB) 

1 1 1 1 1 

_ l _ i _ J _ J _ _ L 
VARIABLE 
1 1 1 1 1 

_J_J__J-_LJ_ 

1 1 1 1 1 

i 1 J 

.L _L 

1 1 

J .J.. 

1 1 1 1 1 

. 1 1 1 LJ 

1 1 L 1 1 

1 L l J J _ 

0 1 2 3 4 5 6 7 8 9_^1 2 3 4 5 6 7 8 9 

5 [6 

1 1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 
ALIQUOT 

1. 1... 1.. 1 1 1 

_ _ L J _ L J _ L L J 

1 1 1 t 1 1 

1 1 1 1 1 1 

- X _ L 1 _ L _ L L J 

1, I I..J 1 1 

, J - J 1 1 1 1 

1 1 1 1 1 1 

L X - L L L L , 

J _ L 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 

, 

- L ! 1 1 1_L 

.i 1 1 1 I L 

-

1 1 1 1 1 1 1 

0 1 2 1 4 3 6 7 8 9 

' 

0 

Li 
PUNCH COLUMNS l-ffl ONLY FOR " F " CARDS 

F i g . 52 



4 i . 

7 0 4 I N P U T DATA 

FORM II 
COST CODE. 

PROGRAM PROBLEM RE 258 ORIGINATOR DATE PAGE OF 

1 2 3 4 5 6 7 8 9 

| 2 i 

0 1 2 3 4 5 6 7 8 9 0 12 3 4 5 6 7 8 V, 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 

7 

0 1 2 3 4 S 6 7 8 9 

1 1 1 1 

±I"1X1XJX 

_1 J 1 1 1 

L L I 1 W 

iixoixiiax. 

FfAi 

+1X1X ±L-

L J 1 I 

ix iEi 

1 u i 1 

g i 1 1 1 I 

xixi„,EL±um 

1 1 1 1 

SiUXlXlX 

1 1 1 I I 

J i l l 

iLUXLXiXli 

flfll 

P(V)1 

J I J i.^ 

xjLXi£L±ixjx 

1 I 1 I 1 

1 _LJ J 

.xii iEit iux 

L J 1 1 % 

±1 • i x i x i x i x 

1 1 I JL I 

._L1 1 I fH 

±LUXJXlXJi 

1 I I 1 1 . 

XJULEJ+IIIX. 

1 J 1 I I 

L L 1 L 

xixjJEitixJX 

i i n x i x i x i x . 

1 1 1 1 1 

j ; L : i x i i . m x . 

a'D)! 

I I I I 

x j x i £ i ± j x i x 

. 1 I I I J 

U 1 1 

xixiLEi±uj,x 

S-^l L L |Zift) i I lo -

±LliXlXJXiX 

I I I I I 

a L I I I. 

- i -X- l—t-L 

x i x i E i l i x j x . 

JLJ J_L^L 

J - 1 — L - L L 

_L-L1 C 3 1 IE) I I i_L 

+ ! • 1X1X1XIX 

I I I I I 

L-J_l I i 

xixiEilmx 

J _ 1 _ X U 

I I I I 

I I I I I 

cto'c^ ' 
CJ«QEi 1 

Xl 1 .i3. 

J I 1 1 1 
METER 

PROBLEM ' 

mm&i ± 
4i*jxiXiXix 

1 1 1 1 1 

CLOCK 
xjJ i lMEa„ 

L J _ L J . L 
DATE 

1 J 1 1 L 

XLXJ 'IILXIX 

L 1 L l I 

I I I I I 

SIT 
I J L I LJL . 

LLXIXIXJX 

I 1 L 1 1 

I I I I I 

.Ll_ 1 1 L 
TIME FIRST 
I iCMD 

_1X1X1A1XJX 

L 1 l J _ i 

1 1 L l J 
TIME FINAL 

J L Q I S B J 

I I I I I 

BA 
^ 1 J _L_L X 

J-J_J_J.J.. 

J_LXJ_J . . 

J™I_L 

BB 
a i I_L 

J 1 X _ l 1 
O(BB) 

I I I J„JL 

I I I 
~^BAB 
_L1__LJ_ 

I L i - L - i -
°tBAB) 

J _ i J - _ L 1 

JLJ_J_I_L 

_LXLX1U.X IXlXaLXJ i l XJJC 

. L l_J. J J _ . 

I I I I I 

L J _ L I . 

J _ L - J - J _ L 

X1XJJUX.IX1X. 

1 I I I I 

J L - L J L J _ I _ 

XiXlXlXIXIX 

I I I I I 

ILLXLXXXJXlX 

. X . l _ X 1 I 

|XiXlXlXIX!X|XIXIXIXIXIK 

L X X X J . 

.1 L 1 I L X_L_L J _ X - X X J L L I I I I I 

ixaixixix I IXIXIXIX L l J 1 1 

' CARD ^ 

IXlXlXlXl 

X_X.LI.J . . . 

CUMULATIVE 
r p i 1 L 1 

XIXIXIXIXI 

J _ L X J L X . 

1 1 I I i 
COUNT 
TMtJ__i 

XIXIXIXI 1 

I i I I I 

M i l l 

I I L 1 1 

1 e H L i i , 

XIXIXIXIXIX 

I I I I I 

1 L I I I I L L L i J 

L 1 1 i L 1 1 1 1 1 

1 &kll^-l- L J L L I I 

I IXIXIXIX XlXl L 

X „ L 1 1 1 

X i I I L, 

LXIX XlXiXLXl I 

i I 1 i 1 

1 I 1 I I 

TlOTAL COUNTS 
CiklLJ 

1 I I I I AA x „ n u 

J L l 1 L 

I LJ„,PliL 

J i 1 I I I I I I I I I I I I 

1LXIX1X«IX_ 1 1X1_XI_XLX 

I I I I I I I I I I I 

I J . . L I 1 

_ L 1 L I I 

MAI I m X 

I I I I I 

J L I X X 

fHi6i 1 L L 

XiXLXIll X 

1 L J 1 X 

I I I I I 

JOEL 

I I I I I 

XlXiXJXIXIi 

I I I I I 

jr I I 

XlXiXiXlXlX 

1 1 I I 1 I 
PROBLEl 

1 ,SU»BR 

SIT 
1 1 I I I 

I |X(XlXlX 

I 1 1 I I 

I I I I I 

fS 1 1 lllBflt I 

1 iXtXjXlX 

» i . L J I 

w L 1 1 I L 

hM 

iMfjlA XiX 1*1 I I I 

I I 

l i l i l i L l £ £ 

XlXlXlXlXXX_l_XlX|XiXLX|X 

I I 

TOTAL 
1 ?Hj 4 I I I I I i 

X|XjXiX_lXriXlXLXiX|XiX 

1 I 1 1 I 
NO. OF 

1 1 C«DS 

' 'F«MAT 

1 I I 1 I 

| X | X | X | X J_XJXJ1^ X., 1 X xl 

I I I I I 
BA 

i I i I I 

l i M i L X l x j ^ 
1 2 3 4 5 6 7 89 0 1 2 3 4 5 6 7 8 9!0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 B 9 0 1 2 3 4 5 6 7 8 9=0 1 2 3 4 5 6 7 8 9 

1 X 

POUNTS 
J W, ft , 

xixixixixr 

I 1 I 1 I 
O(BA) 

J I JL I I 

XiXjXjXJX IX 

- 1 I L I J 

XLlLXiXlXLX 

1 1 I L 1 

1 1 1 1 1 

X I X I X I X I X I X 

iQH.,AP , 

x i x i x i x i x r . 

