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Introduction

It is well known that the existence of delayed neutrons (DN) from neutron
induced fission of heavy nuclei has a fundamental significance for the realization of
a controllable fission chain reaction. The yields and time characteristics of delayed
neutrons from the thermal neutron induced fission of the main reactor isotopes
(*U, *Pu, and **U) are some of the most important nuclear reactor constants used
in reactor kinetics calculations[1-5]. An accuracy of 3% for 54, 4% for **°Pu, and
6% for **U has now been achieved for DN yields. The requirements for the
accuracy of the parameters have continued to increase, especially in connection with
the problems of the reactor safety [4,5].

However, despite a considerable number of measurements the discrepancy in
the obtained data is significant. This discrepancy is especially seen when
comparing the DN data obtained using two radically different methods of
determining the DN parameters: 1) DN decay curve measurements with subsequent
a approximation with six exponents and determination of DN parameters: decay

constants A; and weights a;; 2) calculation of the group parameters by summation of



all precursors yields, included in this group. In the second case, the DN yield for a
given precursor Vyis equal to the product of the cumulative yield of the precursor Y,
and the neutron emission probability P,,;. For example, the experimentally achieved
DN yield accuracy for one of the well-studied cases (thermal neutron induced
fission of 239Pu) is 4%, but the calculated value of the DN yield v, is 10% above the
experimental one [6]. Moreover, the boundaries of the six groups have an arbitrary
character and vary in the different works [7,8]. One should mention that the values
of the parameters for the 5™ and the 6" groups are determined with the worst
accuracy (20-40%), because of their short decay periods (less than | sec.). This is
comparable to the time needed, in some works, to move a sample from the
irradiation  position to the DN registration position.

As a consequence, the values of v, and ), = v, /v (where v = v+ v, is the
total number of fission neutrons and v, is the number of prompt neutrons per
fission) are the subject of continuing efforts to improve their accuracy.

The total yield determination for DN from the thermal neutron induced fission
of 233U, 239Pu, and 237Np, and from the cold neutron induced fission of U, U, and
Z9py (by using the data on v, from the thermal neutron induced fission of *°U as a
standard) is the subject of this work. Our specific interest in the investigation of
fission characteristics for >’Np was stimulated by the recent work by Lisowski et
al. [9], where it was demonstrated that *'Np is a perspective isotope for accelerator
driven energy production and waste transmutation. Also, one of the purposes of this
work was to experimentally check the existence of DN groups with very short
periods (less than 0.1 sec) in thermal neutron induced fission of **U and *Pu,

which is stipulated by the existence of such isotopes as **Br, “’Rb, '"Rb, and '**Sr.
I. Method

To study the short-lived DN groups in the millisecond time range, a method
of periodic irradiation of the samples without replacement was developed at the

Frank Laboratory of Neutron Physics (JINR, Dubna). Since the method has been
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discussed in detail elsewhere [10-12], we present here a short summary with relevant
formulas.

The IBR-2 pulse reactor [13] was used as the neutron source. The reactor
pulses with a half-width of 230 us ata repetition rate of 5 Hz and a high intensity of
the pulse neutron tlux (the peak power is about 1350 MW) give a unique possibility
to study DN with short decay periods. The pulse reactor allows us to carry out the
periodic irradiation of samples and to measure the DN in the time intervals between
the pulses. The registration of prompt neutrons and DN under the same conditions
allows one to determine the f, value with good accuracy.

In the case of a periodic sample exposure, the counting rate tor DN
decreases with time ¢ according to the following expression:

S oa, l-exp(=4.A1)
e A 1-exp(—A,.T)

n(ty=N,.v,.€ cexp (A1) )

0<t<T-Af

where N, is the number of fission events, & is the detector efficiency for DN. A, and
a; are the decay constant corresponding to _the hatf-lite 77, ( A= in2/T,2)) and the
relative yield for the ith  group of the DN (Ja, = D. respectively.  Ar is the
irradiation time, and T is the time interval between ncutron bursts. The value of 7 1s
counted from the end of the irradiation time-point. This formula uses the well-
known 6-group approximation of Keepin |1] and takes into account the periodic
irradiation of the target.

