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ABSTRACT

An array of eight high-speed plastic scintillation detectors has

been used to infer a mathematical model for the emission multiplicity

of prompt gammas in the spontaneous fission of 252cf. Exceptional

time resolution and coincidence capability permitted the separation of

gammas from fast neutrons over a flight path of approximately 10 cm.

About 20 different distribution models were tested; the best (termed

l!doublepoisson”) was

[

Prob of emitting1.A(B)n e-B + (1 - A)(c)n e
-c

exactly n gammas n! n! 9 A<l. “

For a gamma threshold of 140 keV, the model with parameters evaluated

reads

w(n) (6.78)n
= 0.675 n: e-6”78 (9.92)n e-9.92 .+ 0.325 ~

The average energy of the prompt gammas is inversely related to

the number emitted; however, this inverse relationship is not strong

and the total gamma energy does increase with increasing gamma number.

An extension of the experiment incorporated a lithium-drifted

germanium gamma spectrometer that resolved nearly 100 discrete gammas

associated with fission. Of these gammas, some were preferentially

associated with fission in which few gammas were emitted. Certain

others were more frequent when many gammas were emitted.

viii
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MULTIPLICITY

EMITTED IN THE

AND CORRELATED ENERGY OF GAMMA RAYS

SPONTANEOUS FISSION OF CALIFORNIUM-252

by

Glenn Samuel Brunson, Jr.

INTRODUCTION

The general objective in this study of gamma-ray multiplicity was

to add to knowledge of a relatively unexplored aspect of the fission

phenomenon. As will appear later, almost no work has been done previ-

ously toward determining the probability distribution of the number of

gammas emitted in the spontaneous fission of 252cf.

Measurement of gamma multiplicity is more complicated than the

measurement of neutron multiplicity although the two are similar. Neuy

tron multiplicity measurements are customarily made at the center of a

single large, hollow scintillation detector containing of the order of

500 liters of liquid scintillator that is viewed by a number of pnoto-

multipliers operated in parallel.[1] The scintillator is loadfd.with a

strong neutron absorber such as gadolinium. Prompt (fast) neutrons

given off in fission are down-scattered in energy by the hydrogenous

liquid until they are lost from the system or captured by the gadolin-

ium. The high energy gammas from neutron capture are detected in the

scintillator and recorded as neutron events.

The detector is gated off to ignore the ltgammaflash” that occurs

when the prompt fission gammas simultaneously strike the scintillator
i

within about one nanosecond after fission. By contrast, the neutrons

require several microseconds for thermalization and oapture. This

slowing down time effectively separates the neutron capture events

from each other. Thus, the neutron counter, with suitable gating, can

1



ignore the prompt gammas and then count several (possibly all) neutrons

from a given fission; the dispersion in capture times is large enough

that deadtime corrections are small. A typical neutron counter for

this purpose may achieve an efficiency of 0.80 or higher.

Counting fission gammas is quite different. Here there can be

no time separation because all the prompt gammas arrive at the detector

at virtually the same

permit the counting

instant. Because there

of individual gammas,

is no time separation to

the gamma multiplicity

experiment must depend on spatial separation. This means having a

substantial number of independent gamma detectors. Geometrically we

would like to come, in the aggregate, as close to a 4-ITdetector as

possible. Detecting an n-fold coincidence depends, in the first

approximation, on the total counter sensitivity to the nth power.

In the case of the single neutron counter discussed above, it is

actually possible to count all the neutrons at the highest credible

multiplicity, say nine. It is not possible, however, to count all the

gammas from a single fission

If two or more gammas from a

count them as a single gamma

without a quite large number of detectors.

fission strike the same detector, we will

event.

Various values for the average

fission of 252Cf have been reported

number ranges from approximately 7 to

number of gammas emitted in

in the literature.[2-6] The

10. The literature on this

point is reviewed in detail in a

indication of the wide range of this

average neutron and gamma yields:

separate section. Here is an

work beyond the measurements of
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I’(umpolaet al.Ldj nave been able to associate specific gamma

energies with fission fragment energy and with estimated

tialf-livesfor the decay in question.

Val?skii et al.[4] in Russia have investigated the gamma-

ray yield as a function of total fragment kinetic energy.

Lajtai et al.[$1]in Hungary and Skarsvag[lO] in Norway have

252Cf
,studied the angular distribution of gammas from

fission relative to the axis of separation of the two fis-

sion fragments.

Nifenecker et al.[11] in France have found a positive cor-

relation between the number of neutrons emitted and the

total gamma energy.

Ram~murthy et al.[12] in India have studied the multi-

plicity of

Ramamurthy

252Cf
prompt fission gammas from . Only the

group seems to have,studied the gamma multipli-

city explicitly; their experiment is reviewed in the next

section.

We have used eight high speed plastic scintillators and a coinci-

dence criterion of about four nanoseconds. Because eight detectors

cannot detect the maximum number of gammas that may be emitted in a

fission, our

the emission

the detection

approach is simply to construct a

multiplicity distribution that is

multiplicities actually recorded.

We suppose the model to have the following

&

mathematical model of

most consistent with

characteristics:

10 ~ n(n) = 1, where m(n) . probability that a fission emits
n=O

exactly n gammas.



m

2. z n7T(n)= ;, where ; = average number of gammas emitted.
n=O

3. The distribution is nonnegative.

4. The distribution is in some sense smooth.

We seek an analytical expression for n(n), the emission proba-

bility distribution, which can be reconciled most closely with P(M),

the detected multiplicity distribution. The criterion for judging the

best model is

data.

Once the

able to extend

a weighted least squares comparison with experimental

counter array was constructed and operating, we were

the investigation to the relationship between the num-

ber of gammas emitted and the average energy of those gammas.

The experiment depends critically on timing. Practical consider-

ations led to an apparatus with eight gamma scintillation detectors

(127 x 127 mm) clustered as tightly as possible around the source.