I 1 1 1 1 
aCBg) 

I I 1 I I 

XIXIXIXIXIX 

J i l l L 

L L I L X^ 

1 I I 1 L 

BAB 
1 1 1 1 1 

i m x i x i x i i 

1 x_ 

1 X_L 1 1 

I I I I I 
•S-CBAB^ 

ALXLiiXUXX 
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 3 6 7 8 9 

A M D •̂  Fig. 53 



sample of the same isotope made up from the same i r rad ia t ion , then a ne-w 
C card and again an-y number of E ca rds ma-y follo-w. It is not until there is 
some change of p a r a m e t e r or background that ca rds A and B need be r e i n ­
ser ted in the deck. Manual operat ion r equ i re s s imi lar handling of the c a r d s . 

TABLE III 

CARD PUNCH CODE 

Liquid 7 7 

0 

\ l 

2 

3 

4 

5 

6 

7 

1 ^ 
9 

_ 

Testing 

Stability 

P a r a m e t e r E-valuation 

Inter cal ibrat ion 

EG 

Concentration 

A/F 

N/F 

Miscellaneous 

Scintillation ^y 

_ 

Testing 

Stability 

P a r a m e t e r Evaluation 

Inter cal ibrat ion 

BG 

-

-

-

Miscellaneous 

P a r a m e t e r 

-

HV - 1 channel 

HV - common 

Gate width 

Discr iminator 

Delay 

-

-

-

Miscellaneous 

SAMPLE NUMBER CODE: 34.xxxx 

Manganese : 0001-0999 

Other Isotopes: 1001-

fMn Bath : 001-0099 
Liquid 7 7 1 

|Rabbit : 0101-0199 

Scintillation ^y Rabbit : 0201-0299 

Y^̂  (Cold) : 1001 

Y^^ (Hot) : 1002 

Co^° : 2001 

Ni^2 : 3001 

C^* : 3501 

C s * " .2501 

A128 : 4001 

Au"^ : 5001 

Na^^ : 6001 



In o rde r to support the data obtained on cards and to provide sup­
plementary information, a "data s u m m a r y " sheet (not sho-wn) is maintained. 
On this is wri t ten sample information, special va r i ab les , clock and running 
t ime data, and coi-nments. 

A summary follows of the equations handled by the IBM 704 prograiTi 
1 1 9 8 / R E 258 (made up by G. Jensen of the Applied Mathematics Division). 
Briefly, f i r s t -o rde r cor rec t ions a r e applied for dead-t ime l o s s e s , coinci ­
dence gains and l o s s e s , backgrounds, counting t ime, and decay t ime . A 
typical output (for a single card of data) is reproduced in Fig. 54. The f i rs t 
th ree calculations a r e of the co r r ec t ed single-channel count r a t e s at the 
t ime indicated. N is simply the disintegrat ion ra te r e fe r red to the t ime in­
dicated. N ( 0 ) contains the value of N adjusted to the sample-wi thdrawal 
t ime . The output also r epor t s the counting efficiencies. To simplify plotting, 
the e r r o r s a r e given in t e r m s of their upper and lo-wer l im i t s . The computa­
tion of e r r o r s is actually one of the most useful features of the p rog ram. All 
e r r o r s a r e given as probable e r r o r s (0.6745 x standard e r r o r ) . About 
68 data ca rds (type E or F ) may be p rocessed per minute of machine t ime. 

1198/RE 258, DECAY CORRECTIONS FOR COINCIDENCE 
PROBLEM 314.0101, DATE 2,263, MANUAL FORM INPUT 
BACKGROUND COUNT RATES/B(A) = 1.58000, B(B) = i 

COUNTING 

.96000, B(A,B) = 0.01800 

N(A) CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

N(B) CALCULATIONS 

CARD NUMBER TIME 
i . 1006. 

N(A,B) CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

N CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

N(0) CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

EPSILON CB) CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

EPSILON (A) CALCULATIONS 

CARD NUMBER TIME 
I . 1006. 

MEDIAN 
0.I079E on 

MEDIAN 
0.21I27E 04 

MEDIAN 
0.5060E 02 

MEDIAN 
0.5I73E 05 

MEDIAN 
0.9I01E 05 

MEDIAN 
0.4691E-OI 

MEDIAN 
0.2085E-0I 

UPPER LIMIT 
0 . I079E on 

UPPER LIMIT 
0.2428E 04 

UPPER LIMIT 
0.5071E 02 

UPPER LIMIT 
0.5I85E 05 

UPPER LIMIT 
0.9I21E 05 

UPPER LIMIT 
0.4907E-0I 

UPPER LIMIT 
C.2298E-0I 

LOWER LIMIT 
0.IC78E 04 

LOWER LIMIT 
0.2426E 04 

LOWER LIMIT 
0.5050E 02 

LOWER LIMIT 
0.5I62E 05 

LOWER LIMIT 
0.9081E 05 

LOWER LIMIT 
0.4476E-0i 

LOWER LIMIT 
0. I872E-0I 

Fig. 54. Typical Computer Results for 
,56 Mn Decay Correc t ions 



97 

Def in i t ions 

Ci = t o t a l coun t s in C h a n n e l i 

t c = coun t ing t i m e , s e c 

tj3 - d ecay t i m e 

T-n- = dead t i m e for c h a n n e l i, s ec (i = AjB) 

i = A, B , and AB o r ^, 7 , and ,67 u n l e s s r e s t r i c t e d to A,B only 

Tg = c o i n c i d e n c e ga te t i m e in s e c o n d s 

B^ = b a c k g r o u n d for c h a n n e l i 

X = d e c a y c o n s t a n t , s e c " 

