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A measurement of the cumulated beta spectrum from 233U fission products was performed with a magnetic spectrometer.
The energy range 2.0-9.5 MeV was covered achieving a sensitivity of 3X 107 ¢ betas per MeV per fission in the high energy
region. The absolute rates were calibrated with a precision of 3%. The beta spectrum was converted into the correlated 5,
spectrum to provide a basis for antineutrino experiments at nuclear reactors.

A variety of neutrino oscillation experiments have
been carried out recently using nuclear reactors as in-
tense sources of electron antineutrinos. These studies
have demonstrated the importance of a knowledge of
the ¥, source spectrum even for cases where the search
for neutrino oscillations was performed by 7, detector
measurements at several distances from the reactor
core [1,2]. The aim of the present work was to further
improve the experimental determination of the 7,
source spectrum of reactors both in precision of the
absolute rates and at high energies.

Reactor 7, are emitted with energies up to ~10
MeV from the many beta-decaying fission products in
the reactor core and approximately 6 7, result from

“each fission event. For power reactors the dominant
contributions to the spectrum stem from the thermal
neutron induced fission of 235U and 239Py. Contribu-
tions from the fission of 238U and 241Py are below
10% of the total fission rate.

The source spectrum N ,(0) of a nuclear reactor can
be derived from a measurement of the cumulated beta
spectra of fission products of the fissile isotopes men-
tioned above. The 7, spectrum N, (0) is correlated with
this beta spectrum by the energy conservation law for
individual beta decay branches £, + E; = Ej, where
E( denotes the end point energy of the branch. The
feasibility of this method was demonstrated in our

earlier work on 7, spectra from 235U and 239Puy fission
[3,4].

These N, (0) spectra have been used in conjunction
with the results of recent 7, detector measurements in
the search for evidence of possible neutrino oscilla-
tions. Subsequently it has become evident that the
absolute precision and the energy range of the available
v, source spectrum of 233U fission were major con-
straints for the data interpretation. Thus a new series
of measurements on the beta spectrum from 235U fis-
sion products has been performed with the magnetic
beta spectrometer BILL [5] at the High Flux Reactor
of the ILL, with the introduction of several major im-
provements, namely:

(i) Measurements at reduced (4 MW) and full (57
MW) reactor power for the beta spectrum and effi-
ciency calibration, respectively.

(ii) Detection of the electrons in 115 mm of the
declined focal plane of the spectrometer by 32 sepa-
rate proportional counters of 3.2 mm entrance slit
width, defining the momentum resolution as Ap/p
= 3.5 X 10~4. After transmission through such a wire
chamber the electron entered a rearmounted plastic
scintillator operated in coincidence to reject back-
ground electrons of low energy. Both single and coin-
cidence events were recorded.

(iii) Intensity calibrations now accessible with more
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precise neutron capture cross section standards over the
whole energy range.

The beta spectrum of 235U fission products was
measured at the reduced reactor power of 4 MW in
order to improve the signal to background ratio of the
measured spectrum. This improvement is mainly due
to the increased target mass of 235U permitted at the
in-pile target site of the spectrometer (fission heating
puts an upper limit on the mass) when measuring at 4
MW. Thus relative to full power, the beta spectrum was
kept at a similar intensity whilst the reactor correlated
background was significantly reduced. An improve-
ment factor of approximately 10 was in fact achieved.
The signal to background ratio was 6, 2.5, 0.5 and 0.12
at 3, 6, 8 and 9 MeV, respectively. The maximum count-
ing rate was 103 counts per wire and second.

The target consisted of a 1 mg/cm? layer of 93%
enriched 235U0, contained between two Ni foils of
7 mg/cm? thickness. The surface area of the layer was
3 X 6 cm2. In the thermal neutron flux at the target
site 235U undergoes fission. The fission products are
stopped in the Ni foils whilst the electrons from the
beta decaying fission products are emitted from the
target, After a flight path of 13 m the electrons are
analysed in the double focussing iron-core spectrome-
ter and recorded in the focal plane using the back-
ground rejecting multiwire electron detector. Data
points were taken in steps of 50 keV over an energy
range of 1.5 to 10.5 MeV with counting times from
30 to 120 s. Three runs were performed covering in
total a measuring time of 15 h. This exposure time of
235U to neutrons should bring all beta activities above
3 MeV into equilibrium with the feeding through fis-
sion. The underlying background from the beam tube
and target material was determined by the same se-
quence of measurements but with a target of depleted
238U (negligible (nyy,, f) cross section) designed to have
exactly the same geometry and mass as the 235U target
within better than 0.3%.

