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1. lntroduct on 

The pulsation of the cyclotron bea m complicates c o incidence measure

ments and makes it difficult to determine the b a ckg round o f cha nce c o incid e n

ces. In this c a se the effective resolving time of the coincide nce s et- u p 

depends on different p a r a meters and can be ma ny times• long er tha n the 

r e solving time of the same coincidenc e c irc uit used fo r measure m e nts w ith 

the continuously radiating source. This c o rres ponds to a d e trirnental inc rease 

o f the cha nce coincidence b a ckground. 

The cyclo tro n beam consists of bunches o f p a rtic l es. B unching fre que n cy i s 

e qual to the hig h frequency on dees and the bunch w idth depe nds o n the p hase 

interval involved in the acceleration process. ':lYpical fig ures fo r a bunc hing p e rio d 

a nd for a bunc h width a re 100 nsec a nd 10 n s ec. In ma n y machines the h f vo l

tage on dees i s m o dula ted w ith the low frequenc-y s qua.re p ulses, the modula tio n 

fre que ncy b e ing o f the o r der of 100 c / sec. The duty cycl e o f the cyclotro n i s d e

te r m ined a s the r a tio o f h . f pulse duration to their repetitio n perio d. Ebth kin d s 

o f b eam modula tio n s h ould be taken into account w h e n the e ffectiv e res olving 

ti'Tle o f the c o incide nce circuit i s to b e cal c ula ted. 
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In coincidence measu r ements the fast coincidence circuit is fed by appropri

ate!" s ! . ..,._,eu. fast pulses from two detectors, We assume that these pulses have 

a rectangular shape a nd we denote their lengths by r and r • In nost cases 
1 2 

encounte red in practice the electronic resolving time of the total coincldence cir -

cuitry is determined by the resolving time of the fast circuit. Only in the case of 

very hig h counting rates must higher order corrections be introduced involving 

the r esolving time of a slow coincidence circuit and the dead time of single chan

nel anulyser s a nd gating circuits/ 
1

/ • When measurements with a source o f con

tinuo u s r a dia tio n a re performed the resolving time is equal to the sum of the time 

widths o f the two detector pulses r + r 
I 2 

In the case of a modulated source the average counting rate of chance 

c o incidence can be expressed In the form 

< Ncb>-<Nl><N2>r•ll • ( 1) 

where < N 1> a nd < N .;> are average single counting rates in the two channels. 

'lhe averages are taken over a time interval much longer than the source modula

tio n period. Formula ( 1) can be regarded as a definition of the effective resolv-

ing time r • 11 • It is in general longer than r 1 + r 2 / 
2

/ • 

In order to simpllfy the calculations we assume that h.f. bunches are of 

r ectan gular s h a pe, We denote their period by T and their width by b. In the 

present state o f pulse electronics, circuits giving shaped detector pulses shorter 

than 20 nsec are very e asy to build, Therefore, we limit our considerations to 

the case w hen the detector pulse widths r 
1 

and r 
2 

are shorter than the time 

interval T- b between successive cyclotron bunches, This means that the adja

cent cyclotro n bunches do not contribute to the forma tion of chance coincidences, 

We have to consider separately the case when the two detectors register 

no background between h.f, bunc hes a nd tha t o ne when some backg round is 

present. The first case corresponds to the detection of scattered particles or 

particles p roduced in nuclear reactions while the second o ne corresponds to the 

detection of gamma rays. 

2 , Calculations of the Effective Resolving Time 

2 ,1, No b ackg r ound betwe en c yc lotron bunch es. 

In meas urements w ith continuously r adi a ting sources , the time interval in 

which two uncorrelated p ulses mu s t appear in o rder to p r oduce a chance c o in-

cidence i s e qual to r 1 + r 2 a nd is independent o f the a ppearance time o f 
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t our considerations to 
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his means that the adja-
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two detectors register 

some background is 

scattered particles or 

l one corresponds to the 

.esolving Time 

tes. 

•s , the time interval in 

·r o duce a chance coin-

-.e a p p e a rance time of 

the first pulse. For a pulsed source, when b ~ r 
1 

, r 
2 
~ T - b , the time interval 

for the formation of a chance coincidence is determined by the cyclotron bunch 

width b. When r 1 or r 1< b , this time interval depends on the time distance of 

the · detector pulses from the edge of the cyclotron bunch. 