CT( ) = p r o b a b l e e r r o r (0.6745 x s t a n d a r d e r r o r ) for quan t i ty in 
p a r e n t h e s i s 

NQ = d i s i n t e g r a t i o n r a t e c o m p u t e d 

No - w e i g h t e d m e a n of No 

w. = we igh t i ng f a c t o r for j th v a l u e of NQ 

A( ) = p r o b a b l e e r r o r due to P o i s s o n s t a t i s t i c s 

6( ) = p r o b a b l e e r r o r due to p r o p a g a t i o n of s y s t e m a t i c e r r o r s 

Roi = u n c o r r e c t e d count r a t e s 

Rĵ  = c o r r e c t e d count r a t e s 

£ i = c h a n n e l e f f i c i enc i e s 

C o m p u t a t i o n s 

R i - Ro iAl^Ro i -^R i ) (D-1) 

Roi - C i / t c (D-2) 

R A B =̂  R-OAB - "^gRA^B (^" ^) 

Ni = Xte ( R i - B i ) / ( l - e " ^ * c ) (D-4) 

^A = N A B / N B (15-5) 

^B - N A B / N A (D-6) 

N = N A N B / N A B (D-7) 

No = Ne ^D (D-8) 

a (Ci) = 0.6745 /Ci (D-9) 
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Appendix E 

Mn^^ DECAY TABLES 

Because of the universa l usefulness of Mn^° counting, some 
computer -produced decay tables a r e included in this appendix (Tables IV 
and V). 

Table VI provides an es t imate of the counting t ime required to ob­
tain an equal number of counts when seve ra l samples a r e being counted in 
the same day. For example if the f irs t sample yields a certain number 
of counts in 30 min, then it will r equ i re 34.5 min to obtain the same num­
ber of counts once again, 41 min for the thi rd run, and so on. No provision 
has been made for background counting or t ime for changing samples , etc 
Table VI computations a r e valid only to a few per cent. One may in te r ­
polate for in te rmedia te t imes . 



Mn 

Minutes 

00 . 
10 . 
20® 
30 . 
i+0. 

50. 
60 . 
70 . 
80® 
90® 

100. 
110. 
120. 
150. 
ll+O. 

150. 
l6o. 
170. 
180. 
190. 

20)® 
210. 
220. 
230. 
2l+0. 

250® 
260. 
270. 
280® 
MO. 

0 

1.00000 
.95616 
.911+21+ 
.871+16 
.85581+ 

.79920 

.761+16 

.73066 

.69865 

.66800 

©63872 
.61072 
©58595 
«55835 
.53387 

.5101+6 
©I48809 
.1+6669 
.I+I1623 
.1+2667 

.1+0796 

.39008 

.37298 

.35665 
©3^99 

,52601+ 
.31175 
,29808 
.28502 
.27252 

1 

.99555 
©95188 
.91015 
.87025 
.83210 

.79562 

.76075 

.72739 

.69551 

.66502 

.63586 

.60799 

.58133 

.55585 

.5311<B 

a 50818 
®li8590 
.l»61+60 
.1+1+423 
.I+2I+76 

.ll06ll+ 
,38833 
.57151 
.35505 
.339'+7 

.321+59 
,31056 
.29675 
.28571+ 
.27130 

2 

.99107 

.9^+763 
,90608 
.86636 
.82838 

.79207 

.7573^ 
,721+11+ 
,6921+0 
.66201+ 

.65502 

.60527 

.57873 

.55336 

.52910 

.50591 

.I18373 

.1+6252 

.1+1+225 

.1+2286 

.1+01+32 

.38660 

.36965 

.353^4 

.33795 

.32313 

.50897 

.295te 

.2821+7 

.27009 

3 

.9Q66h 

.91+539 

.90205 

.8621+9 

.821+68 

.78852 

.75395 

.72090 

.68930 

.65908 

,65019 
.60256 
,57611+ 
.55089 
.52671+ 

.50361+ 

.I18157 

.1+601+5 

.1+1+027 

.42097 

®to251 
.381+87 
.36799 
.35186 
.3361+1+ 

.52169 

.30759 

.291+10 

.28121 

.26888 

TABLE IV 

e X = 0.00HH829 min 

1 + 5 6 7 8 9 

.98223 
©95917 
.89800 
.85863 
.82099 

.78500 

.75058 

.71768 

.68622 
©65615 

.62737 

.59986 

.57557 
®5l»61+2 
©52I+38 

.50139 
,1+7941 
.1+5839 
,45830 
.41908 

.40)71 

.38315 

.36635 

.35029 

.33493 

.32025 

.30621 

.29279 

.27995 

. 2 6 7 ^ 

.97783 
,93497 
.89398 
.85479 
©81752 

©78148 
.74725 
,71447 
.68315 
©65320 

.62456 

.59718 

.57100 
©54597 
.52204 

,49915 
.47727 
.45634 
.43634 
.41721 

.39892 

.38143 

.36471 

.54872 

.33345 

.31882 
a30l|B4 
.291W 
,27870 
.26648 

©97346 
©95079 
©88998 
,85096 
.81566 

.77799 

.74588 

.71127 

.68009 

.65028 

.62177 

.59451 
,56845 
.54553 
.51970 

.49692 

.47515 

.45430 

.43439 

.41534 

,59714 
,37975 
.36308 
©34716 
.53194 

©51759 
.505118 
.29017 
.27745 
®26529 

.96911 

.92662 

.88600 

.84716 

.81002 

.77451 

.74056 

.70809 

.67705 

.64757 

.61899 

.59185 
,56591 
.54110 
.51738 

.49469 
©47301 
.45227 
.43244 
.41349 

©39536 
.37803 
.56145 
.34561 
.33046 

.51597 

.3021? 

.28887 

.27621 

.26410 

.96477 

.99999 

.88204 
©84337 
.80640 

.77105 
©73724 
.70492 
.67402 
.64447 

.61622 

.58920 

.56357 

.55868 

.51506 

,49248 
.47089 
.45025 
©43051 
.41164 

.39359 

.37634 

.35984 

.34406 

.32898 

.31456 
©30077 
.28758 
.27497 
,26292 

.96046 
,91855 
,87809 
.85960 
.80279 

.76760 
©75395 
.70177 
.67101 
,64159 

.61346 

.58657 

.56065 

.53627 
©51276 

.49028 

.46879 
©44823 
.42858 
.40980 

,59185 
©37465 
.55823 
.34252 
.5? r51 

.31315 

.29942 

.28630 

.27574 

.26174 



56 
Mn 

Minutes 

300. 
310. 
320. 
330. 
3l«). 

550. 
560. 
370. 
380. 
390. 