This resulted in a source-to-detector distance of only 10 cm. Over

this flight path, gammas are separated from the most energetic fission

neutrons by about three nanoseconds, hence experimental timing must

achieve time definition that is a fraction of this minimum separation.

4



I.

. REVIEW OF RELEVANT LITERATURE

.

There are five available measurements

,gammas emitted in the spontaneous fission

of ~, the average number of

of 252
Cf[2-6] and only one

, referenoe dealing with the characteristics of the emission probability

distribution.[12] The measurements of ~ are summarized in Table 1 in-

sofar as they can be determined from the references.

It has bee~~ customary to treat

same fashion as ~, the average prompt

tacitly assumed that all gammas are,

the average gamma yield ~ in the

neutron yield. That is, it is

in principle, detectable just as

all neutrons are detectable. In fact, = is clearly a function of the

gamma detector threshold, although only Verbinski et al.[5] explicitly

recognized that fact. As an example of the usual treatment, Hoffman

and Hoffman[7] make a statistical combination of the last three values

in the table without noting that they refer to different thresholds.

The dependence on threshold is strong, as seen in Table 1.

Entries in the table have been drawn by inference where specific infor-

mation was not available. For example, the threshold for the first

entry

small

entry

(Smith)[21 was inferred approximately from the remark that a

photopeak was detected near 60 keV. The threshold for the second

was inferred from the left-hand-most point in Figure 6 of Refer-

ence 3. Thresholds are given in References 4 and 5. The threshold

5



TABLE 1

SUMMARY OF AVAILABLE DATA ON AVERAGE NUMBER OF GAMMAS (Fi)
EMITTED IN SPONTANEOUS FISSION OF 252cf

Threshold—
~a

Date n u (keV) (MeV) First Author Ref.

1956 10.3 ? %40 ? 0.80 A. B. Smith “ 2

1958 10 ? ‘b41J ? 0.9 H. R. Bcwman 3

1969 7.5 1.5 100 G. V. Val’skii 4

1973 7.8 0.3 140 .0.88 Verbimki

1- .’.

5

1974 8.32 0.4 85 0.85 F. Pleaaonton 6

aAverage energyper gamma.



for the unpublished experiment by Pleasanton was

experimenter. It is important to note that all of

obtained using sodium iodide detectors.

obtained from the

these results were

made

they

Despite the fact

well more than 20

that the first two measurements in Table 1 were

years ago with relatively primitive equipment,

are in better agreement with later measurements than it at first

appears. In Figure 1, iiis shown as a function of discriminator thres-

hold. The values,of Iifor some higher thresholds have been taken from

Mble I of the Verbinski paper and included in Figure 1. There is an

upward trend with decreasing threshold; this is to be expected as more

gammas become IIeligiblett for detection. Moreover, there is another

phenomenon that becomes of interest in the region of 40 keV and below.

Glendenin et al.[is] have found x rays in the region of 40 keV that

are associated with the heavier of the two fission fragments. Thus,

when the threshold is lowered to 40 keV, some x rays will be counted

indistinguishably with low energy gammas; this phenomenon may have

contributed to the larger values obtained for ii in the earlier

measurements.

As another point

there were 5.0 gammas

estimate from Table I

4.1 gammas in the same

of comparison, Smith et al.[2] estimated that

per fission between 0.5 and 2.3 MeV. We can

of Reference 5 that Verbinski et al. found

energy interval. Also, we note the qualitative

agreement between References 5 and 6 with respect to the average energy

per fission gamma. Reference 6, with a lower threshold, reports a

slightly lower average gamma energy, as it should.

7
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We turn now to the work of Ramamurthy et

to be the only previous attempt to characterize

tion of gammas from the spontaneous fission

al.,[12] which appears

the emission distribu-

Of 252Cf
. There are

several problems with this experiment. The experimenters (in 1977)

assumed fi= 10.3, attributing this number to Johansson and Kleinheinz

[14] when, in fact, these authors seem merely to have been citing the

1956 results of Smith et al.[2] This overlooks the last three entries

in Table 1, all of which were available in 1977. They worked with

only three gamma detectors, too few to obtain meaningful statistics

when emission multiplicities may easily be 15 or greater.

No mention is made of the gamma threshold nor of the time

criterion for coincidence. No mention is made of the threshold level

of the initiating fission detector. In the present work, this has

been found to be a serious source of bias if not properly adjusted.

In analyzing the results, the Ramamurthy group did not take into

account the complexity of the probabilities involved. For example,

they write for the singles detection rate per fission in a given

counter i

Ci =;”S2i

where Q, is the detection efficiency and f’iisthe average number of
J.

gammas emitted.

probability of a

that includes the

This does not take into account the fact that the

single detection is actually a compound probability

!!missl?probabilities for the other detectors. These

l!miss~lprobabilities are not~ in general, negligibly close to unity.

Moreover, they are nonlinear [of the form (1 -Qi)n] and, therefore,

must be evaluated for the emission probability distribution.

‘J

9



Ramamurthy and associates concluded that their data were consis-

tent with a Gaussian gamma emission distribution having ii= 10.3 and a’

standard deviation of 4.2 * 0.4. .

10
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EXPERIMENTAL EQUIPMENT(

The experimental gamma counter array consisted of eight large

cylindrical scintillation detectors Clustered symmetrically around the

californium fission source (see Figure 2). The fission source was

electro-deposited on a stainless steel disc and placed in intimate

contact with a thin scintillator on a small photomultiplier. This

fission detector provided a timing signal on the occurrence of a fis-

sion. Each such signal initiated (if the system was in the quiesoent

state) an analysis cycle that counted the coincident gammas in the

surrounding eight detectors.