The absolute calibration per fission of the N spec-
trum was based on the proportionality of the reaction
rate in the target to o, * ¢, *m, where o, denotes the
relevant thermal neutron capture cross section, ¢, the
neutron flux and m the mass of the isotope (see refs.
[3.4]). |

For 235U a a(n, f) cross section of 566(3) b was
taken including the non 1/v correction for 40°C neu-
trons of thermal distribution [6]. The isotopic mass of
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the 235U target was determined by mass spectroscopy.
with a precision of 0.5% (CEA, Bruyére-le-Chitel).
Masses of other targets (see below) were determined
by weighing,

The 4 MW run included a calibration with a metal
target of 16.9 mg natural Indium evaporated on an Al
backing. Neutron capture produces the beta-active
isomers 116,116mIpn with half lifes of 14 s and 54 min.
The K internal conversion electrons (ICE) of the 1.29
MeV, E2 transition in 116Sn was measured in satura-
tion. The partial ny, capture cross section for this line
is given by o(np,, v) X ICC. The cross section o(ny,,v)
for this transition can be evaluated from ref. [7] as
140.4(30) b. A theoretical internal conversion coeffi-
cient (ICC) of ag (E2,Z =50, E = 1.29 MeV) =
6.47(7) X 10~ was adopted [8]. A total accuracy of
3.1% (90% CL) was obtained for this calibration point.

In total the 4 MW run lasted for 46 h. The neutron
flux was monitored and was found to vary by less than
1%.

A high energy calibration point was difficult to ob-
tain at 4 MW reactor power, since the spectrometer
sensitivity and available measuring time were riot suf-
ficient. Thus this calibration was carried out at the full
reactor power of 57 MW, Firstly the above mentioned
1.29 MeV line in 116Sn was measured at 4 and 57 MW
reactor power. The neutron flux ratio was determined
directly by the intensity ratio of this ICE line, with a
precision of 1.3%.

The sensitivity gain with full reactor power allowed
us to use the 207Pb(n,y,, v) 208Pb reaction with ¢ =
0.712(10) b [6] as part of the calibration. The K ICE
line of the 7.37 MeV, E1 transition of 100% per neu-
tron capture was measured using a metal target of 34
mg Pb, enriched to 91.6% in 207Pb. A theoretical ICC
of ag (E1,Z = 82,E =7.37 MeV) =9.25(9) X10-5b
was adopted [8]. A total accuracy of 3.6% was ob-
tained for this calibration point.

In addition the relative response of the spectrome-
ter was determined in a measurement of the }13Cd(n,,,
e)114Cd reaction, which provides in the range 0.5 to
9 MeV several ICE lines from transitions of known
multipolarities [9]. Theoretical ICC’s were again taken
from ref. [8]. The corresponding (n, ) intensities were
determined precisely in a measurement with pair- and
Ge(Li) spectrometers [10], using a mixed CdO and
Sig Ny target in a graphite container. The relative
1} Cd(n, y)!14Cd intensities were calibrated with
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respect to the well-known intensities of 14N(n, y)!5N
[11] and 12C(n,7)13C [12]. Essentially this calibration
resulted in a value of 1.074(49) for the ratio of the
BILL spectrometer efficiency in the range 5.5 to 9
MeV relative to that in the range 1.2 to 2.5 MeV. This
value is consistent with the ratio of 1.093(48) from
the In—Pb calibration. Assuming a monotonically in-
creasing efficiency of the spectrometer with energy the
final errors were evaluated from the independent In,
Pb and Cd measurements, resulting in total uncertain-
ties of 2.8% and 3.1% for the absolute rates at 1.3 and
7.4 MeV, respectively.
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Fig. 1. Experimental beta spectrum of 235U fission products.
The error bars in the spectrum illustrate the statistical accura-
cy for bins of 50 keV (90% CL). In the lower part the deter-
mined efficiency curve e(¥ 3) with the uncertainty range
(shadowed area) is shown. The errors given for the absolute
calibration points (dots) are independent values. For the rela-
tive calibration points (triangles) the errors are dominated by
correlated uncertainties (see text). The unfilled triangle de-
notes the 2.1 MeV line in the 116M[p decay.
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Fig. 1 shows the final N spectrum of the 235U fis-
sion products. In the lower part of the figure the inten-
sity calibration points are shown. The data are given
explicitly in table 1 in bins of 250 keV. At Eg = 3 MeV
the difference between the last two 235U runs amounted
to 2% indicating that the saturation intensity was near-
ly achieved. Only the values of the third run (exposure
time to neutrons >12 h) were adopted for energies
below 5 MeV. It was found that the present result
agrees well with our earlier study **. In the high ener-
gy region of the N spectrum a sensitivity of 3 X 10-6
per MeV and fission was obtained, which is an improve-
ment by an order of magnitude. The accuracy in the
absolute calibration was improved from our earlier
value of 5% to the present 3%. Fig. 2 compares our re-
sult with various calculated spectra, demonstrating the
difficulty of describing theoretically the beta-decay
branches of the many fission products (see also ref.
BD.