For a source of. continuous radia tion the introduction of dela y in one cha n

nel of the coincidence circuit does not change the chance coincidence counting 

rate. For a pulsed source the chance coincidence counting rate dE>termlnation as 

a function of delay gives a "delayed chance coincidence curve", whose shape 

and width depend on the detector pulse lengths r and r 
1 2 

and on the bunch 

width b. In other words, the introduction of delay changes the effective resolving 

time of the coincidence circuit. 

In order to calculate the effective time let us assume that during the cyclo

tron bunch the counting rate in channel 1 is N 
1 

• Then the average counting 

rate of chance coincidences <Ncb> can be written in the form 

N b 

< N ch > • T J f (t) dt , 
0 

( 2 ) 

where f {t) represents the probability friat the pulse appearance at the tine in 

channel 1 will be accompanied by the pulse in channel 2 in such a time interval 

that the coincidence circuit will register a chance coincidence. 

If channel 2 is fed by pulses from a continuously radiating source, the func

tion f ( t ) would be independent of time and it would have the form N 
2 

( r 
1 

+ r 
2 

) , 

where N 2 is the counting rate in channel 2. When the detector pulses In chan-

nel 2 are also modulated, the function f ( t) can be written in the form 

f ( t) • N 
2 

g ( t) , where N 2 is now the counting rate in channel 2 during the eye-

lotron bunch. g ( t) has the physical meaning of the time Interval given, by the 

appearance at the time of the pulse in channel 1, to pulses from channel 2 

for the formation of a chance coincidence. The average chance coincidence count

ing rate takes the form 

The function g(t) depends on the position of the time 

edg e of the cyclotron bunch a nd on the lengths of pulses r 
I 

(3) 

in respect to the 

and r 
2 

Comparing the formula ( 3) with the formula ( 1) and using the rela tio ns 

<N 1>=N ~ 
I T 

5 

and <N >•N .J!.. 
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we g et 

T b 

'.u-1;2 f g(t)dt ( 4) 

Calculation of the effective resolving time reduces to the determination of the in-

teg ral f g(t) dt, In order to do this we have to divide the cyclotron bunch 
0 

(time interval I 0, b I ) into appropriate subintervals and to calculate the g(t) 

dependence for them, 

For the special c ase of r 2 ~r 1 ":_b, r 1 +r 2 ~b the shape of g ( t ) is shown 

in Fig , 1. Only for b - r 
1 
~ t ":._ r 

2 
h as the function g ( t ) the constant value 

g ( t)- b , which means that the time interval for the formation of a chance coin-

cidence is equal to the full bunch width, For -r 1 ~t'>..b-r 1 g(t)-r
1
+t and for 

r 
2 

< t < b + r 2 g ( t) • b + r 
2 
-t .'I'he shaded area in Fig, 1 repres ents, then, the 

value of the integral" in the formula ( 4), 

For different lengths of the detector pulses , 
I 

cyclotron bunch width b th<;! integra tion limits 

and r 
2 

in respect to the 

overlap different parts of (0, b) 

the variability range (-r
1

,b+r
2

) of the function g ( t) and different 

special cases must be considered s eparately, 

When r 
1 

+ r 
2 

< b the limits of the subinterval ( b - r , r ) ( see 
- I 2 

Fig , 1) are interchanged and the g ( t) value for r 
2 

< t < b - r 
1 

is equal to 

r + r 
I 2 

'lhe introduction of delay d to one of the pulse channels corresponds to 

the time scale shift by d , New subinterval limits a nd the corresponding g ( t) 

values can be calculated for the delay d 1 in channel 1 by replacing t by 

t + d 
1
and for the del~y d 2 in channel 2 by replacing 

In the Table 1 the results of calculations of r 
off 

by t-d 2'. 

for different cases 

are given, 

Figs, 2 and 3 show ex unples of "delayed chance coincidence curves" 

for cases 1A and 3, The curves are symmetrical and their centres are shifted by 

d 
2 

• b ( r 
1 

- r 
2

) I 2 in respect to 

to r +r +2b In cases 2B 
I 2 

t • 0. The curve widths at the base a re equal 

a nd 3 they have plateau of the length r 
1 
+ r 

2
-2 b 

It can be seen from Table 1 that in case 3, the most frequently encoun

te red in practice, the effective resolving time is independent of the lengths of de

tector pulses and is equal to the h.f. cyclotron period T I 31 xl 

x/lt is important to bear in mind that this statement is true when the condi-
tion r 

1
, r 

2 
~ T - b is fulfilled, 
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1A.r
2

Sr
1

, 

r 1 +r 2 ~b. 

lB. 

r 2 ~r 1 ~b, 

r
1
+r

2
;::_b, 

2A. 

r 
2 
~ b~ r 

1 
, 

r
1
+r

2
,:;;2b, 

2B. 