The scintillator on the fission detector was of Pilot U.[15] It

was 0.25 mm thick by about 20 mm in diameter, and in intimate contact

252with the source foil that carries the Cf deposit as a 6 mm circular

spot at its center. The source strength was about 800 fissions per

second. The other side of the scintillator was coupled to an RCA 4886

photomultiplier[16] (3/4 inch nominal diameter) with silicone optical

grease. This tube has a photocathode about 13 mm in diameter. The

fission fragments had flight paths on the order of microns and impinged

on the scintillator in a spot comparable in size to that of the active

deposit. This means that most photoelectrons originated in a similarly

sized spot on the photocathode, and the envelope of their trajectories

.
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Fig. 2. Perspective of the gamma detector

array. The small fission detector assembly extends

so that the fissionable material is at the center

of the counting geometry.

12
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to the first dynode was a narrow cone in which transit times did not

differ much. The result was small time dispersion for the trigger

pulses originating in the fission detector. To reduce the amount of

scattering material near the source, the fission detector was operated

without a mu-metal shield. For this reason, much care

assure that the fission

orientation each time it

of the earthfs magnetic

detector was returned to the

was removed. Otherwise, the

field could cause perceptible

was required to

same rotational

varying effects

changes in the

amplitude of the output● The fission detector was operated at

-700 volts bias and the signal did not require amplification before

input to the discriminator.

In 252
Cf, the principal mode decay is by alpha emission (97%).

The other 3% is by spontaneous fission.[17] Taking into account two

fission fragments per fission, the emission rate of alphas exceeds

that of fission fragments by a factor of about 16. Both were detected

by the scintillator. The alpha particles from
252

Cf are emitted with

energies up to 6.1 MeV; the fission fragments have energies in the

range 70-100 MeV. Given the relatively poor energy resolution of

plastic scintillators, care was necessary to set the discriminator so

as to trigger on an average distribution of fission eve’nts. Figure 3

shows the spectrum of pulses occurring in the fission detector. The

highest peak represents alpha events and the two loweP humps correspond

to the bimodal distribution of fission fragment energies. The right

(high energy) hump corresponds to the lighter fission fragments

because they receive the greater energy in the fission process.



It is surprising to find the approximately 6 MeV alpha particles

so close to the approximately 70 Mel/heavy fission fragments; this is

attributable to the differing response of the scintillator to the two

distinct particle types. However, with the possible exception of the

rare symmetric fission, every fission event must be represented by

one,fragment in each of the humps of the energy distribution. Thus,

if the discriminator threshold is set exactly between the two hu,mps,

the experiment wi~l be triggered on a representative distribution of

all fission events.

Suppose, on the other hand, the threshold is set relatively high

so as to accept only the upper 10% of the pulses in the upper hump of

the fission fragment energy distribution. This will bias the trigger-

ing events in two ways:

1. It will tend to select fissions in which the mass partition

is highly asymmetric because these are the events that pro-

duce the most energetic light fission fragments.

2. And of these fissions, the selected events are further

biased toward relatively lower excitation energies because

low excitation leaves more kinetic energy available to

interact with the scintillator.

The lower excitation energy is evidenced by reduced yield of

prompt neutrons and total gamma energy. This effect has been measured

by Nifenecker[ll] and our results are in qualitative agreement with

respect to the gammas.

The eight gamma detectors, 127 x 127-mm cylinders of the plastic

scintillator NE102,[15] were mounted on Amperex XP2040[18] photomulti-

pliers with silicone optical grease. The scintillators were wrapped

.

.

.
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dry with reflective aluminum

with mu-metal shields. This

operated at -2250 volts bias

foil. The photomultipliers were fitted

photomultiplier has 14 stages and, when

voltage, did not require amplification

before the signal was fed to the discriminator (Phillips 715).[19]

The gamma detectors were symmetrically supported around the

fission source on light aluminum structural members (Dexion). Pairs

of detectors faced each other along, and were coaxial with, each of

the four diagonals of a cube. All were brought toward the center of

the cube until their edges touched. The resulting enclosed space was

conceptually a regular octahedron with about 200 mm between the faces

of opposing scintillators. Each of the scihtillators was wrapped on

its curved surface with 1.6 mm of lead sheet. In addition, there

an lteggcratettof 3.2-mm lead plates that formed a separate cell

each detector. This egg crate was cut away at the center of

was

for

the

counting geometry to provide space for the fission counter assembly.

The purpose of the lead shielding was to minimize “cross talkll

between detectors. It was anticipated (and observed) that, without

shielding, a single gamma could, by a Compton or other event, give a

spurious coincidence between adjacent detectors. Subsequent measure-

ments indicated that the lead described above substantially reduced

the effect in adjacent detectors.

Clearly, if we were to discriminate between gammas and fast

neutrons on a flight path of only 10 centimeters, timing was critical

everywhere in the experiment. The fission counter as mentioned above

contributed a relatively small amount to dispersion in timing. The

gamma detectors did exhibit some dispersion from various causes.



The photocathode of the XP2040 is about 110 mm in diameter and

is spherical in form to equalize electron flight times to the first

dynode. Nevertheless, there is a transit time difference of about one

nanosecond between the center and the edge of the photocathode. Even

though a given gamma event will create photoelectrons from many points

of the photocathode, this transit time difference tends to vary the

pulse shape and hence

the event occurred.

timing, depending on where in the scintillator

Another factor contributing to time dispersion in the gamma

detectors is the velocity difference for visible light and gamma rays

in the scintillator material. A gamma

of the 127 mm scintillator in about

light required about 0.67 nanoseconds

(The index of refraction is 1.58.)[15]

ray can traverse the thickness

0.42 nanoseconds while visible

to travel the same distance.

Thus, everything else remaining

the same, there can be as much as 1/4 nanosecond difference in the

time of creation of the first photoelectron depending only on whether

the gamma interaction with the scintillator occurred near the front

face or near the photocathode. In addition, the shape of the signal

pulse and hence the reaction time of the discriminator will also vary

with the location of the scintillation event because of the varying

paths the photons can follow before interacting with the photocathode.