1*00. 
1*10. 
1*20. 
1*50. 
1*1*0. 

1*50. 
1*60. 
1*70. 
1*60. 
1*90. 

500. 
510. 
520. 
530. 
51*0. 

550. 
560. 
570. 
580. 
590. 

0 

.26057 

.21+915 

.23823 

.22778 

.21780 

.20825 

.19912 

.19039 

.I820I* 

.171*06 

.1661*3 

.15911* 

.15216 

.11+51*9 

.13911 

.15301 

.12718 

.12161 
,11628 
.mi6 

.10630 

.10161* 

.09719 

.09293 

.088B5 

.081*96 
,08125 
.07767 
.071*27 
.07101 

1 

.2591*1 

.2lf80l* 

.23716 

.22677 

.21682 

,20732 
.19823 
.18951* 
.18125 
.17329 

.16569 

.1581*3 

.1511*8 

.11*1*81* 

.1581*9 

.1321*2 

.12661 

.12106 

.11576 

.11068 

.10585 

.10119 

.09675 

.09251 

.0881*6 

.081*58 

.08087 

.07755 

.07591* 

.07069 

2 

.25825 

.21*695 

.25610 

.22575 

.21585 

.20659 

.19751* 

.18869 

.1801*2 

.17251 

.161*95 

.15772 

.15080 

.1IA19 

.13787 

.15185 

.12605 

.12052 

.II52I* 

.11019 

.10556 

.10071* 

.09652 

.09210 

.08806 

.081*20 

.08051 

.07698 

.07360 

.07038 

3 

.25709 

.21*582 

.25505 

.221*71* 

.211+89 

.2051*7 

.1961*6 

.18785 

.17961 

.17171* 

.161*21 

.15701 

.15013 

.11*355 

.15725 

.13121* 

.1251*8 

.11998 

.111*72 

.10969 

.101*88 

.10029 

.09589 

.09169 

.08767 

.08582 

.08015 

.07663 

.07528 

.07006 

TABLE IV (Contd.) 

e ' ^ * X = 0.00iW829 min 

1* 5 6 7 8 9 

.25591* 

.21*1*72 

.25599 

.22571* 

.21595 

.201+55 

.19558 

.18701 

.17881 

.17097 

.1631*8 

.15631 

.11*91*6 

.11*290 

.I366I* 

.13065 

.121*92 

.1191*5 

.111*21 

.10920 

.101*1+2 

.O998I* 

.0951*6 

.09128 

.08727 

.0831*5 

.07979 

.07629 

.07295 

.06975 

.251*80 

.21*363 

.25295 

.22271* 

.21297 

.20563 

.191*71 

.18617 

.17801 

.17021 

.16271* 

.15561 

.11*879 

.11+227 

.15605 

.15007 

.121*36 

.11891 

.11370 

.10871 

.10395 

.09959 

.09503 

.09087 

.08688 

.08308 

.0791*3 

.07595 

.07262 

.0691*1* 

.25366 

.21*251* 

.23191 

.22171* 

.21202 

.20272 

.I938I* 

.18551+ 

.17721 

.1691*1* 

.16202 

.151*91 

.11*812 

.11*163 

.1551+2 

.1291*8 

.12581 

.11838 

.11319 

.10823 

.1031*8 

.09895 

.091*61 

.0901*6 

.08650 

.08270 

.07908 

.07561 

.07230 

.06913 

.25252 

.21+11*5 

.25087 

.22075 

.21107 

.20182 

.19297 
,181*51 
.1761*2 
.16869 

.16129 

.151*22 

.11*71+6 

.11*100 

.151*81 

.12890 

.12525 

.11785 

.11268 

.10771* 

.10302 

.09850 

.091*19 

.09006 

.08611 

.08233 

.07872 

.07527 

.07197 

.06882 

.25139 

.21*037 

.22981* 

.21976 

.21013 

.20091 

.19211 

.18368 

.17563 

.16795 

.16057 

.15553 

.11*680 

.11*056 

.151*21 

.12853 

.12270 

.11732 

.11218 

.10726 

.10256 

.09806 

.09376 

.08965 

.08572 

.08197 

.07857 

.071*91* 

.07165 

.06851 

.25027 

.23930 

.22881 

.21878 

.20919 

.20002 
,19125 
.18286 
.171*85 
.16718 

.15985 

.15 281* 

.11*611* 

.13971* 

.13361 

.12775 

.12215 

.11680 

.11168 

.10678 

.10210 

.09762 

.09331* 

.08925 

.08531* 

.08160 

.07802 

.071+60 

.07153 

.06820 



y 56 Mn 

Minutes 

600. 
610, 
620. 
630® 
61*0® 

650® 
660. 
670. 
680. 
690® 

700. 
710. 
720. 
750. 
71*0® 

750. 
760. 
770. 
780. 
790. 

800. 
810. 
820® 
850. 
8I1O. 

850. 
860. 
870. 
880. 
890. 

900® 

0 

.06790 
,061*92 
.06208 
.05935 
.05675 

.051*26 

.05189 

.01*961 

.0l*7lA 
,01*536 

.01*557 

.0I+1I+7 

.03965 

.05791 

.03625 

.03h66 

.03311+ 

.05169 

.03050 

.02897 

.02770 

.0261*9 

.02552 

.021*21 

.02315 

.02211* 
,02117 
.02021+ 
.01935 
.01850 

,01769 

1 

.06759 

.061*63 
,06180 
.05909 
.05650 

,051+02 
.05165 
.01*959 
.01+722 
.01+515 

,01*517 
.01+128 
.0391+7 
,03771* 
.03609 

,051+50 
.03299 
.03155 
.03016 
,02881* 

.02758 

.02657 

.02521 

.021*11 

.02505 

.02201+ 

.02107 
,02015 
.01927 
.0181*2 

.01761 

2 

,06729 
.061+3^ 
.06152 
.05882 
.05625 

.05578 
,0511*2 
.01*917 
,01*701 
.01*1*95 

®0l*298 
.01*110 
.05930 
.03757 
.03595 

.051+55 

.0528I* 

.0311*0 

.05005 
,02871 

.0271*5 

.02625 

.02510 

.021*00 
,02295 

,02191* 
.02098 
.02006 
.01918 
.01851* 

.01753 

3 

.06699 

.061*05 

.06125 

.05856 

.05599 

.05351* 

.05119 

.01+895 

.01*680 

.01*1*75 

.01+279 
,01*091 
,03912 
.0571*0 
.05576 

.031+20 

.03270 

.05126 

.02989 
,02858 

.02733 

.02615 

.021*99 

.02589 

.02281* 

.02181* 

.02088 

.01997 

.01909 

.01826 

.0171+6 

X -

TABLE IV (Contd.) 

