





1. Introduction

The pulsation of the cyclotron beam complicates coincidence measure-
ments and makes it difficult to determine the background of chance coinciden-
ces. In this case the effective resolving time of the coincidence set- up
depends on different parameters and can be many tim longer than the
resolving time of the same coincidence circuit used for measurements  with
the continuously radiating source, This corresponds to a detrimentil increase

of the chance coincidence background.

The cyclotron beam consists of bunches of particles, Bunching frequency is
equal to the high frequency on dees and the bunch width depends on the phase
interval involved in the acceleration process, Typical figures for a bunching period
and for a bunch width are 100 nsec and 10 nsec, In many machines the h { vol-
tage on de is modulated with the low frequency square pulses, the modulation
frequency being of the order of 100 ¢/ sec. The duty cycle of the cyclotron is de-
termined as the ratio of h.f pulse duration to their repetition period, [oth kinds
of beam modulation should be taken into account when the effective resolving

tine of the coincidence circuit is to be calculated.
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the first pulse. For a pulsed source, when b<_rl ,r’<_T—b R the time interval
for the formation of a chance coincidence is determined by the cyclotron bunch
width b, When r, or r<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 radiation the introduction of delay in one chan-
nel of the coincidence circuit does not change the chance coincidence counting
rate, For a pulsed source the chance coincidence counting rate determination as
a function of delay gives a "delayed chance coincidence curve", whose shape
and width depend on the detector pulse lengths i and T, 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, . Then the average counting

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

N, b
<Nch>-—_r—aff(t)dt,

(2)

where f(t) represents the probability that the pulse appearance at the time t 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 (r +r ),
where N, is the counting rate in channel 2, When the detector pulse; lnx ch?an—
nel 2 are also modulated, the function f(t) can be written in the form

f(t)=N,g(t), where N, is now the counting rate in channel 2 during the cyc-
lotron bunch, g(t) has the physical ;neaning, of the time 1 val given, by the
appearance at the time t 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
N,N,

<N _ ,>= -

b
of g(t)dt. (3)

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

edge of the cyclotron bunch and on the lengths of pulses T and T,

Comparing the formula (3) with the formula (1) and using the relations

b
<N = - - b
e Nl T and <N2> NZT



we get

T b
rgll-?{g(t)dt.

(4)

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

tegral fg(t) dt . In order to do this we have to divide the cyclotron bunch
0

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

dependence for them,

For the special case of T, irx<_b, r‘+r2>_b the shape of g(t) is shown
in Fig, 1, Only for b-r <t<r, has 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 =1, St<b-r, g(t)-rl+t and for

ra<t<b+r, g(t)=b+r ~t.The shaded area in Fig. 1 represents, then, the

value of the integre n the formula (4),

For different lengths of the detector pulses 1, and T, in respect to the
cyclotron bunch width b the integration limits (0,b) overlap different parts of
the variability range (-r,, b+ r,) of the function g(t) and different

special cases must be considered separately,

When ToHr,<h the limits of the subinterval (b—-rl o) (see
2
Fig, 1) are interchanged and the g(t) wvalue for r <t<b - is equal to
r +r .
1 2

The introduction of delay d to one of the pulse channels corresponds to
the time scale shift by d . New subinterval limits and the corresponding g(t)
values can be calculated for the delay d,; in channel 1 by replacing t by
t + d,and for the delay d, in channel 2 by replacing t by t-d 2
In the Table 1 the results of calculations of r ' for different cases
e
are given.
Figs. 2 and 3 show ex mples of "delayed chance coincidence curves"
for cases 1A and 3, The curves are symmetrical and their centres are shifted by
dz-b(rl—rz)/Zin respect to ta= 0. The curve widths at the base are equal

to . +rz+2b f In cases 2B and 3 they have plateau of the length r l+r2—2b

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

tered 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 /3] .