The composite time resolution as measured with a time to pulse

height converter from a fission

fission gamma event in one of the

seconds full width at half maximum

counter trigger to an associated

gamma detectors was about 1.1 nano-

(see Figure 4). The time scale was

16
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4. Time distribution of pulses in a typical gamma detector.
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neutrons at one of the eight gamma detectors. The upper two markers
indicate a resolution of 1 nsec at half maximum. The lower marker
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neutrons.
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approximately

are separated

48

by

line indicates

neutrons.

picosecond per channel and the markers on the peak

approximately 1 nanosecond. The marker on the base-

the approximate boundary between gammas and fast .

.

The experiment depended critically on the characteristics of the

discriminators. The Phillips Model 715 constant fraction discriminator

contains five independent channels in a single NIM module. The thres-

hold has a range from -25 to -1000 mV. The module also has a VETO

input that is common to all five channels; this permits an external

signal to turn off the channels while analysis of the last event is

going on. These discriminators, due to their constant fraction charac-

teristic, have exceptional timing performance. They are said to have

less than 150 picosecond IIwalkl!(time shift) for inputs from -25 mV

to -2.5 V. This is predicated on constant pulse shape, which as

mentioned above, cannot be assumed under our operating conditions.

The minimum width of the discriminator output is 5 nanoseconds and the

rise and fall times are approximately

pair separation is 9.5 nanoseconds if

There is also a 9.5-nanosecond delay

output is -8OO mV and compatible with

and gating.

Aside from the detectors and

experimental equipment (schematic in

1 nanosecond. The minimum pulse

the output is at minimum width.

between input and

system requirements

output. The

for counting

associated power supplied, the

Figure 5) consisted of standard

nuclear electronic modules of two general types, NIM and CAMAC. NIM

modules are plugged into a NIM !Ibinlland partake of a Common pOWer

source, but all signal and data handling is accomplished externally by

.

.
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Fig. 5. Schematic of the
of the instrument modules:

Function

experimental set-up.

Maker

NIM type 5-fold Constant
(wide boxes) Fraction Discriminator

2-fold Gate
Generator

Fan-in fan-out

CAMAC type 16-fold Coincidence
Cnarrow boxes) Register

6-fold Scaler

Output Register

Interrupt Register

Clock

12-fold Analog-to-
Digital Converter

Phillips

Lecroy

Lecroy

Lecroy

Ktietics

Jorway

Ortec

Jorway

Lecroy

Identification

Model No.

715

222

429

2341A

3610

41

IR026

217

2249A
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cables to and from each module. CAMAC modules are plugged into a CAMAC

!Icrate,lfwhich likewise provides a common power source fOr the modules.

In addition, the crate provides common data paths (l’dataways’l)for

reading and controlling such modules by means of a microprocessor. NIM

modules are shown as wide rectangles; CAMAC as narrow ones.

The CAMAC modules were operated in a LeCroy 3500[20] data

acquisition system that provides a small CAMAC crate. This system is

very versatile and provides many options and features not pertinent to

this experiment. It can accommodate up to eight CAMAC modules under

control of its microprocessor (INTEL 8085)0 In addition, there is

accessible internally an arithmetic processing unit (Advanced Micro

Devices APU9511). Besides program memory, there are 16K 3-byte words

of data memory.

We will now describe the data acquisition system with reference

to Figure 5.

The eight gamma channels were connected to eight of the ten

discriminators available in the two Phillips Model 715 discriminators.

The analog gamma signals (with attenuation and delay) were also con-

nected to eight inputs of the LeCroy Model 2249A 12-channel integrating

analog-to-digital converter (ADC). The eight gamma discriminator out-

puts were led to eight contiguous inputs (upper byte or lower byte) of

the LeCroy Model 2341A 16-channel coincidence register.[20]

The fission counter was connected to one of the two remaining

discriminators. That output goes to gate the coincidence register.

Another output goes to trigger the one remaining discriminator. The

reason for this will be explained later.
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Signal delays in the system are adjusted simply by changing cable

length. Only cable RG174 was used for signal handling. This cable has

a signal propagation velocity of approximately 20 cm/nanosecond. For

comparison, the velocity of light is 30.0 cm/nanosecond in free space,

and 19 cm/nanosecond in the plastic scintillator.

On the time scale of interest, there were measurable differences

in the eight detectors. The lengths of the cables from the gamma dis-

criminators to the coincidence register were adjusted to bring gamma

pulses into simultaneity within k 1/10 nanosecond (or, equivalently,

* 2 cm of cable length).

.

.
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DATA ACQUISITION

With the LeCroy 3500, data acquisition procedures can be pro-

grammed either in FORTRAN or in assembly language. In the interest of

reducing deadtime, all of these experiments acquired data through

assembly language subroutines. For convenience, the overall data

acquisition was managed by a FORTRAN program that read operator input

(for example, count time) from the keyboard, cleared data memory, and

then called the subroutine for actual data acquisition. At the end of

the specified count time, control was returned to the FORTRAN calling

program. This then

programmed and wrote

the data as well as

*
memory for the use

performed preliminary analysis as may have been

out the results on the printer. At program end,

some interim results remained protected in data

of a subsequent program. The data acquisition

software is presented in detail in Appendix C.

We now describe data acquisition with respect to a single

fission event. (Refer to Figure 5.) The data cycle starts from the

quiescent condition when a fission occurs in the fission counter and

causes a signal pulse greater than the threshold of the associated

discriminator. The discriminator has multiple outputs, one of which

goes to the interrupt register and signals the waiting program that an

analyzable event has occurred. The acquisition program then, by means

of the output register, turns on an inhibit signal that shuts off

22
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further input until the inhibit is revoked at the end of data proces-

sing. The output of the fission discriminator also triggers a gate

that acts as another inhibit. The two inhibit signals are combined by

a logical OR (in the fan-in/fan-out module). The reason for the

apparent duplication is that the hard wired INHIBIT (through the gate

generator) can be applied much more quickly than the software inhibit;

on the other hand, it is necessary to have software control of the

INHIBIT during initialization and output.