The conversion of the experimental beta spectrum
into the correlated P, spectrum was accomplished by
an algorithm similar to that described in ref. [4]. The

*! por comparison the values in ref. [3] have to be increased
by 3% since the non 1/v rieutron capture cross section of
2351 was not taken into account (see also ref. [4]).
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Fig. 2. Ratio between various calculated beta spectra of 235U
fission products and the present experimental result. The
total uncertainties of the present work are indicated (90% CL).
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Table 1
Experimental beta spectrum from 235U fission products and deduced v, spectrum. The exposure time to a constant flux of neu-
trons was ~12 h.

E Ng ANg(%) Ng ANH(%)

(kinetic energy (per fission statistical (per fission

in MeV) per MeV) error (90% CL) per MeV) conversion total error &
2.0 9.36(-1) <0.5 1.30 3 4.2
2.25 7.71(-1) 1.08

2.50 6.35(-1) 9.00(-1)

2.75 5.24(-1 7.61(-1)

3.00 4.24(-1) 6.37(-1)

3.25 3.40(-1) 5.36(-1)

3.50 2.69(-1) 4.37(-1)

3.75 2.11(-1) 3.52(-1)

4.00 1.64(-1) 2.83(-1)

4.25 1.26(-1) 2.23(-1)

4.50 9.71(-2) 1.72(-1)

4.75 7.56(-2) 1.32(-1)

5.00 5.77(-2) 1.05(-1)

5.25 4.37(-2) 8.21(-2)

5.50 3.33(-2) 6.17(-2)

5.75 2.48(-2) 4.82(-2)

6.00 1.81(-2) 3.70(-2) 3 4.3
6.25 1.32(-2) 2.70(~2)

6.50 9.28(-3) <0.5 2.03(-2) 4.4
6.75 6.17(-3) 0.5 1.50(-2)

7.00 3.88(-3) 0.6 1.05(-2) 3.6 4.7
7.25 2.36(-3) 0.7 6.68(-3)

7.50 1.33(-3) 0.9 4.29(-3) 4 5.0
7.75 6.29(—4) 1.5 2.69(-3) 54
8.0 2.48(—4) 29 1.36(--3) 5 © 6.0
8.25 1.23(—4) 4.7 4.13(-4)b) 7.0
8.50 6.16(-5) 79 2.37(—4) 6 10
8.75 2.82(-5) 13 1.29(-4) 15
9.00 1.17(-5) 26 5.6 (-5 7 27
9.25 1.03(-5) 30 2.2 (-9 31
9.50 4.5 (—6) 55 1.4 (-5) 10 56

a) Quadratic sum over the uncertainties of the statistical precision, the conversion procedure and the absolute rates (90% CL).
b) Significant change in shape at this energy: values for Ny, X 1074 are 13.6, 8.9, 5.02, 3.24, 2.79 and 2.37 at E,=8.0,81,8.2,
8.3, 8.4 and 8.5 MeV, respectively.

beta spectrum was approximated by 30 hypothetical The radiative correction term g’ was included fol-
beta branches of allowed shapes P; to obtain the end- lowing the theory of Sirlin [17]. The function Z & iy
point distribution {a E (’)} describes the empirical mean proton number of the
ﬁss1on products with beta branches of endpoint energy
E a;°8; ‘(E,E (i)) ‘P EE o ,Z(E ('))] , §))] EWD (from refs. [15,16]) and can be approximated for

235U fission products by:

with the normalisation ZP ~495-0TE,— 009E}, Zy>34,  (3)

f P;dE= f gP;dE . ) with E; in MeV. Due to the high statistical accuracy
of the present data and the steep slope of the beta
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spectrum the endpoint distribution {a,-,E(()')} accord-
ing to eq. (1) is well determined and possible varia-
tions alter NV, by not more than 1% apart from statis-
tical fluctuations.

To obtain the N, spectrum, each individual, hypo-
thetical branch was converted. The radiative correc-
tion was removed since it is small for antineutrinos
compared to the betas. The 7, spectrum was then ob-
tained from the sum:

N, = Z)a PIEY - B),ED, 2@ . 4

A test of our conversion procedure takes advantage of
the explicit summing of individual beta branches in
calculated spectra. For several calculations Borovoi et
al. [18] denved a correlation function between N, cal
and NV, ga (g ), which was found to be rather 1ndepen-
dent of the theoretwal approach, but was a strong
function of E. For relativistic cases, E > moc?, a
closer correlation between N, and N, can be obtained
when the spectra are compared at energies £, and E 3
+mgc2, respectively.