If the count numbers of prompt N, (measured in some time interval fro.0, )
and delayed N, peutrons (in a time interval (t.1:]. sce Fig.2) are known from the
experiment, one can calculate the value of By using the formulas given below.

In particular, the total number of DN is equal

s, = FOUT JA L 0 1) ()

where F(ALT.t,.t) is a function that can be obtained from (1) and which takes nto

account the finite time interval of the DN measurcment



2” a, T—-exp(=21 A
3 AAL L-exp(—-A4,T)

I-'(z,\rz..xl,T):{ (cxp(~l‘ll)~cxp(—l,!3)) (3)

The number of prompt fission neutrons is

where g, is the detector efficiency for prompt neutrons. Evidently,
Va/V,= 8,/8,, (5}

J

and, th /
d, en v, // vl

:Bn (6)

T+ ViV,

Therefore, the determination of By value is reduced to measurements of the
detector counts for prompt and delayed neutrons, and the ratio of their registration
efficiencies.

The main advantage of this method lies in the fact that it is not necessary to
know  the absolute detector efficiency, the neutron tlux, and the sample mass for
these measurements. On the other hand, the measurements of DN from the short-life
groups are carried out with a background from other groups with longer periods,

which reach saturation in a few minutes after the start of irradiation.

I1. The experimental setup

The measurements were performed on the “Isomer” setup (see Fig. 1), which
was described in detail in [11-12]. The ‘Isomer’ facility was placed 27 m from the
reactor core and the time-of-flight method allowed the energy of the incident
neutrons to be determined. The neutrons from the reactor core passed through a bent
mirror guide (cross-section 150x15 mm?) which considerably suppressed the
background from fast neutrons and gamma quanta. The thermal neutron flux density
at the exit of the mirror guide was 6-10° n-sm2s™".

The “Isomer” facility consists of a slow neutron chopper and a 4%-neutron
detector. The chopper is a Cd disk  with two slits. The rotation of the chopper was
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synchronized with the reactor neutron bursts. The chopper served the following
purposes: 1) to cut off the tail of cold neutrons quickly (during a time of about 1
ms) and to produce neutron pulses with a width of 10-40 ms, depending on the size
of the slits and the rotation phase; 2) to suppress the reactor neutrons between these
pulses. The action of the chopper is shown in Fig. 2. By shifting the chopper phase
relative to the neutron bursts, one can choose different energy intervals of incident
neutrons. _

The neutron detector consists of 12 *He counters in a polyethylene moderator.
The counters can be placed either in an internal ring (& = 22.5 cm) or in an external
ring (@ = 33 cm). The sample was placed in the central hole (& = 15 cm) of the
detector. To avoid registration of the thermal neutrons, scattered by the sample, the
detector was shielded inside by a Cd tube. The outside of the detector was covered

by the 5 cm borate polyethylene shield against the environment scattered neutrons.

3 6 7 8

ek

- \\Kl
R = 2000 m /

Fig. 1 The scheme of the “Isomer” setup: 1- IBR-2 reactor active zone and the
moderator; 2,3 - collimators; 4 - bent mirror guide; 5 - chopper; 6- neutron

detector; 7 - *He -counters; 8 - Cd tube; 9 - sample.

The high-intensity neutron burst from the reactor causes a pile-up of prompt
fission neutron pulses during the exposure. Also, the dead time of the electronics
used in these measurements leads to additional count losses. Therefore, special

attention was paid to the correct estimation of the loss of prompt neutrons. The total
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dead time of the acquisition system 7 was measured by the usual method of two
neutron sources. The main part of the measurements was carried out with 7= 5.5 us;
other measurements were performed with the improved electronics (7= 2.5 us). The
conditions of the experiments were chosen such that the total correction of the
number of detected prompt fission neutrons obtained in such measurements was not
more than a few percent.

CAMAC-based electronics, connected to a PC, were used in the

experiments to collect the data.