The output of the fission discriminator (a logic pulse of approx-

imately 8 nanoseconds duration) also goes through a delay line to gate

the coincidence register. The width and arrival time of the gate

signal were adjusted to accept any pulse arriving within 3 nanoseconds

after the peak.

All, some, or none of the eight gamma scintillation detectors may

have detected a gamma at the instant of fission. After the gate has

closed, we are left with a byte of data in the coincidence register.

We will refer to this byte as a l~bitpatternl~. This bit pattern con-

tains a IIltr

coincidence

For example,

corresponding

with the gate

to each channel that had a signal pulse in

and a ~tollfor each of the other channels.

I if only detectors 1, 3, and 4 had

signals, the bit pattern would be 0000 1101. This

value of 1310 and the data acquisition program

coincident gamma

has the numerical

would accordingly

increment by 1 data memory 13, indicating one

event having this bit pattern. It requires

(O-255) to accept all the possible values of the

more occurrence of an

256 memory locations

bit pattern.



Earlier we alluded to a second discriminator in the fission

detector channel. Its purpose is to provide a separately adjustable

gate to control the LeCroy 2249A ADC.[20] The gate is about 15 tiano-

seconds wide to permit proper integration of the analog pulses from

the detectors.

At the instant the gates close, we have in the coincidence

register a bit pattern as described above. Every “l” in that bit

pattern indicates the occurrence of a gamma pulse that met:

1) the energy criterion of being greater in amplitude than the

gamma discriminator threshold; and

2) the time criterion by arriving while the gate was open at

the coincidence register.

We have

corresponding

while the ADC

in each of the 8

to the integrated

ADC channels in use a 10-bit number

amplitude of the signal that arrived

was gated on. Because the ADC gate is wide enough to

permit integration of the photomultiplier pulses, there is the possi-

bility that a neutron signal will be accepted. Even if there is no

signal at all, there is an unavoidable !?pedestalt’due to the integra-

ting characteristic of the ADC. The pedestals and neutron pulses have

small effect, because the data acquisition software reads only those

ADC channels corresponding to bona fide gamma

by the above two criteria. The evaluation of

discussed later.

events as identified

these biases will be

The program sums (in our hypothetical fission event) the ADC

values in channels 1, 3, and 4, (these are 10-bit numbers) and divides

by 3 to obtain the average amplitude for the three gammas recorded.

.

●
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This is also divided by 4 to scale the number down to one byte (8 bits)

for economy of handling time and data memory. Suppose further, that

the above steps result in the number 48. This scaled average amplitude

is stored in the data memory in a block reserved for multiplicity 3.

That is, data memory location 48 in block 3 is incremented by 1.

This involved storage operation takes place after each event and

the input is protected from additional signals as long as necessary by

the inhibit control signal as described earlier. Concurrently, the

program counts the number of analysis cycles for later comparison with

the scaler count of initiating signals. At the end of data storage,

the necessary clear signals are generated and the INHIBIT is removed

to wait for the next fission event.

At the end of the specified count time, control returns to the

FORTRAN calling program. This then prints out preliminary results and

allows the operator to (1) quit, (2) repeat, (3) change count time and

repeat, or (4) output a statistical summary of the energy data. This

summary includes for each block (multiplicity) a total count, maximum

ordinate, average energy (first moment), and the sigma of the distri-

bution. After the option 4 printout, the operator is offered the

choice of the first three above options or calling by block number for

plotting any of the eight spectra.

Figure 6 is an example of the output obtained from each data

run. The options mentioned in the last paragraph appear only on the

video display and not on the printout. We will explain the printed

data in detail because there are a large number of internal checks

to detect inconsistencies. Line 1 gives the number of cycles as

2.5



determined by a running tally of the number of times the analysis

program was initiated. Also in the first line is the counting time.

In this case, the time is to be adjusted by a

be 21,627) because a ten times lower than

selected. For comparison with the number of

gives the number of gates as counted by a

analysis program.

Line 3 gives

eight detectors as

the number of gamma events

determined from the stored

factor of 10 (it should

normal clock rate was

malysis cycles, Line 2

scaler external to ‘the ,

counted by each of the

bit patterns; (failure

of a channel is obvious); and the sum of these eight numbers (total

gamma events) is shown in Line 9. Line 4 is the probability of an

event per cycle for each detector (Line 3 divided by the number of

cycles). Line 5 gives the relative efficiencies of the eight

detectors as estimated from the llmiss’1probabilities (to be explained

later). Line 6 gives the product of all eight ‘Imiss”probabilities.

Line 7 gives the number of times each multiplicity (O to 8) was

observed. These nine numbers were obtained from the bit patterns; the

sum of Line 7 entries is given in Line 11 as a third che~k on the

number of cycles (against Lines 1 and 2). Also, the entries in Line 7

are each multiplied by their respective multiplicities and summed to

obtain the total number of gammas (Line 10) for comparison with Line 9.

Line 8 gives the respective probabilities of the multiplicities

(O to 8) obtained by dividing Line 7 by Line 2. These are the results
.

carried over to the program that infers the emission multiplicity.