-Xt 
e 

i* 5 

,06669 .06639 
.06577 .0631*8 
,06097 .06070 
.05850 .05801* 
.05571+ .0551+9 

.05530 ,05306 

.05096 .05071+ 

.01*873 .01*851 

.01*659 .01*658 

.01*1*55 .01*1*55 

.01*260 .01*21*1 

.01*075 .0to55 

.05891* ,05877 

.05721* .05707 

.05560 .0351*5 

.05lK)l* .05589 

.03255 ,0321*1 

.03112 .05099 

.02976 .02963 

.0281*6 .02833 

,02721 .02709 
.02602 .02590 
.021*87 .021*76 
.02578 .02368 
.02271+ .02261* 

.02171* ,02165 

.02079 .02070 

.01988 .01979 
,01901 .01892 
,01817 .01809 

.01758 .01750 

6 7 

.06610 .06580 
,06320 .06292 
.0601*3 .06016 
.05778 .05752 
,05525 .05500 

,05282 ,05259 
.05051 .05028 
.0l«B29 .01*808 
.Ol*6l8 .0U597 
.01*1*15 .01+596 

.01+222 .01*203 
,01*037 .01+019 
.05860 .0381*2 
.03690 .03671* 
.03529 .03515 

.03571+ ,05559 

.05226 .05212 

.05085 ,05071 

.0291*9 .02956 

.02820 .028C« 

.02696 .02681* 
,02578 .02567 
,021+65 .021*51* 
.02357 .0251*7 
,02251* .0221+1* 
.02155 .0211+5 
.02061 .02051 
,01970 ,01961 
.01881* .01875 
,01801 .01795 

.01722 .01715 

0.001rt829 min 

8 9 

.06551 .06521 

.06263 .06235 

.05989 .05962 
,05726 .05701 
,051*75 .051*51 

.05235 .05212 

.05006 .01*983 

.01*786 .01*765 
,0i*577 .01*556 
,01*376 .01*556 

.01*181* .01+165 

.oi«ooi .03985 

.05825 .05808 

.03658 ,0561*1 

.051*97 .051462 

,0551*1* .05329 
,05197 .03183 
.05057 .0301*3 
.02923 .02910 
,02795 .02782 

.02672 .02660 
,02555 .0251*1* 
,02l*i*3 .021*32 
.02536 ,02326 
.02231* .02221* 

.02156 ,02126 

.0201*2 .02055 

.01955 .0191+1* 
,01867 .01859 
,01785 .01777 

.01707 .01699 



TABLE V-A 

Mn 56 Xt X = 0.00HH829 min" 

Minutes 

00, 
10 . 
20. 
50. 
1*0. 

50. 
60. 
70. 
80. 
90. 

.00. 

1,00000 
l.oi*585 
1.09580 
1.11*595 
1.1961*0 

1.25125 
1,30862 
1.36862 
1.1*3157 
1.1*9700 

1.56563 

1.001*1*9 
1.05055 
1.09871 
1.11*909 
1.20177 

1.25687 
1.511*50 
1.571*77 
1.1*5780 
1.50372 

1.57267 

1,00901 
1.05527 
1.10565 
1.151*25 
1.20717 

1.26252 
1.5201*1 
1.38095 
l .W+26 
1.5101*8 

1.57975 

I.0135I* 
1.06001 
1.10861 
1.1591*1+ 
1.21260 

1.26819 
1.32651+ 
1.38715 
1.1*5075 
1.51727 

1.58683 

1.01809 
l.o6i*77 
1.11559 
1.161*65 
I.21B05 

1.27589 
1.33230 
1.39338 
1.1*5727 
1.521*08 

1.59396 

TABLE V-

1.02267 
1.06956 
1.11859 
1.16988 
1.22352 

1.27962 
1.33828 
I.3996I+ 
1.1*6382 
1.53093 

1.60112 

B 

1.02726 
1.071*56 
1.12562 
I.1751I+ 
1.22902 

1.28556 
1.31*1*30 
1.1*0595 
1.1*7059 
1.53781 

1.60832 

1.03188 
1.07919 
1.12867 
l.l80l*2 
1.231*51+ 

1.29111* 
1.55051* 
1.1*1225 
1.1*7700 
1.51*1+72 

1.61551* 

1.05651 
1,081*01* 
1.15371+ 
1.18572 
1.21*008 

1.29691* 
I.356I+O 
1.1*1859 
1.1*8361* 
1.55166 

I.622B0 

1.01*117 
1.08891 
I.13B83 
1.19105 
1.21*566 

1.30277 
1.56250 
1.1*21*97 
1.1*9050 
1.55863 

1.63009 

Mn 56 lA-e-") 0.00HH829 min 

Minutes 

c»® 
10 . 
20. 
30. 
to® 

50. 
60® 
70 . 
80 . 
90® 

22,8108 
11.6610 
7.91*687 
6.09168 

1*,98006 
1+. 21*022 
3.71282 
3.31820 
3.01209 

223.575 
20.7832 
11.1302 
7.70738 
5,95601* 

1*®89296 
1+.17961* 
3.6ffl31 
5.281*11* 
2.98522 

112.036 
19.0937 
10.61*78 
7.li8289 
5.82687 

1+.80921 
l*.12103 
5.6250I+ 
5.25093 
2.95895 

71*, 8582 
17.661+1 
10.2073 
7.27202 
5.70373 

l|-®72865 
l*,061+30 
3.58297 
5.21855 
2.93321* 

56.2692 
16.1*388 
9.80555 
7.07358 
5.58620 

1+.65108 
1*® 00951* 
3.51+205 
3.18690 
2.90810 

1*5.1160 
15.5769 
9.1*3211* 
6.88650 
5,1+7391 

1*. 57631* 
3,95609 
3.50225 
3.15605 
2,8831*9 

57.6806 
ll*. 1+1*79 
9.08953 
6.70985 
5.56652 

I*. 501*29 
5.901+1*7 
3.1+651*7 
3.12588 
2,8591*0 

32.3698 
13.6281 
8.7719I* 
6.51+271+ 
5.26371 

l*.l*3l*78 
3.851*39 
3.1*2572 
5.0961*1+ 
2,85581 

28,3868 
12.8995 
8.1*7725 
6.581*1*5 
5.16521 

1*.36768 
3,80580 
3.38895 
3.06768 
2.81272 

25,2889 
12.2I+76 
8.20290 
6,231*50 
5.0707I* 

1+.30286 
3.75863 
3,35512 
5.03956 
2,7^09 

100. 2,76793 2,71+622 2.72I+93 2.70l»O7 2.68362 2,66356 2,61*388 2,621*59 2.60565 2.58707 
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TABLE V-C 

Xt, : / ^ . e - ) 0.00HH829 min 
-1 

Minutes 

00. 
10. 
20. 
50® 
1*0. 