3. 

r 1~T-b, 

r2~b~ r 1 , 

r
1
+r

2
:;:2b, 

r ~ T -b 
I 

b,.::;r 
2

..::; r 
1 

'
1

..::; T -b 

r: 

0$. ( 

r < .... 
b- r I 

O~d 

b -r 

r 2 ~ c 

o.:;; d 

r 
2

.:;; d 

o.:;; d 2 

, 1-b~ 

b _, 

r 1 ~ 

0~ d 

r2~dl~ 

0~ d2 

b -r
2 
~ 

r - b 
I 

r 1 ~ d: 

0,:;; d 
1

..::; r I 

r
2

- b,:;; i 

'2"d I.:; 

* 

xl The case o f d• 
indices 1 and 2, 
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over lap different parts of 
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1 2 
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1 
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I the corresponding g ( t) 

1 by replacing by 

by t-d 2' . 

r for different c a ses 
off 

coincidence curves" 

teir centres are s hifted by 

a t the base a re equal 

teau of the length r 
1
+r 

2
-2b 

most frequently encoun

:ient of the lengths of de-
/ 3/ x/ 

is true when the condi-

Case 

lB. 

2A. 

r 
2 
~ b~ r 

1 
, 

2B. 

r «T -b 
I 

Table 1 

Delay 

r I~ d I~ b- T 2 

b- r 
1 
~ d 1~ b + r 

2 

*) 
O~d 1 ~b-r 1 

b-r 1~d 1 ~r 2 

*) 
0~ d 

1
.::;:: r 

2 

r 2 ~d 1~b+r 2 

0~ d 2 .::;:: r 1 - b 

b-r 2~d 2~r 1 

r 1 ~d 2~b+r 1 
0~ d I~ r

2 

r 1 ~d 2~b+r 1 
0~ d ~~· 2- b 

r 
2 

- b ~ d 
1
,;S r 

2 

,_£ 
off T 

(r +r )b-l(r2+r2)+d (r -r -d) 
I 2 2 I 2 I 2 I I 

(r +r )[ b- ~ -l(r -r )] 
I 2 I 2 I 2 

..lc b+r -d ) 2 

2 2 I 

( r +r }b-..!.(r 2 +r 2 )+d (r -r -d \ 
I 2 2 I 2 1 2 I ( 

-
2
1 

(b+r +d ) 2 -(r +d) 2 
2 2 2 2 

(r +r )b-.!..(r2+r2)+d (r -r -d) 
12 212 212 2 

b 2 

}<b+r
2
-d

1
)

2
-(r

2
-d

1
) 2 

..!.c b+r -d ) 2 
2 2 l 

x/ The c a se o f delay in channel 2 correspo nds to the interc h a n g e o f 
indices 1 and 2, 
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2.2. Background between cyclotron bunches 

When the detectors register some background between the cyclotron bunches 

three additional terms must be introduced to the chance coincldence fonrula. They 

represent chance coincidences of pulses from the cyclotron bunch with background 

pulses and chance coincidences of background- background pulses. 

< N ch > • < N I>< N 2> r e If + < N I> N ; ( r I + r 1) + 
(5) 

+ < N 2 > N 'i ( r 1 + r 
2

) + N 'i N ~ ( r 1 + r 1 ) • 

r e 
11 

is the effective resolving time calculated in the previous paragraph and the 

meaning of other notations is illustrated in Fig. 4. 