Line 12 is a meaningless combination of all those cycles in

which at least one gamma was detected. However, it will be seen that
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the first data entry in Line 12 plus the first entry in

Line 2

cycles

in the

to the

as it should (number of cycles with gammas plus

without gammas equals the total number of cycles)

Line 7 equals

the number of

. The entries

COUNTS column (in Lines 13 through 20) correspond respectively

last eight entries in Line 7. As mentioned.above, Line 7 was

obtained from the stored bit pattern; the data under COUNTS was

obtained by summing in each of the spectral blocks.

llCMAXffis the maximum
,,

the program uses this number

plots. l~EBARl!is the first

ordinate in each of the spectral blocks;

to establish the vertical scale ~n output

moment (average energy) of a given block

in arbitrary units. “SIGMA” is the root-mean-square deviation about

“EBAR”. Repeating in other words what was described earlier, each

datum stored in spectral block M is actually the average energy of M

different signals coming from M different detectors. Thus, in block

M, the dispersion about the mean should go about as l/fi. Looking

at the last column we see that a for M = 4 is about half that for

M = 1, and that 0 for M . 8 is about half that for M = 2. The dif-

ference betwe& blocks is illustrated in Figure 7.

. ‘t

.
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(I] TOTAL CYCLES = 5224227. TIME = 2162.7 SECONDS
[2] TOTAL INPuT GATES = 52?4227.

CHANNEL DI$TR. OF GAMMAS AND GAMMA SENSITIVITY

[3] 1452571.1463088. 1288786. 1286922. 1480169.1383126. 1357006. 1325103.

[4] .278045 .280058 .246694 .246337 .283328 .264752 .259752 .253646

[5] .040980 .041331 .035633 .035574 .041904 .038685 .037833 .036799

(6] GAMMAS:(PRQ = .085908)

[7] 521887.1300161.1523772. 1106780. 542585. 182100. 41052. 5546. 344.

[8] .099897 .248871 .291674 .211855 ;103859 .034857 .007858 .001062 .000066

[9] TOTAL GAMMAS FROM DETECTORS= 11036771.
[10] TOTAL GAMMAS FROM DAT.MTR. = 11036771.
[11] TOTAL CYCLES FROM DAT.MTR. = 5224227.

8LOCK COUNTS CMAX E8AR SIGMA

[12] 4702340.0 75397.0 51.10313 29.35766
[13] : 1300161.0 26121.0 51.78431
[14]

39.90958
1523772.0 25003.0 51.18028 ‘ 27.77851

r15] : 1106780.0 20621.0 50.70624 22.26257
[16] ~ 542585.0 11413.0
[17]

50.43822 18.96043
182100.0 4341.0 50.25068 16.69513

r181 41052.0 1108.0 50.07118
[19]

15.14287
; 5546.0 167.0 50.24432

[20] 8
13.99011

344.0 14.0 49.25581 12.66420

Fig. 6. Typical output from data acquisition program.

r
v
\
u)
1-
Z
3
0
v

ENERGY (arb. scale)

Fig. 7; Comparison of stored spectra for various multiplicities.

.
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IV

OPERATIONAL CONSIDERATIONS

General

We wish to detect lrfissiontlgammas with a high efficiency. Some

consideration needs to be given to what is meant by “fission” gammas.

The idea of absolute simultaneity falters when we consider the fission

phenomenon on the time scale of interest here. For example, Rumpold

et al.[81 have been able to classify several specific fission gammas

as to whether they are emitted less than 1 picosecond after fission,

between 1 picosecond and 2 nanoseconds, or after 2 nanoseconds.

Bowman et al.[3] have done a similar experiment and most of the lines

they studied, in general not the same as those of Rumpold[4] are

assigned half lives less than 1/2 nanosecond. In general, our results

accord qualitatively with those of Bowman. It appears that for the

purposes of our experiment, effectively all of the fission gammas

appear in less than half a nanosecond. This is based on the observa-

tion that our time resolution curves taken between the fission counter

and one of the gamma detectors was not substantially wider than the

time resolution between two of the gamma detectors when the source was

60C0
● This source emits two gamma rays that are reported to be

connected by a half life of approximately 1 picosecond.

29



Energy Calibration

Establishing an energy scale for the discriminators on the eight

main counting channels is complicated by the poor energy resolution of

plastic scintillators. As Nardi[21] points out, the principle “gamma

interaction with these materials is by Compton scattering. For a mono-

energetic source such as 137CS
9 the resulting spectrum is a poorly

resolved peak

The indistinct

corresponds to

corresponding to the energy of the Compton electrons.

“Compton edge!!on the right hand shoulder of this peak

the maximum energy transfer to an electron in the scin-

tillator. For the 662 keV gamma from 137CS
9 this maximum energy is

The 137
about 48o keV. Cs line was used to define the energy scale in

the main scintillator channels. Because Compton scattering[22] occurs

with a range of energy transfers from the maximum down to zero, it is

possible for any given discriminator setting to miss even high energy

gammas. The relationship between the shoulder (Compton edge) of the

spectrum is not linear with the peak gamma energy.

The primary emphasis in this experiment is on high efficiency in

the gamma detectors. For this reason, as well as the general charac-

teristics of plastic scintillators, we have depended on others’ results

for values of

252cf
● These

Energy
Threshold

(keV)

E, the average

are the last two

n

number of gammas

entries in Table

emitted in fission of

1.

Corresponding
Compton edge

Source (keV)

140 7.80 *0.3 Verbinski[5] 50

85 8.32 t 0.4 pleasanton[61 21

.

.

.

.
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The measurements reported here were all made at a gamma thres-

hold corresponding to one or the other of the two above Compton edge

energies.

Timing

The LeCroy Model 2341A coincidence register provides I-6inPutso

We used only eight at a time, either the top or bottom half. The gate

must precede data pulses by at least 3 nanoseconds. The exact opening

time of the gate is not critical but the closing time is. On the time

scale of interest here, the transition time of the discriminator out-

put (approximately 1 nanosecond) and response time (turn-off) of the

coincidence register are quite significant when we undertake to set

the gate so that the effective “turn-off time” is fixed to about

1/2 nanosecond.