/It is important to bear in mind that this statement is true when the condi-

tion LRI T-b is fulfilled,



Table 1

b2
Case Delay Tt T
1
1A r <7, 0<d,gr, (rl+r2)b—2—(r§+r:)+dl(r2—r‘-—dl)
1
- -1 =L -
rotr,<hb, r&d gber, (',+fz)[b . Z(rl ':)]
1 2
l:r--rlsdl$h+r2 7(b+r2—d‘)
* 1
- : L2442 —r -
1B. 0gd,gb T, (l+r2)b 2(rl+r2)+dl(r2 - dl)
1 2
-r L — - - - 2
'2\<'1‘<b ' b ™S d1‘<'2 2(b+'2 d) ('2 )
1 2
r‘+123b. r sdl\< b+r2 7(b+'2—d1)
*
0gd <3 Lber —d )2 o(r —d )2
2A D A 2 2 1 2 i
1 2
7,$ b\<rl , f2‘<d1‘<b+'z 2(h+r2—dl)
r +r K20 1 2 2
1 i 0<d, gry-b —2—(b+12+d2) —(r2+d2)
r XT-b. -b<d €b - Lz, - —-d
N r b\dz\b r (rl+r2)b 2('1+'2)+d2('| . 2)
1 2 2
b-'z‘<d2‘<'1 ?(b+rl—d2) _('1_d2)
r &d <b+r —l—(b+r -d )2
15 5, . 2 1 2
2B 0‘<dx‘<'z 2(b+rz d‘) (r2 dl)
r <bgr r §d b+r L (hur —d )2
2 S BST 259 2 2 2 H

- 1 2_2 2
0gd,<b T 2(b 12+d2)+br2

rx<T-b 2
b—rzg dzs r,—b b
1 2 2
rl—b5d2\< " 7(b+'1 dz) -('x_dz)
r &d Lb+r L(b+r -d )2
1v 2 1 2 12
3 0gd g7, ~b b°
1 2 2
bg - - - - -
S$r,Sr, A b\<dl\<r2 2(b+r2 dx) (r2 dl)
1 2
rST-b 12<d1§b+12 -2—(b+r2—dl)
*)
x/ The case of delay in channel 2 corresponds to the interchange of
indices 1 and 2,
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2,2, Background between cyclotron bunches

When the detectors reglister some background between the cyclotron bunches
three additional terms must be Introduced to the chance coincidence formua. They
represent chance coincidences of pulses from the cyclotron bunch with background
pulses and chance coincidences of background-background pulses.

4
<N_ >=<N ><N >r +<Nn>"z('| +r’)+

(5)
+<N1>N'l'('1"'2)""’1’"’2('1"':)'
LI 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 average chance coincidence counting rate can be

written in another n

) B, B
<N, >=<N ><ND>rl ()
introducing the new resolving time r.B’ ¢ and the average counting rates In the

two channels <Nj;>=<N >+N; and <N;>=<N,>+Nj .
Using the relations
b b
<Nl>-—T—Nl and <Nz>=TN
and comparing the formulae (5) and (6) we find

(7)

2
'B“=0 Tagg+{ry+r,)(n 040, 0+9,n,)
° (047 Hb+n))

where

N1 N
1

=l and - =,
N, 1, N,

o

b
0=T' Ty

When the detector 1 does not register anmy background g . 0 and
'B - Or,qq+7 ('l""z) (8)
eff 9
+n,
if additionally b<r, ,r,<T-b then r_,, =T and

1 °

;B o brpalryi+r, (9)
eft Py :
+n,



The last formula is identical with that obtained by J.Mdssner eta.l../ 4 .

B
eft
r, +r, . For measurements with a continuously radiating source (ﬂ-‘-q’-m)
B8

r reduces to r +r .
eff 1 2

When the background contribution increases, r decreases from T to

2,3. Role of the cyclotron duty cycle.