II1. Measurements

In this section, we present the results of the DN yield measurements for the
23y P9y, and 237Np isotopes and the decay curve measurements for the **U and
Py isotopes performed in our work.

Due to the large thermal neutron fission cross-section, the samples used for
measuring the DN yield values for main reactor isotopes had masses of about 25-70
mg. As the thermal neutron cross-section for *’Np is rather small, we used a sample
of 237Np with a mass of 40 g. For the decay curve measurements, much larger
samples of “*U and *®Pu (with masses of 7g and 20g, respccﬁvely) were used.

Some characteristics of the samples used are shown in Table 1.



Table 1. Characteristics of the samples used in the measurements.

Chemical

Isotope Weight (g) Enrichment. % compound Bucking
y 0.025 90 oxide Al

25 7.0 90 metal -

By 0.067 98.1 oxide Ni
. 0.057 95.2 metal --

Wpy 20 .0 99.9 metal -

29N 404 99.999 oxide Ni

111.1 Delayed neutron yields

A typical spectrum, measured with the 230U sample over 18 hours, is shown in
Fig. 2. The background was measured with a 1.5 mm Cd filter in the beam just
behind the chopper. The background was due to: a) the (aun)-reaction on the
backings and on the oxygen in the oxides of the isotopes, and b) the scattering of
fast reactor neutrons in the sample. To reduce the first part of the background. Ni
foils for the backings or metallic samples were used. The background valtue m the
time interval [f.f>] for the DN counting was approximately 159 for ~UL 30% for

23, and 45% for % Pu.
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Fig. 2. The experimental time distributions measured with a *°U sample:

a) without chopper; b) with the chopper; c) background, measured with a Cd-filter
in the beam. (1) cut-off point of the reactor thermal neutron flux; (2) delayed
neutrons; (3) “satellites’’ of the main burst due to the specific design of the IBR-2
reactor,

Our preliminary results were obtained from a number of runs that measured
the effect for several hours and the conseqhent measurement of the background for
approximately the same time [26]. To ensure the long-term stability of the results,
we repeated the measurements with improved detector electronics, software, and
automatic system, which allowed us to alter the measurements of the effect and the
background with the period 20 min.

The ratio of the efficiencies for delayed and prompt neutrons was obtained
from the measurements with the >**U sample at the mean energy of 0.023 eV and a
value of B, = (0.680 £ 0.020)%. The latter was derived using the recommended
values of v,= 0.01653 [5] and v = 2.4320 + 0.0036 [14]. The resulting ratios of the
efficiencies are g, /g, = 1.32 + 0.04 and g /g, = 1.08 + 0.035 for internal and

external rings, respectively. These values are in good agreement with the



calculations made by the Monte-Carlo method, performed with the help of the
MCNP code [15].
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Fig.3. The experimental time distribution, measured with the %Py sample.

A typical spectrum, measured with the *¥py sample (57 mg) is shown in
Fig.3.

The f; values were measured for the neutron energy intervals having mean
energies of 0.003 eV and 0.023 eV. These energy intervals were chosen by changing
the phase of the neutron chopper. A Be-filter was used to perform measurements
with cold neutrons with a mean energy of about 0.003 eV (see Fig. 4). Several runs
of about 10-15 hrs each were carried out for each isotope. The statistical errors
were less than 0.5 % for 2*U and ***U, and less than 1.0% for **Pu. The total error
was calculated as a standard deviation from the weighted mean value obtained from

all runs and the error of the standard.



Fig. 4 The experimental time distribution measured with the By sample and Be-

filter.

The data from main reactor isotopes are shown in Table 2.

Table 2. The B, values ( in percent) for different energies of the initial

neutrons and their ratios (in brackets) to the standard §, [MU( nyf)] for 2y, 2y,

U-233 + Be-filter

and **°Pu.
Isotope E,=0.003 eV E,=0.023 eV
By 0.683 £ 0.021 (1.004 +0.009) | 0.680 £0.021 (1.000)
=y 0.274 + 0.009 (0.403 £ 0.006) | 0.267 +0.009 (0.393 % 0.006)
Mpy 0.227 £0.011 (0.334 £0.016) | 0.234  0.008 (0.344 = 0.004) |
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We should stress that the final experimental error of B, includes both the
experimental error itselt and the error of the standard used. The main contribution to
the final experimental error arises from the error of the standard used (~3%). The
experimental error itselt is much lower ( ~1.5%) and determined by the statistics and
losses in count of prompt neutrons.