50. 
60. 
70 . 
80 . 
90. 

1.00000 
1.02258 
1.01+550 
1.06875 
I.0925I+ 

1.11626 
I.1I1051 
1.16509 
1.19001 
1.21526 

1.00226 
1.021*86 
1,01+781 
1,07109 
1.091*71 

1,11867 
1.11*295 
1.16757 
1.19252 
1,21780 

1,001*50 
1.02711* 
1.05012 
1.0751*1* 
1.09709 

1.12108 
1.11*51*0 
1.17005 
1,19505 
1,22055 

1.00675 
1.0291*2 
1.0521*1* 
1.07579 
1.0991*8 

1.12550 
1.11*785 
1,17253 
1.19755 
1,22290 

1,00900 
1,05171 
1.051+76 
1.07811* 
1.10186 

1,12592 
1,15030 
1,17502 
1,20007 
1.2251*5 

1.01125 
1.051*00 
1.05708 
1.08050 
1.101*25 

1.12831* 
1.15276 
1.17751 
1,20259 
1.22801 

1,01551 
1.05629 
1.0591*1 
1.08286 
1.10665 

1.13077 
1.15522 
1.18001 
1.20512 
1.23057 

1.01578 
1.03859 
1,06171* 
1.08525 
1.10905 

1.15520 
1.15768 
1.18250 
1.20765 
1,25513 

8 

1.01801* 
1.01+089 
1,061*07 
1.08759 
1.1111*5 

1,15563 
1,16015 
1.18500 
1,21018 
1.25569 

1,02051 
1.01*519 
1,0661*1 
1.08996 
1.11585 

1.13807 
1,16262 
1.18750 
1.21272 
1.23826 

100. l,2l!08I* 1.21*51*1 1.21+599 1.21*857 I.25116 1.25575 I.2565I* I.2589I+ 1.26155 1,261*11+ 



TABLE VI 

COUNTING TIME* TO OBTAIN EQUAL 
NUMBER OF COUNTS: Mn^^ 

Atg = init ial counting in terval 

to = s tar t ing t ime of init ial counting in terval 

t^i - s tar t ing t ime of nth counting in terval 

Atj-̂  = counting t ime requ i red s tar t ing at tj-,̂  to obtain 
equal counts as obtained in Atg at to 

^Xtn (i.^-:^Atoj 

\Ato 

tn \ 

30 
60 
90 
120 
150 
180 
210 
240 
270 
300 
330 
360 

5 

5.3 
6.5 
7.3 
8.5 
10 
11.3 
13 
15 
17 
19.5 
23 
25.5 

10 

10.3 
12.2 
15.5 
17.5 
20.5 
23.2 
27 
31 
35.2 
40.5 
48 
55.7 

15 

17.2 
20 
23 
26 
30.5 
35 
40.2 
47 
55 
64 
75 
88 

20 

23.5 
26.5 
31.2 
35.5 
41.5 
48 
5 5,5 

65 
76 

89 
106 
126 

25 

28 
33.5 

38.5 

45 
52 
61.5 

71 
83 
97.5 

117 
140 
169 

30 

34.5 

41 
47 
54 
63 
74 
87 
103 
122 
148 
181 
223 

40 

46 
54 
63 
73 
86 
102 
121 
142 
178 
222 
284 
388 

50 

58 
68 
79 
95 
112 
133 
162 

199 
251 
321 
483 

60 

70 
83 
97 
116 

139 
169 
208 
263 
351 
537 

- \ A t 
n _ = 1 -

*A11 figures in minutes 



Appenaix F 

SAMPLE PREPARATION 

We p r e s e n t next an outline of p rocedure s used in p repara t ion of 
samples for in terca l ibra t ion . The chief effort is d i rec ted towards p r e p a r ­
ing a set of liquid scint i l la tor and 2- l i t e r samples which may be reproducibly 
compared on the bas i s of del ivered aliquot. A delicate balance has been 
reached so that the ent i re p rocedure is fully compatible . A shor t i r r a d i a ­
tion t ime in the C P - 5 rabbit is n e c e s s a r y to avoid enhancement of high-
energy neutron reac t ions ; at the same t ime , the sample mus t not be too hot 
to handle by ordinary p rocedures . Only a smal l amount of powder may be 
i r r ad ia t ed in o rde r to maintain a dilute (~2.5 g/l) solution of high specific 
activity. Some peroxide and sulphuric acid mus t be added to r e t a r d the 
Sz i l a rd -Cha lmers p r o c e s s . (An excess of SOi" ion is made avai lable , and 
Mn02 a l ready formed is prompt ly and efficiently reduced by the H2O2; this 
IS a very impor tant s tep in attaining reproducibi l i ty . ) 

Alcohol mus t be mixed in a high propor t ion with the aqueous solu­
tion in o rde r to encourage the manganese -wa te r molecular sys t ems to r e ­
main in the liquid volume ra the r than to at tach by surface tension effects 
to the walls of g l a s sware , especia l ly the scinti l lat ion v ia ls . One effect of 
adsorpt ion is to reduce geometry to 2?] for a la rge fraction of the active 
manganese . 

The solution is dispensed at a 1-ml capacity u l t r a - m i c r o b u r e t , * and 
ca re is taken to maxi inize re la t ive del ivery accuracy . Normally, th ree 
scinti l lation samples a r e made up with about 50 A of solution, and about 
100 X a re given to the three 2 - l i t e r samples of water . These a r e the only 
quantitative steps requ i red . The exact solution del ivered is r ecorded to 
the n e a r e s t 0.1%, and the volume of the water sample is 2.000 i 0.0005 l i t e r s 
by a thin-neck volumetr ic flask 

P repa ra t i on of these 6 samples r equ i r e s about I™ hr and cleaning 
of g lassware an additional 1~ hr . 

P r e p a r a t i o n of Mn^ Samples 

A. I r rad ia t ion 

1. A Teflon vial is cleaned with doubly dist i l led HjO and dr ied 
with acetone (CP). 

2. 25 + 5 mg of MnS04-H20 powder (CP) into the Teflon i r r a d i a ­
tion vial . 

