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Abstract

Beta-delayed two-neutron emission from
96-99Rb has been studied by use of the
neutron-neutron time correlation technique.
Time interval distributions for neutron
pulses from a polyethylene moderated
neutron counter were measured for mass-
separated sources. Coincident neutrons
were identified in the time interval dis-
tribution by a component having the
characteristic residence time of 35 us for
this counter. At mass 98 a coincidence
rate well above the correlated background
results in a P2p for 28Rb of (0.060
+ 0.009)%. Upper limits (20¢) for P2, of
0.004, 0.008, and 0.024% are reported for
96Rb, 9 Rb, and 99Rb, respectively.

1. Introduction

Calculations based on semiempirical
mass formulas predict that beta-delayed
two-neutron emission should be energetically
possible for many nuclides near the pre-
sently known limits of particle stability.
From the mass formulas suggested by Monahan
and Serduke, one predicts that beta-
delayed two-neutron emission is marginally
allowed for 96Rb, forbidden for 27Rb, and
allowed for 98Rb and 99Rb. The relevant
beta decay energies (Qg), two-neutron bind-
ing energies in the daughter nuclide (B3p),
and energy windows (Qg-B2p) are given in
Table I.

TABLE I. Calculated Values of Qg, B2n, and
Energy Window for Beta-Delayed
Two-Neutron Emission?

Qg Bon Qp-Bon
Nuclide (MeV) (MeV) (MeV)
26rp 11.0 10.8 0.2
7R 9.1 10.5  -1.4
28pp 12.2 10.3 1.9
9%Rp 10.1 9.6 0.5

a Based on mass formulas in
Reference 1.

To discover whether beta-delayed two-
neutron emission does occur in the neutron-
rich Rb isotopes, we used the TRISTAN on-
line isotope separator at the High Flux
Beam Reactor at Brookhaven National Labora-
tory.3) For these experiments, the TRISTAN
facility had a surface ionization source
containing enriched 235U located in a beam
of thermal neutrons. With a Re surface at
high temperatures (>1800°C), the ion beams
at masses 96 to 99 are mixtures of Rb and

Sr fission products. The ion beams: were
deposited at the center of a high effi-
ciency neutron counter (SNC - SOLAR Neutron
Counter) described previously.4,5

The neutron-neutron time correlation
technique described by Azuma, et al.6r
and Detraz, et al.8) was adopted for the
present work. The time interval distribu-
tion for neutron pulses was measured for
each of the Rb isotopes. From the time
interval distribution one obtains the ratio
of single to double neutron emission prob-
abilities (P1,/P2p). One then uses the
literature values of Pp to obtain P2p.

To derive an expression for Pip/P3p,
we first define C as the total neutron
count rate

C=DEPy, +2DE Py (1)

where D = beta disintegration rate

E = neutron detection efficiency.
We then define Ig as the coincidence count-
ing rate as determined by the rate for short
time intervals in the time interval
distribution.

Ig = D E2 Py, (2)

In Equations 1 and 2 we have assumed that
the efficiency for detecting uncorrelated
neutrons is the same as that for coincident
neutrons. We then divide Equation 1 by
Equation 2, rearrange, and obtain Pj,/P2p.

P
1n (C 2)
An - g€ -2 . (3)
P2n IS E

The experimental determination of C/Is is
discussed below.

2. Experimental

The neutron counter (SNC) consists of
40 tubes filled with 4 atm of 3He arranged
in three concentric rings in a polyethylene
moderator. The efficiency of each ring as
a function of neutron energy has been mea-
sured with calibrated photoneutron sources.
For a spectrum of neutrons with an average
energy of 500 keV, the total efficiency is
(59 + 5)%. The total efficiency decreases
slowly over the range of 100 to 1000 keV
but stays within the uncertainty limits
quoted for the absolute efficiency at
500 kev. The average energy of the two-
neutron emission is unknown, but is expected
to lie with this range.

*) This paper is based on work sponsored by the Division of Nuclear Physics of the Depart-
ment of Energy and performed under DOE Contract Number DE-AC06-76RLO-1830.
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Pulses from the SNC were sent to a
specially designed NIM module which
replaced the ADC in the TRISTAN data acqui-
sition system. The time interval between
successive pulses was converted to an
address which was then used to increment
the distribution of time intervals. The
NIM module contained a 40 word buffer
memory which derandomized the memory
transfer operation. All time intervals
which exceeded the allowed range were
stored in the last channel of memory (8192)
so all time intervals were counted.