All set-up operations involving timing required the use of

auxiliary equipment not used in the experiment proper. This consisted

of a time to pulse height converter (TPC) that was used in conjunc-

tion with the normal pulse height analysis function of the LeCroy

system. The fission counter signal (after discrimination) started the

time interval that was terminated by the discriminator signal from one

of the gamma channels. The result of this analysis is shown in

Figure 4. The peak on the left represents the distribution of gamma

events in time while the hump on the right similarly represents the

fast neutron events. The time scale is approximately48 picosecond

per channel. By adjusting cable lengths, we brought all eight channels

into simultaneity within approximately two channels. (One centimeter

of cable corresponds to about one channel.)



Without changing the zero time reference in the TPC, we then

brought the gate signal from another output of the fission counter

discriminator to the !!stopf’input of the TPC. By adjusting this cable

length, we were able to set the leading edge of the gate at a point

some 6 nanoseconds ahead of the gamma peak. The exact position is not

critical.
.

What is critical is the end of the gate because it must be posi-

tioned to exclude fast neutrons while losing as few gammas as possible.

This sensitive timing depends on the interaction between the fall time

of the gate signal and the turn-off characteristic of the coincidence

register.

The first step was to bring a copy of the fission counter dis-

criminator pulse from a separate simultaneous output to the ‘fstopt’

input of the TPC (always maintaining the same zero time reference).

By adjusting the cable length, the leading edge of this ‘Idecoyfrsignal

was placed exactly at the point on the time scale at which we wanted

to close the gate against neutron pulses. With all cable lengths

fixed, this decoy signal was led to the coincidence register in place

of one or another of the gamma input signals. The regular data

acquisition program was run. In the channel with the substitute

signal, it was immediately obvious if the gate was missing all the

decoy pulses (gate too short) or counting a decoy pulse at every cycle

(gate too long.) By trial and error, the duration of the (discrimi-

nator output) signal was adjusted to count about half of the decoy

pulses. This corresponded to having the trailing edge of the gate at

the chosen cut-off position. This method gives a proper cut-off time
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taking into account the real, combined characteristics of the various

components.

Detector Efficiency

It would be highly misleading to attempt to measure counter

efficiency by the usual technique of counting gammas first with the

source present and then with it absent. We need the detection effi-

ciency for prompt fission gammas. The straightforward technique of

subtracting gross background from gross count would include gammas

from two other origins extraneous to our purpose. First, it would

include decay gammas from long-lived fission products accumulating

252since the fabrication of the Cf source. Second, it would include

the numerous gammas associated with alpha decay of 252cf. (This is a

very substantial source because there are about 30 times as many alpha

decays as spontaneous fissions.)

It might be supposed that the gamma counter could be gated by

fissions and that could lead to a reasonable measurement of the

counter efficiency. One would simply divide the coincident count rate

by the trigger rate getting the probability of a count for each

fission, then divide that by n to get the efficiency. However, this

raises another problem. At the efficiencies involved in this experi-

ment (approximately 0.035), it is easily possible for two or more

gammas from the same fission to strike the same detector resulting in

a lower estimate of the efficiency than the true value.

There is, however, a relatively clean way to estimate the effi-

ciency of the detectors under the actual conditions of the experiment.
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We accept from the literature that 252Cf emits 7.80[5] or 8.32[6]

gammas per fission, depending on the threshold, and we assume for this

purpose that this is the average of a Poisson distribution,

When a fission occurs and emits n gammas, the probability of not

registering a count is the probability that all

detector (or traverse it without registering.) This

is:

P
miss = (l-E)n

gammas miss the

miss probability

(1)

where c is the efficiency for detecting a single fission gamma at

the current discriminator setting. Summing up the Pmi~~ for all

values of n under the Poisson distribution we have:

w

E
Cn

Pmiss = (;)ne-n(l-e)n = e-n E [~ (l-E)]n = e-l~e-;’)= e-;’ (z)
n.O n!

so ‘n (Pinks)= ‘SE

‘in(Prniss)
and E=

n=o n!

(3)

(4)
n

The choice of liis not critical because these results have been

.

.

used only to obtain the relative efficiencies of the eight gamma

detectors.

.

.
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INTERPRETATION OF DATA

The interpretation of the multiplicity data is based on the

following equation derived by Van der Werf[23]. Refer to Appendix B.

Some symbols have been substituted for convenience. Assuming an array

of N identical detectors of average efficiency E counts a shower of

G gammas, we have the following probability of triggering exactly M

detectors (that is, the emission multiplicity is G and the detection

multiplicity is M):*

(5)

*For historic reasons, we have to this point used the symbol fito
represent the average number of gammas emitted in fission. Henceforth,
for reasons of clarity and mnemonic convenience~ we will use the fol-
lowing symbols:

E average number of gammas emitted

G number of gammas emitted in a specific event~ “emission
multiplicity”

IT(G) probability that exactly G gammas are emitted

N number of gamma detectors in the array

M number of detectors triggered in a given event,
l!detectionmultiplicity”

P(M) probability that exactly M detectors are triggered

M! number of gammas actually striking the M triggered
detectors, “impact multiplicity”
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A careful distinction must be

detectors triggered and Ml the actual

M detectors; (obviously G~M’ ~M).

made between M the number of

number of gammas striking those

We assume a hypothetical emission distribution (a model) and

some starting values for the parameters of the distribution (Cl,

c*, ...)

IT(G)= (6)T(G> Cl~ C2~ ...)

and calculate the expected probability of triggering exactly M

detectors

PN(M) = ~ n(G)PN (G,M) (7)
G=M

Written explicitly:

pN(M) = 5 “ll(G)(j)~ (-l)M-R(~) [Q-( N- L)G\G .
G=M 1.=0

(8)

We have from the experiment a set of observed probabilities for the

distribution of M corrected for false counts caused by scattering.