*Gilmont Ul t r amic ro Buret , Manostat Corporat ion, 26 N. Moore St., 
New York 13 



3. The sample is i r r ad i a t ed at CP-5 rabbit at 6 AM + 1 hr for 
20 + 5 sec on day of use . 

4. The vial is brought to D-316 by Special Mater ia l s handlers 
by ~9:30 AM. 

5. The vial is checked with s tandard m e t e r and the dilution factor 
de te rmined (to yield ~ 1 0^ d / s in liquid scint i l la tor at "-l 1:00 AM). P r e s e n t 
dilution formula is 18.8 ml:120 m r = x ml : daily reading in m r @ ~9:30. 

B. Liquid Scintil lator 

1. p-dioxane scint i l la tor cons is t s of 1000 mg naphthalene(CP), 
100 mg P P O (scint i l la tor grade) and 10 ml p-dioxane (CP). 

2. Cells a r e cleaned by r insing with ethanol, washing in soapy 
H2O, t r iple r insing with dis t i l led HgO, and dried with ethanol. 

3. MnS04'H20 powder einptied into ~ 10 ml dist i l led HgO (accord­
ing to dilution factor) with 12 (drops/lOO inl) of cone H2SO4 and 12 d r o p s / 
100 ml 30% H2O2. 

4. 2 ml of MnS04-H20 solution miixed with 10 m l of ethanol. 

5. U l t r a - m i c r o b u r e t tip is coated with silicone g rease . Start of 
del ivery is always based on liquid a t tip with dial cranked severa l turns 
in ejection di rect ion in o rde r to take up gear slack. End of delivery is 
based on r e t r i eva l of solution from tip to midway up capi l lary tube and 
then r e tu rn to tip again to take up gear s lack. Interpolate 0.05 X on dial 
reading. 

6. Solution drawn into 1 inl capacity u l t r a - m i c r o b u r e t should be at 
l eas t 100 A, beyond calculated total del ivery volume; the f i rs t 50 X a r e d i s ­
carded, and then ~50 X a re de l ivered into each liquid scint i l lator vial (al­
ready filled with p-dioxane sc int i l la tor) . 

7. Vial is topped off: ~ 11.8 ml scint i l la tor total. 

8. Usually _̂  samples a r e made up. 

9. Allow at l eas t Z full days to lapse before reusing v ia l s : old 
solution can be dumped into dra in after 1 or 2 days. 

10. Care mus t be taken not to draw solution from region m e r c u r y 
sulfate formed in u l t r a - m i c r o b u r e t . 
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C. Two- l i te r Sample 

1. A two- l i te r polyethylene, bottle is washed in dis t i l led H2O and 
dr ied with, acetone (CP). Allow at least_2_full days to lapse before reusing 
a bottle, 

2. Add a total amount of water de te rmined carefully from a 
s tandard volumetr ic flask to be 2.000 i 0.0005 l i t e r s of dist i l led H2O + 
12 drops each H2SO4 and 30% H2O2 at 70-78°F. 

3- ~100 X a r e de l ivered from u l t r a - m i c r o b u r e t into par t ly filled 
100-ml beaker , using the same del ivery techniques as in liquid scint i l la tor 
sample . The solution in the beaker is then poured into the polyethylene 
bottle, and the beaker is r in sed 10 t imes with H2O solution. The remaining 
H2O solution is used to fill bott le. 

4. The solution is thoroughly mixed in bottle and placed in an acid 
basket for toting. 

5. Usually 3 samples a r e made up. 

6. Old solution can be dumped into dra in after 1 or 2 days. 

7. Care mus t be taken not to draw solution froin region where 
i ne rcu ry sulfate has formed in u l t r a - m i c r o b u r e t . 

li 



109 

REFERENCES 

1. R. D. Edge, Neutron Exper iments with a Sensitive Sz i l a rd -Cha lmers 
Detector , Aust ra l . J . Phys . , 9., 429-435 (1956). 

2. D. C. Borg et a l . . Selective Radioactivation and Multiple Coincidence 
Spect rometry in the Determinat ion of Trace Elements in Biological 
Mate r ia l - Measurement of Manganese, Intl. J. Appl. Rad. and Iso. , 
110, 10-29 (1961). 

3. P . Kienle and R. E. Segel, Decay of Co^^ and Mn^^, Phys . Rev. 114, 
1554-1560 (1959). ~ ^ ^ ~ " 

4. K. E. P lumlee and M. T. Wiggins, Automatic Foil Activity Counting 
Faci l i ty and Data- reduct ion P r o g r a m , ANL-6628 (Oct 1962). 

5. B. A. Loveridge and A. M. Thomas, Liquid Scintillation Counting of 
Aqueous Solutions, AERE-R2942 (1960)"^ "" ' "" 

6. D. L. Hor rocks , Liquid Scintillation Counting of Inorganic Radioactive 
Nucl ides , Packa rd Technical Bulletin, Packard Inst rument Co., 
LaGrange, 111. (March 1961). 

7. A. Gandy, P r epa ra t i on et e talonnage des sources radioact lves de 
r e fe rence , Internat ional Atomic Energy Agency, Vienna ( I96 l ) . 

8. P . J. Campion, The Standardizat ion of Radioisotopes by the Beta-
Gamma Coincidence Method Using High Efficiency Detec tors , Intl. 
J, Appl. Rad. and ' lso.^ 4, 232-24871959). 

9. A. Gandy, Mesure Absolue de I 'Activite des Radionuclides par las 
Methode des Coincidences Be ta -Gamm de Detecteurs de 
Grande Efficacite. Etude des Coincidences Ins t rumentaks , Intl. J. 
Appl. Rad. and Iso. , U., 75-91 ( l 9 6 l ) . 

10. A. Gandy, Mesure Absolue de I 'Activite des Radionuclides par la 
Methode de Coincidences Be ta -Gamma a I'Aide de Detecteurs de 
Grande Effjcacitd^- Cor rec t ions de Gemips Mor t s , Intl. J. Appl. Rad. 
and Iso. , _13., 501-513 (1962). 

11. B, S. Dzhelepov and L. K. P e k e r , Decay Schemes of Radioactive 
Nuclei , Academy of Sciences of the USSR P r e s s , Moscow (1958) 
(in Russian) . 



110 

12. J . W, Meadows and J . F . Whalen, The rma l Neutron Absorption Cross 
Sections by the Pulsed Source Method, Nucl. Sci. and Eng., 9, 132-136 
(1961), 

13. V. B. Klimentov and V, M. Griazev, Some Neutron Resonance-
Absorption In tegra l s , J. Nucl. Energy, 9, 20-27 (1959). 

14. C. D. Hodgeman, (Editor) , Handbook of Chemis t ry and Phys ics , 
Chemical Rubber Publishing Co., Cleveland, Ohio (1958). 