One can see from Table 2 that there is no energy dependence for the 8,
values in the studied energy region. Therefore, we calculated the mean values of 3,
and. using the known values of v from [14], we obtained the values of v,, shown in

Table 3.

Table 3. The obtained values of 8, and v, , together with the data from the literature.

[sotope ﬂ’h % \% Vi

our data other data
U 0.27040.009 | 2.4946 £ 0.0040 | 0.006735 + 0.00022 [ 0.00667 + 0.00029]25]
Ppy 0.23240.008 | 2.8799+ 0.0090 | 0.00668 £ 0.00023 | 0.00653:£0.00026 [5]

Up to now, the value of v, for 237Np has been measured only for fast neutron
induced fission [17-19]. Measurement of the f, value for thermal neutron induced
fission is an extremely difficult task because *'Np has a very small fission cross-
section (2.5 mb [20]), and a relatively large neutron background due to the (ani-
reaction.

Because of the thermal neutron fission cross-section for *Np is 3x 10" times
smaller than for U and “"Pu, determination of the possible admixture is a very
important task. Theretore, the lep sample was chemically puritied of ~7U and
Py contamination to reduce their concentrations to a value less than 10 ¢/g. The
concentration of ’Pu was measured by the method of a-spectroscopy. which gave
the limit of 10 g/g. Unfortunately, the methods of o= and y-spectroscopy do not
allow the concentration of **U to be determined with good sensitivity. To solve this
problem, the method of neutron resonance spectroscopy was used. For this purpose.

11



an ionization chamber with 88 mg of **'Np of the same purity was made. The
measurements were carried out at the 16 m flight base of the IBR-30 booster, with a
pulse width of 4 ps [21]. The results showed no indications of the strongest
resonances of = U in the measured spectra. The conclusion that the concentration of

235

U was less than 10™ g/g was made from the obtained data.

237

The measured time spectrum of the DN for “'Np is shown in Fig. 5. One
should note that despite the large mass of the sample, the number of DN counts
was only about 5-6% relative to the background. Further increases of the sample
mass was useless and was limited by the flux attenuation due to the large radiative
capture cross-section of the thermal neutrons in the sample. As a result of ten runs
of measurements (5-12 hours each) we obtained:
Bo=(0.486 £ 0.028) %.
Tacking into account the known value of v = 2.47 £ 0.14 [22] one can oblain the

value of vy, which ts shown in Table 4 with the measured [17-19] and calculated

[6] data for fast neutron induced fission.

Table 4. The values of v, for >''Np.

V dn ( %)
our work other works
thermal fast neutrons

neutrons

1.20£0.10 1.18 + 1.22£0.03 1.26 £ 0.07 1.14 £0.12
0.13 18] ‘ [19] [6]
(17}

12



In conclusion, the values of f, for all isotopes presented here are in agreement
with previously measured data and have the accuracy comparable with that of the

recommended evaluated data [5].

H1.2 Decay curve measurements.

The time dependence of the DN count rate after irradiation by thermal
neutrons (the decay curve) was measured for By (7 g) and py (20 g) in time
intervals up to 350 ms. In this case, the background was less than 0.1%. It is
interesting to check the consistency between the decay curve of the DN activity that
was measured using our facility “Isomer” and the calculated decay curves based

on different six-group sets of constants [1,2,6,7,23,24].

T T T

{
[ Np-237 (40 g)
f \ Meas. time 61 h.

Counts

Channel width 1.024 ms

Fig. 5. The experimental spectrum for Np. The channel width is equal to 1.024
ns.

All curves are shown in Figs. 6 and 7 for 25U and *"Pu, respectively. The calculated
curves were normalized to the experimental ones at 350 ms time-point.