The time interval distribution N(t)
for a random source having a constant
count rate A is derived from Poisson's dis-
tribution which gives the expression

N(t) = 2 e 't (4)

The mean time between pulses is 1/). If
the random event rate is low (<200 counts/
sec), the time interval distribution is
almost flat on a time scale of <0.5 ms.

If coincident neutrons are generated within
the SNC, the time interval distribution
will contain a second exponential component
with a mean time given by the residence
time of neutrons in the counter.

The residence time was measured by
two different techniques. The first tech-
nique involves the measurement of the time
interval distribution from a spontaneous
fission source - either a large quantity
of natural 238U located at the source posi-
tion inside the SNC or a 252Cf source
located outside the SNC. This technique
suffers from the fact that spontaneous
fission neutrons have a multiplicity dis-
tribution extending beyond two neutrons
per event. Thus the time interval distri-
bution has even shorter exponential com-
ponents corresponding to higher multipli-
city events.6) The time interval distribu-
tion of 238U is shown in Figure 1.
Although a single exponential plus back-
ground gives a reasonable fit to the data,
there is evidence for a small deviation at
short time intervals.

The second technique for residence
time measurments is to record the time
intervals between beta particles and
neutrons from a beta-delayed neutron
source. A standard time-to-amplitude con-
verter (TAC) was triggered by start pulses
from a beta detector inside the SNC and by
stop pulses from the SNC. The TAC output
was calibrated by introducing known delay
times from a variable gate-and-delay
generator into the stop input of the TAC.
The time interval distribution for a beta-
start neutron-stop TAC experiment with a
96Rb source is shown in Figure 2. The
solid lines show the result of a least
squares fit using two exponential com-
ponents. The residence times measured by
the different techniques are consistent
with each other as shown in Table II. The
relatively short residence time of 35 us is
a consequence of the large number of 3He
tubes in the counter volume and is advanta-
geous for distinguishing coincident neu~
trons from the random background.
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TABLE II. Residence Time of Neutrons in SNC
Total
Count Rate Residence Time
Source Location Method (n/s) (us)

238U Internal Time Interval Module 6.3 37.7 + 1.4
252Cf External Time Interval Module 865.0 35.2 + 2.3
%%rb  Internal 8-n TAC 81.6 35.7 + 0.3
%7Rb  Internal 8-n TAC 5.5 33.0 + 1.0
98ppb  Internal 8-n TAC 10.6 34.6 + 1.8
Adopted Value 35.0 £ 2.0

The total neutron count rate, C, was
obtained as the integral of the time
interval distribution divided by the length
of the run. Note that the number of time
intervals is equal to the number of neutron
counts minus one. This count rate was cor-
rected by subtracting the background count
rate and multiplying by the fraction of the
neutrons due to the Rb precursor in a given
mass chain. The background was determined
with the ion beam stopped on a screen
located about 3 m upstream from the SNC.

The fraction of neutrons due to the Rb
precursor was determined in separate decay
curve measurements for each mass. Decay
curves were measured by multiscaling the
SNC output during successive cycles of beam
on and beam off. Neutron decay curves at
mass 96 give only a single component due
to 96Rb. However at masses 97-99, there
are components due to neutrons from Sr and
Y precursors in addition to the Rb com-
ponent. The initial activities from the
decay curve analysis were converted to
saturation activities to calculate the
fraction of Rb neutrons in the steady state
experiments.

The relevant data for determining the
neutron emission rate, C, are given in
Table III. Note that the Rb fraction in the
first mass 98 run was quite different from
the fraction in the second and third runs.
The first 98Rb run was taken during a dif-
ferent reactor cycle when TRISTAN was opera-
ing with a different ion source. The sur-
face ionization sources for TRISTAN give
different yields of Rb and Sr isobars
depending on the temperature of the source
and the nature of the ionizing surface. The
total neutron counting rates at masses 96
and 97 were kept below 100 n/s by reducing
the neutron flux on the 235U target. At the
same time, the background in the SNC was
significantly reduced.