15. Strominger et a l , , Table of Isotopes, Rev. Mod. Phys . , 30_, 585-904 
(1958). 

16. G, W, Leddicotte, The Radiochemis t ry of Manganese, National 
Academy of Sciences (NAS-NS-3018) OTS, Wash,, D. C. ( i960). 

17. M. E. Rose, In ternal Conversion Coefficients, North Holland 
Publishing Co., Ams te rdam (1958). 

18. Cook, C. Sharp, Gamma Radiation Following the Decay of Mn^^ and 
the Energy Levels"of Fe'"', Nucl. Phys . , 7,480-487 (1958). 

19. L. V. Groshev _et aL , Investigation of Gamma Rays Emit ted from 
Vanadium, Manganese, Cobalt, and Aluminum Nuclei after Thermal 
Neutron Capture , Atomnaya Energiya,_3, 187-203 (1957). 

20. J . A. DeJuren et a l . . Absolute Calibrat ion of the National Bureau of 
Standards Photoneutron Standard: I, J, R e s e a r c h Natl. Bur, Standards, 
55, No, 2 (Aug 1955). 

21. J. DeJuren and J. Chin, Absolute Calibration of the National Bureau of 
Standards Photoneutron Standard: II. Absorption in Manganese Sul-
phate, ibid., 55, No. 6 (Dec 1955), 

22. R. Caswell et a l . , Recent Developments in Neutron Source Standardi­
zation, Symposium on Neutron Detection, Dos imet ry , and Standardiza­
tion, Pape r SM-36/80 ( internat ional Atomic Energy Agency-
Symposium held Dec 1962 at Harwell , U. K,). 

23. R. Richmond and B. J . Gardner , Calibrat ion of Spontaneous F i ss ion 
Neutron Sources . AERE R / R 2097 (1957). 

24. R. L, Macklin et a l , . Manganese Bath Measurements of T) of U^̂ ^ and 
U ^ ^ Nucl. Sci.~and Eng,,_8, 210-220 (i960). 

25. E, J . Axton and P . C r o s s , The Es tab l i shment of an Absolutely Cali­
b ra ted Neutron Source, Reactor Science and Technology, 1_5, 22-27 
(1961). 

m 



26. C. G. Bell, J r . and F . N. Hayes, (Edi tors) , Liquid Scintillation Count­
ing, (Proceedings of a conference held at Nor thwestern Universi ty, 
August 20-21 , 1957), New York, Pe rgamon P r e s s (1958), 

27. E. Rapkin, Lic]uid Scintil lation Measurement of Radioactivity in 
Heterogeneous Systems, Packa rd Technical Bulletin, Packard Ins t ru ­
ment Company, LaGrange, Illinois (July I960). 

28. L. S, Myers and A. H, Brush, Counting of Alpha and Beta Radiations 
in Aqueous Solutions by the Detergent-Anthracene Scintillation Method, 
UCLA-484 (July 28, 196l) . 

29. A, R. Ronzio, Metal Loaded Scintil lator Solutions, Intl. Jour . Appl. 
Rad. and Iso. , 4, 196-200 (1959). 

30. D. L. Horrocks and M. H. Studier, Determinat ion of the Absolute 
Disintegrat ion Rates of Low Energy Beta E m i t t e r s in a Liquid Scin-
ti l lat ion Spec t romete r , Anal. Chem., 33, 615-620 ( I96l ) . 

31. F . N, Hayes, Liquid Solution Scint i l la tors , LA-1639 (May 12, 1954). 

32. E. Schram and R, Lombaer t , Organic Scintillation Detec tors , Count-
ing of Low-energy Beta E m i t t e r s , Elseview Publishing Co., New 
York (1963). 

33. J. Steyn and Haasbroek, The Application of Internal Liquid Scinti l la­
tion Counting to a 47T /5-7 Coincidence Method for the Absolute 
Standardization of Radioactive Nuclides, P r o c . 2nd UN Intl. Conf. 
on Peaceful Uses of Atomic Energy, Geneva, Switzerland, 21, 95 
(1958). 

34. Ko W. Geiger and G, N. V/hyte, Absolute Standardization of Radio­
active Neutron Sources . I, Activation of Manganese Bath, Can. J. 
PlT-ys^, 37, 256-262 (1959). 

35. J, L. Putman, Limita t ions and Extensions of the Coincidence Method 
for Measuring the Activity~of ^7 E m i t t e r s , A E R E - I / M - 2 6 (1953)^ 

36. Metrology of Radionuclides, Internat ional Atomic Energy Agency, 
Vienna (1960)„ 

37. G. D. O'Kelly, (Editor) , Applications of Computers to Nuclear and 
Radiochemis t ry , P roceed ings of a Symposium, Gatlinburg, Tenn., 
October 1962, NAS-NS-3107, Office of Technical Services , Dept, 
Commerce , Washington 25, D. C. 



112 

38. R. J. Epste in , Proceedings of "Argonne Acce le ra to r U s e r s ' Group 
Meeting," Argonne National Laboratory , Argonne, 111., Nov 9-10, 
1962, p. 28. 

39. E. F a i r s t e i n ot a l . , A Pulse Crossover Pickoff Gate for Use with a 
Medium-speed Coincidence Circuit , ORNL-2480 (1958). 



ACKNOWLEDGMENTS 

The authors a r e indebted to a la rge number of the personnel of the 
Reactor Phys ics Group, both staff and technicians , for ass i s tance in this 
project . Some of those closely involved a r e F red Ozer and Mike Fontana, 
who operate the equipment daily; June Hamilton, who p r e p a r e s the active 
samples ; Vic Burke and G e r r y Lowe, now no longer with this project; 
Ed Kimont, who provides able di rect ion of manpower; Clare Kotora, in 
charge of shop construct ion; Roland Armani , who is cooperating in an 
in te rcompar i son p r o g r a m ; the late Stephan Kaufmann, who had always 
encouraged the au tho r s ' endeavors ; and the many staff m e m b e r s who have 
helped with i r rad ia t ions of samples in t imes of need: Karl P lumlee , Ed 
Bennett, Jack Haugsnes, and Quincy Baird, 

Very valuable advice and some samples of low-energy beta emi t ­
t e r s have been given freely by Don Horrocks of the Chemist ry Division. 

J e r r i Jensen of Applied Mathemat ics Division is responsible for 
p rogramming of the coincidence equations and following through on the 
r e a m s of data which have passed through her hand, f i r s t in the form of 
raw data and back to the authors in the form of neat r e su l t s . 

We a lso take this opportunity to expres s our appreciat ion to Bill 
K a i s e r ' s group for packaging Nal(Tl) c rys t a l s and providing phototubes. 