Each point in Figs. 6 and 7 represents a time interval of 1.024 ms and has

239

statistical errors less than 0.3% for °U and 0.2% for *°Pu. One can see from the
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results shown in these figures that the best agreement between the measured data and
the calculated curves is achieved with the Keepin-Tuttle parameter set.

To check the existence of the DN groups with short periods, a fit of the U
data was made with the Keepin-Tuttle parameter set, adding a 7" group with T27 =
50 ms. The conclusion was made that the 7" group was absent at the level of a; <
5.2-10" (with a probability of 95%). A more detailed analysis of the decay curves

will be made in a separate paper.

x 10°
1,10

Uu-235
Meas.time 102 hr.

C ounts

1.05 —

1,00 —

0,95 —

0,90

T T T T T M
0 50 100 150 200 250 300 350
Time ms.

Fig. 6. The experimental DN decay curve for 230 and the calculated ones using
different 6-group sets of constants: 1- Keepin-Tuttle [1,2]; 2 - Waldo et al. [23];
3 - Mills et al. [24].

IBR-2 — s A
32000% Pu-239 - g
= Meas. time 51 h. D
Coyfsdos
300009
290008
280008
v L] L] L]
27000e 50 100 150 200 250 300 350
Time, ms.

Fig. 7. A DN decay curve for 23 py, and the calculated ones using the 6-group set
of DN constants: B - Keepin-Tuttle [1,2], C - A. Wahl [7], D - RW. Waldo et
al.{23], E -- M.C. Brady and T.R. England [6].
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Bopsakos C.B. u gp. E3-98-145
H3mepenns BEIXOZOB 3ana3ibIBAOIMX HEHTPOHOB

B JIEJIEHHH TEIUIOBBIMH HEHTpPOHaMH 235U, 23'?’U, 2¥py n 237Np

Ilpexcrapnedsl pesynsTaThl HCCIENOBaHHA Ha HMIyAbCHOM peakTope HBP-2
3anasgeIBaolMX HEHTPOoHOB (3H) ¢ KOPOTKHMH MepHONaMH, BO3HUKAIOUIHMH B fie-
JIEHUM TEIUIOBBIMH HEWTPOHAMH psAda aKTHHHIOB. Mcnonb3oBasics METON Nepuoau-

yecKoro obnydsenss Oe3 mnepemeuieHus oGpasua. [lposeneHsl NpelH3UOHHbIE

H3MEPEHHs KPHMBBIX pacnafia BO BPEMEHHOM HHTepBaie 5—350Mc  mma By
n 2%py. Hamepensl nonueie Boixonsl 3H B feneHnM TemnoBbiMH HefTpoHaMu
239Pu, 233U H 237Np, a TaKXke B OENEHHU XOJOXZHBIMH HEHTpOHaMHU 235U, 233U

n2%Pu.  Bee menmummn NMONYYeHHl C  WCHIONb30BaHMeM  3Hadenus  f

ns (nth + 235U) B Ka4eCTBE CTaHJapTa.

Pabora sumonHeHa B JlaGoparopuu HeiiTpoHHOH ¢msnku um. U.M.Dpanka
OHsIH.

Coobuenye O6beAHHEHHOTO HHCTHTYTA AIEPHBIX HcclenoBanHit. Iybua, 1998

Borzakov S.B. et al. E3-98-145
Measurements of Delayed Neutron Yields
from Thermal Neutron Induced Fission

of 235U, 233U, 239Pu, and 237Np

The experimental results on delayed neutron (DN) yields from thermal neutron
induced fission of some actinides on the IBR-2 pulsed reactor are presented.
A method of periodic irradiation without displacement of the sample was used.
Precise measurements of decay curves in the time interval of 5—350 ms for 232U
and 2*°Pu were performed. The measurements of DN total yields in thermal neutron
induced fission of 239Pu, 233U, and 237Np and in cold neutron induced fission
of 23 U, 233 U, and 3%y were carried out. All values were obtained using the value

of BO for (m, + 235U) as a standard.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR.
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