TABLE III. Experimental Data for Determination of Neutron Emission Rate
for Rb Precursors (C)
Total BGD Fraction
Time Count Rate Count Rate due to Rb C
Mass (s) (n/s) (n/s) (%) (n/s)
96 29,738 81.55 0.72 + 0.03 100.0 80.8 + 0.2
97 23,975 87.15 0.84 + 0.03 98.9 + 0.1 85.4 + 0.2
20,637 10.60 2.02 + 0.06 65.0 + 3.0 5.6 + 0.3
98 23,749 88.29 3.83 + 0.11 36.0 + 3.0 30.4 + 2.1
65,118 11.80 2.57 + 0.05 36.0 £ 3.0 3.3 + 0.2
99 43,736 8.10 3.33 + 0.05 40.0 + 8.0 1.9 + 0.4

- 278 -



An example of the time interval dis-
tribution is shown in Figure 3 for 98Rpb.
In all cases the data over the first 200 us
were fit with two components by a least
squares fitting program. The mean time of
the shorter component was held fixed at the
adopted residence time. The mean time of
the other component was always several
orders of magnitude longer. The coincident
counting rate, Ig, was determined from the
integral of the short component divided by
the length of the run. This rate was
corrected by subtracting a rate due to
correlated neutrons in the background.
This background was measured under a .
variety of conditions, i.e. reactor on or
off, TRISTAN operating or not, and SNC on-
line or off-line. All these background
rates were the same within the statistical
uncertainties. It therefore seems likely
that this correlated background is due to
multiple neutrons from cosmic ray showers.

COUNT IN 10 usec
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FIGURE 3. Time Interval Distribution for
98Rb. Solid lines indicate best
fit of two exponential com-
ponents. Dashed lines show
amount of correlated background
as determined from low-rate

97RDb experiment.

The one exception to these comments is
the data associated with the first 98Rb run
which was taken during a different reactor
cycle. The only background data available
for this run is a 97Rb run. Later experi-
ments showed that the coincident neutron
rate from 97Rb is equal to the background
rate. The coincident neutron rate for the
97Rb run in question was somewhat lower
than the background rates measured during
a later reactor cycle. However between
reactor cycles, some minor modifications
to the SNC electronics were made which
might account for the different background
rate.

The relevant data for determining the
coincident neutron rates are given in
Table IV. A net positive coincidence rate
was observed in three different runs for
98Rb. At masses 96, 97, and 99 there was
no statisticallg significant coincidence
rate. For 96,97,99Rb we adopt twice the
statistical uncertainty as an upper limit
on the coincident count rate.

3. Results

The data for C and Ig given in

Tables III and IV were used in Equation 3
to calculate P1,/P2n as shown in Table V.
The three positive results for 98Rb were
combined into a weighted average value of
C/Ig. The Pp values were taken from a
recent summary.?) The Py, for 98Rb of
(0.060 + 0.009)% is lower than the upper
limit given by Roeckl, et all0O) of <0.1s.
This is the first observation of beta-
delayed two-neutron emission for a nuclide
in the fission product mass region,_ The
ugper limits for the Pap of 96Rb, 97Rb, and
99Rb are consistent with the small or nega-
tive energy windows predicted for this pro-
cess. Our sensitivity for two-neutron
detection is limited more by the correlated
background than by the random singles rate.
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TABLE IV. Experimental Data for Determination
of Neutron Coincidence Rate (Ig)

Total Neutron Correlated Ig
Coincidence Rate Background Rate Ig Upper %imita
Mass (s—1) (s~1) (s=1) (s~
96 0.0076 + 0.0066 0.0120 =+ 0.0003 -0.0044 + 0.0066 <0.013
97 0.0101 + 0.0080 0.0120 + 0.0003 -0.0020 + 0.0080 <0.016
0.0212 + 0.0019 0.0087 + 0.0011 +0.0125 + 0.0022
98 0.0722 + 0.0085 - 0.0120 *+ 0.0003 +0.0602 + 0.0085
0.0197 + 0.0009 0.0120 + 0.0003 +0.0077 + 0.0009
929 0.0109 + 0.0009 0.0120 + 0.0003 -0.0011 + 0.0010 <0.002
a 2o

TABLE V. Data for Calculation of P (or upper limit)

2n
a
Mass C/Is Pln/P2n Pn(%) P2n(%)
96 >6124 >3611 13.3 + 0.5 <0.004
97 >5325 >3140 25.1 + 1.3 <0.008
446 *+ 83
505 + 79
8 431 + 59
455 + 41b 267 + 33 16.1 + 1.3 0.060 + 0.009
99 >1005 >591 14.0 = 3.0 <0.024

a Reference 9
b Weighted Average
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