The expression for the ave=ge chance coincidence counting =te can be 

written in another fQrm 

B 8 8 
<N.,h> •<N 1 ><N 1l'~u ( 6) 

introducing the new resolving time 
8 

8 
r e 11 and the average counting rates in the 

two channels <N 1>-<N 1>+N; and <N:>-<N 2 >+N; • 

Using the relations 

b 
<NI>•yNI and <N >-....!!.._N 

2 T 1 

and comparing the formulae ( 5) and ( 6) we find 

where 

2 
8 • 0 'eu+(rl+r1)('110+'110+'11'11) 

r • ff 
(0+'11 )(0+'1 2) 

0 = ....!!._ 
T • 'I-~ I Nl 

and 
N' 

2 
'12-~ 

When the detector 1 does not regbter any background 

if a dditionally 

8 

'· ff -

Or.u+'l (r1 +r 2 ) 

0+ '11 

b ~ r 
1 

, r 1 ~ T - b then '•If -T and 

B 
r • ff • 

b+'l 2 (rt+r1 

0+'12 

8 

( 7) 

71
1

• 0 and 

( 8) 

(9) 

I 

~ 

'lhe last formula is identic 

When the backgrour 

r + r 
I 2 

• For measuremE 

re8
11 

reduces to r 1 + r 1 

2.3. Role of the C) 

A cyclotron duty ~ 

effective resolving time. .1 

more, the edge effects ~ 

We assume at first 

constant and that its val.u 

the average chance coin• 

where s - 1/D. 

<Noh; 

intro 

< N">• 
I; 

we can write according 1 

e 
where r is a new et 

elf 

and ( 11) gives 

,• 
elf 

ln the case when the de 

For b ~ r 
1 

, r 
2 

, -T - b 



veen the cyclotron bunches 

coincidence fomu!A. They 

otron bunch with background 

ound pulses. 

( 5) 

orevious paragraph and the 

=e counting rate can be 

( 6) 

;1,e counting rates 1n the 

( 2 

ound 'I • Oand 
I 

( 7) 

( 8) 

( 9 ) 

l 

'Ihe last fonnula is identical with that obtained by J.MOssner et al./ 4
/. 

When the background contribution Increases, r 8 decreases from T to 
elf 

r 
1 

+ r 
2 

• For measurements with a continuously radl.at1ng source ( 'I .
1 

- 'I 
1 

- .. ) 

'•elf reduces to r 1 + r 2 

2.3. Role of the cyclotron duty cycle. 

A cyclotron duty cycle 0 lower than 1 leads to further Increase ln the 

effective resolving time. As the l.f. cyclotron pulses have a length of 1 msec or 

more, the edge effects can be neglected ln our considerations. 

We assume at first that the background between l.f. cyclotron pulses ls 

constant and that its value is the same as -that between the h.f. bunches. Then 

the average chance colncldence counting rate 

( 10) 

+ t < N 2 > N; ( t 1 + t 1 ) + N'1 N '2 ( r 1 + r 
1 

) , 

where S • 1/ 0 • Introducing average counting rates 1n both channels 

• 1 • 1 , 
<N 1>·s<N 1 >+N'i and <N 2>·s<N 1 >+N 2 

J 

we can write according to the deflnition of the effective resoMng time ( 1) 

<Nah>-<Net><Ne,>re 
elf ( 11) 

where r • is a new effective resolving time. Comparison of the formulae ( 10) 
ell 

and ( 11) gives 

In the case when the detector 1 does not register any background 'I 
1 

• 0 

For 

0 •eu+'lz<•.••a) 
0 + S 'lz 

and 

b+.,,<,.•,,> 
ll+ s.,

2 

9 

( 12) 

( 13) 
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If there is now background in either detector ( 71 
1 

• 71 
2 

• 0) 

r:11 -ST • (~5) 

The most general case considered by us l!'!. that when the background N" 
I 

and N" 
2 

between l.f. cyclotron pulses is constant but different from the back 

g round N ~ and N ~ between h.f. bunches. Let us denote by 

ratios of the two background levels in channels ~ and 2 

Then 

hence 

N" 
I 

PI-~ and 
N" 

p = __ 2 
2 N, 

2 

< N e h >- < N "t > < N: P > r :~~ 

[ 1 B ( 1) "]( 1 B ( 1) ap 
• S<Nl>+ 1-S Nl S<N2>+ 1-S '•II-

1 B _; B B ( 1 ) N, "( ) 
=-s<NI>"N2>r.u+ 1-s IN2 r1+r2 • 

p I 

r •P • S 
e II 

2 

() '•II + (' 1 +r 2 ) [ () ( 71 1+ 71 2')+71 1712 [ 1+ P 1P2 ( S - 1) l I 
I () + 71 I [ 1 + p 1 ( s- 1) ] I I () + 71 2 [ 1 + p 2 ( s - 1.) l I 

and p2 

( ~6) 

( ~ 7) 

the 

1t is easy to prove that the last formula includes all the more special cases consi

dered before. 