A cyclotron duty cycle D lower than 1 leads to further increase in the
effective resolving time, As the 1f. cyclotron pulses have a length of 1 msec or

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

We assume at first that the background between 1lf, cyclotron pulses ls
constant and that its value is the same as that between the hf, bunches, Then
the average chance colncidence counting rate

1
<N, >=<= <N, ><N,>r

1
S +2 <N >NHr +r )+

off S

(10)
+-§l-<Nz>N'l (rl+',)+N’IN" ('1 +r,),

where S= 1/D. Introducing average counting rates in both channels

1 . 1
<N'l?-§-<xl>+ Ny and <N,>-.S-<N 2>+ N

we can write according to the definition of the effective resolving time (1)

L] .
N> =<K ><N, > (11)

where ':“ is a new effectlve resolving time, Comparison of the formuae ( 10)

and (11) gives

2
f'“-S Or gq+f- -—:)(n‘19+ﬂ:i+8'ru'r)z) . (12)
* \vvaql)(0+5(1)

In the case when the detector 1 does not register any background r;l-o

r* as reretmy(ryer,) (13)
0+Sr]2

For b\<rl,rz<"'l‘—b r.,,=T and

e s ben,(r,+r,) (14)

0+Sr,2



If there is now background in either detector (7]1-7]2=0)

a
fage=ST .

(15)

The most general case considered by us is that when the bac

ound N :’
e
and N2

between lf. cyclotron pulses is constant but different from the back -

ground N'l and N'z between hJf. bunches. Let us denote by »p ) and P, the
ratios of the two background levels in channels 1 and 2

NY Ny
P,= N7 and p2= e .
1 2
Then
_ sp sp Bp
<N, >=<N[><N Po>r°F =
16)
1 B 1 soyr 1 B 1, _s»p (
=[?<N1>+(1——S—)N1][?<N2>+(1—?)re“ =
_1 B B_ B 1 royg o
_-§-<Nl><N2>re”+(l—?)NlN2(rl+ 2),
hence

z .
PP as 0 !.“+(rl+12)[0(7]1+7]z')+r]l1|’[1+p‘p2(5-1)]} (17)
{0+7]l[1+pl(S—1)]¥[0+n2[ lep, (S-1)1} :

It 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
performed calculations for the different bunch shapes illustrated in Fig. 5. It ap-
peared 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 for-
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mation of short-lived actlvities, with the life time comparable or shorter - the
iing © jlod T, will ca some broar iing and asymr of the delay

chance ccincidence curve,

The simplest experimental method of chance coincidence rate ermination
is to introduce the delay T (equal to the bunching period) into one of the two
channels, The coincidence spectrum taken in thic 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 current/ R/ .

The possibllity of determination of the cyclotron bunch width from the delayed
chance coincidence curve was checd at the heavy lon cycloiron 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?%® described elsewhe-
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 negliglble, Therefo-
re, the introduction of the additional delay T was not needed and the two de-

tectoras counted pulses corresponding to the same cyclk 5Sn bunch,

The obtained curve is shown in Fig, 6. Shaped detector pulses of the
length r =r =r = 20 nsec were used. Knowing r it is possible to deter-
mine the cyclotron bunch width from the plateau or from the base lengths of the
experimental curve, In Fig, 6 six theoretical curves are drawn for b=5-9) and

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

In our experimental case the parameters appearing in > formwa (17) have
the foliowing values:

$=4.,3, 8 =0.073, Togg=T = 110 nsec

n,=0.04, =7,=0, p =0%, p,=0 ,

where 6 | M, and p, , estimation was performed using b= 8 nsec, These
parameters gdive for zero delay r:;’, = 265 nsec what has to be compared with
the electronic resolving time 2r = 40 nsec,



4, Conclusions

The considerations concerning the effective

resolving time show clearly the
disadwve ¥ tage of coincidence measurements at the

cyclotrons when compared with
measurements at the tandem generators,

The described delayed chance coincidence

method proved to be useful
for the determination of the cyclotron bunch width,
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