E(M) average emission multiplicity for a given M

~’(M) average impaot multiplicity for a given M

E(M) average gamma energy per triggered detector for a given M

E’(M) average energy per gamma for a given M

c effective average detector efficiency for fission gammas
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The numerical procedure is shown in the flow chart, Figure 8. The

program adjusts the parameters of the chosen model to obtain a ‘Ibest

fit!!by the criterion of minimum weighted least squares. The minimi-

zation of the weighted squares is performed by a comprehensive routine

written by J. P. Chandler of Indiana University in 1966. The brevity

of the flowchart may be misleading. The data analysis program includes

many options and

spaced. For that

The output

the FORTRAN listing requires some 20 pages single

reason, it has not been included.

from this computation is extensive and includes the

experimental data P:(M), the IIbest fit!! results from the model
}

P (M), the absolute difference between the two, and the relative

deviation, as well as

deviations.

After the problem

the converged value of the summed square

has converged, the program computes the matrix

of the two dimensional probabilities:

PN (G, M) ,

the probability that in a given fission exactly G gammas are emitted

and exactly M detectors are triggered. Finally, the program

calculates an answer to the Bayesian question:

If M detectors were triggered, what was the average number of

gammas emitted in the fission event? The calculation is:

m

x G ● P(G,M)

G(M) = ‘GM .

Z P(G,M)
G=M

(9)

I
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/
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1
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9
ADJUST
MODEL
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DISTRIBUTION
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(PM )

I

CALCULATE
SUM OF

WEIGHTED SQUARE
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oPRINT OUT
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AND CALCULATED
DISTRIBUTIONS

ICALCULATE P(G,M)
MATRIX AN D_MOST

PROBABLE G(M) I
I CALCULATE

iMPACT NU~.4BER
~’ (M) I

oA

Fig. 8. Flow chart for the data analysis program.

.

.
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The program also computes the average impact multiplicity, K’(M),

as a function of detection multiplicity. As shown in Equation 38 in

Appendix B, we have

PN(G,M’,M)
=(:)(:,) (l- N=)G-M’ #o(-l)M-L(;) (fi~)M’ ‘(10)=

which gives the probability that out of a shower of G gammas on N

detectors, exactly M’ of the gammas trigger M detectors. Using the

inferred emission distribution IT(G)we can calculate ~r(M).

co CO

ii’(M) =
~ ~ M? ‘T(G) ● PN(G,M’,M)
M’=M G=M

.

~ ~ T(G) ● PN(G,M’,M)
MI=M G=M

(11)

The purpose is to achieve a better correlation of energy with

multiplicity. As previously described, the data acquisition program

yields E(M), the total gamma energy of the M-fold event divided by M.

However, on the average, this total energy is the

that takes into account the fact that detectors

multiple gamma impacts from the same fission.

acquisition program must be corrected to

E’(M)
‘M= ii(M)—

ii’(M)

response to X’ gammas

frequently experience

Hence ~ from the data

(12)
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VI

RESULTS

In Table 2 we present six sets of data enumerated below:

Run
Number

Gamma Discriminator
Threshold (keV)

Average No.
of Gammas

S2

S3

S4

S6

S7”

S8

140

140

140

85

85

85

7.80

7.80

7.80?

8.32

8.32

8.32?

Fission Discri~inator
Setting

Optimum

Optimum

Biased

Optimum

Optimum

Biased

In Table 2 there are typically four entries for each run under

each multiplicity:

1. the number of times that multiplicity was observed (run

data);

2. the estimated number of events that are ‘fdemotedllto the

next lower multiplicity;

*“Optimumf’refers to a setting between the humps of the fission
fragment energy spectrum that is considered to be the best availale
for triggering on a representative distribution of fission events.
“Biased” means a discriminator setting that accepts approximately the
upper 10% of all pulses in the nigh energy hump of the fission
fragment spectrum.

.

.

40



.

.

r-

r-l

!-l 4

ti”

c

&!

O-I m
l-y In

s!
r-l

r’-
I-l
e

rn-

0
u-t
m

m“
1-
-1A•ì7ç•Ø‹X

+“

In
Ne
e“
l-l
F’i

N-
4

m
m
In

m-

&!

l-l
N
0

m-
N
e

e
w
In

r.”
l-(
l-l

.
m

1-1”

+“ “?-4

f3tn Nw
ro w-m
NF~M

. ..-.
dmmo
f-m-u-l-JIN

0“
0
n.
l-l

1-
m
m
l-i-
N
0

1-
N
N

e“N
c-l

n“

c

z

.-i-

mm
~1-1
N-

. .
mm
**
m.
l-l

1-
m
m.
4
N
In

N0
N

m“
1+
i=

a
m
e
4
m
N

m
m
f-
m-
W
r-.
N

41



3. the estimated number of events that are ‘tretrievedltfrom the

next higher multiplicity; and

4. the corrected number of times the multiplicity occurred.

Items 2 and 3 above are corrections for gammas that, through a

Compton scattering, happen to trigger two detectors, thebeby promoting

an M-fold event to M+l. The details of this correction are given in

Section VII.

interpretative

The last item is entered for each multiplicity in the

computation described earlier.

Multiplicity

‘We

against

weighted

recorded

emission

Poissonll

have summarized in Appendix A the many different models tested

the experimental data. The criier~on for fitting was the

least square deviation between the detection multiplicity data

and the

model.

was the

detection multiplicity data calculated from a given

Of’ the many models tried, the foilowing ‘tdolible

best:

-c
~C,)G e 3(

-C4
(C,, )Qe

T(G) = C2 = G, + (1 - C*) “. G!

Next best was the skewed pseudo-GatisSiani

C2 e
-C3(G - C4)2

TT(G)= Cl(G) QL1

(13)

.

.

(14)

-C3 (-CA)
m(o) =C5e
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