3. Experimental Check of the Theoretical Considerations 

The formulae given above were obtained using the following assumptions, 

which might limit their application in the experimental work: 

a) stability of the cyclotron current, 

b) rectangular shape of the cyclotron bunches, 

c) rectangular shape of the detector pulses 

d) constant background between cyclotron pulses. 

In order to check the influence of the shape of the cyclotron bunches we 

pertormed calculations for the different bunch shapes illustrated in Fig. 5. It ap

pea red that only the slope of the delayed chance coincidence curve is affected, 

its plateau length and its base width being unchanged. 

The time dependence of the background between bunches, due to the fol'-

~0 

mation of short-lived acti 

bunching period T , will 

chance coincidence CUIV" 

The simplest experl 
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spectrum unless some ac 
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length r -r
1
-r

2 
• 2 0 

mine the cyclotron bunch 

experimental curve. in Fi 

~0 nsec. The e xperiment 
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the following values: 

s- 4. 

711= 

where () , 71 
1 

, and 

parameters give for zero 

the electronic resolving 



( 15) 

n the background N" 
I 

erent from the back 

by p 1 

(S-l))J 

))! 

and 

( 16) 

( 17) 

the 

·re special cases consi-

'lsiderations 

lowing assumptions, 

y-clotron bunches we 

'lted in Fig. 5 . It ap

ce curve is affected, 

:hes, due to the fol'-

mation of short-lived activities, with the life time comparable or shorter than the 

bunching period T , will cause some broadening and as)rmmetry of the delay 

chance coincidence curve. 

The simplest experimental method of chance coincidence rate determination 

is to introduce the delay T (equal to the bunching period) into one of the two 

channels. The coincidence spectrum taken in this way is pure chance coincidence 

spectrum unless some activity with the decay period comparable to T is pro-

duced during the investigated process. By splitting one channel into two parts and 

introducing the delay T in one of them, the chance coincidence and the- total 

coincidence spectra can be obtained simultaneously. The subtraction gives thE. 

true coincidence spectrum regardless of any instability of the cyclotron currenJ 5/ 
The possib!.lity of determination of the cyclotron bunch width from the delayed 

chance coincidence curve· was checked at the heavy ion cyclotron U-- 150 of the 

Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research in Dubna. 

In the course of the coulomb excitation measurements on Pb 208 described e lsewhe

re/ 
6

/ the delayed chance coincidence curve for scattered particle- gamma detec

tion was taken. The measurements were performed for such part of the gamma 

spectrum in which the true coincidence counting rate is quite negligible. Thereto-

re, the introduction of the additional delay T was not needed and tho two de-

tectors counted pulses corresponding to the same cycle ">n bunch. 

The obtained curve is shown in Fig. 6. Shaped detector pulses of the 

length r • r 
1 

= r 
2 

• 2 0 nsec were used. Knowing it is possible to detel'-

mine the cyclotron bunch width from the plateau or from the base lengths of the 

experimental curve. In Fig. 6 six theoretical curves a re drawn for b·~ 9) and 

10 nsec. The experimental points coincide satisfactorily with the curve for 8 nsec. 

in our experimental case the parameters appearing in the formula ( 17) have 

the following values: 

Se 4 .35, 

where 0 '1
1 

a nd p 
1 

, estimation was performed using b - 8 nsec. These 

parameters give for zero delay •:~, 265 nsec what has to be compared with 

the electronic resolving time 2r - 40 nsec. 
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4. C o n c 1 u s i o n s 

The consideratio ns concerning the e ffective resolving time show clearly the 

disadvc .~ tage of coincidence measurements a t the cyclotrons when compared with 

measurements a t the tandem genera tors. 

The described delayed chance coincidence method proved to be useful 

fo r the de termination o f the cyclotron bunch width. 
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