NUE,) = k(E o )Ng(E1o1) 5
Eyor=Eg+myc?. Q)

The function k() is expected to be close to unity.
In fig. 3, k(E) is plotted for several theoretical ap-
proaches and also for our conversion procedure out-
lined above. Since no radiative corrections were in-
cluded in the theoretical spectra we have removed this
term for comparison in fig. 3.
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Fig. 3. The function k(E) = Ng(E4t)/N, for calculated spec-
tra and for our result. For comparison the radiative correction
and ANWC terms are removed in our conversion procedure,
since these terms are omitted in the theoretical spectra.
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For cases where the corresponding NV, g spectra differ
by not more than ~20% the k(E) functions agree with-
in a few percent. For larger differences of the Ng spec-
tra the deviations in k(F) are significant demonstratmg
the limit of the approximation (5). The present conver-
sion procedure depends on the shape of beta branches
used in the decomposition of the experimental spec-
trum according to eq. (1). In calculated spectra allowed
shapes with the usual Z dependent Fermi function are
used. We have added in our procedure the first order Z
independent radiative corrections [17]. The remaining
shape correction terms are due to weak magnetism,
higher Coulomb terms and the occurrence of first for-
bidden transitions in the beta spectrum. According to
ref. [18] the influence of first forbidden transition on
the conversion remains smaller than 1%. Weak magne-
tism and higher Coulomb terms become increasingly
important for higher E values. An estimate by Vogel
[19] leads to a correction function

ANYC(E,) ~ 0.65 (B, (MeV)—4)% . ()

Since this term depends on the matrix element of the
individual beta decay a large uncertainty of 100% of
the correction was assumed. In table 1 the final N,
spectrum of 235U fission products is given as derived
from our experimental beta spectrum. The conversion
error (column 5) is composed of a global error esti-
mated from the discussion of fig. 2, the variation due
to the uncertamty of 1 charge units in the function
Z(E§") and the uncertainty in the ANYC term. The
total error is taken as the quadratic sum of individual
errors.

A more detailed presentation of the experiment is
in preparation. We are planning to measure the beta
spectrum of 241Py fission products by a similar meth-
od to determine this small but strongly varying com-
ponent in the P, spectrum of a power reactor.
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Blanc. Stimulating discussions with F. Hoyler, S. Kerr,
V. Zacek, R.L. Mossbauer, P. Vogel, H.V., Klapdor and
J.G. Cavaignac are much appreciated.

References

[1] A. Gabathuler et al., Phys. Lett. 138B (1984) 449.
[2] J.F. Cavaignac et al., Phys. Lett. 148B (1984) 387.

329



Volume 160B, number 4,5

[3] K. Schreckenbach et al., Phys. Lett. 99B (1981) 251.

[4] F. von Feilitzsch et al., Phys. Lett. 118B (1982) 162;
K. Schreckenbach et al., J. de Phys. 45 (1984) C3-135;
K. Schreckenbach et al., 4th Moriond Workshop on
Massive neutrinos (La Plagne 1984) ed. J. Tran Thanh
Van (Editions Frontidres, Dreux) p. 125.

[S] W. Mampe et al., Nucl. Instrum. Methods 154 (1978)
127.

[6] S.F. Mughabghab et al., Neutron cross sections
(Academic Press, New York, 1981).

(7] J. Blachot et al., Nucl. Data Sheets 32 (1981) 287;

W. Mannhart, Z. Phys. A272 (1975) 273;
E.M. Gryntakis and J.1. Kim, Radiochim. Acta 22 (1975)
128.

[8] F. Rosel et al., Data Nucl. Data Tables 21 (1978) 292:
R.S. Hager and E.C. Seltzer, Nucl. Data Tables A4
(1968) 1;

V.F. Trusov, Nucl. Data Tables 10 (1972) 485;
1.M. Band and M.B. Trzhaskovskaya, Leningrad Institut
of Physics Report Academia Nauk SSSR (1978).

330

PHYSICS LETTERS

10 October 1985

[9] A. Mheemeed et al., Nucl. Phys. A412 (1984) 113.

[10] S.A. Kerr and E. Monnand, Annex Ann. Report ILL
(1981) p. 42.

{11] T.J. Kennett et al., Nucl. Instrum. Methods 174 (1980)
539.

[12] E.T. Jurney et al., Phys. Rev. C25 (1982) 2810.

[13] W.I. Kopeikin et al., Sov. J. Nucl. Phys. 32 (1980) 780.

(14] F.T. Avignone IIl and Z.D. Greenwood, Phys. Rev. C22
(1980) 594.

[15] P. Vogel et al., Phys. Rev. C24 (1981) 1543 ; private
communication.

[16] H.V. Klapdor and J. Metzinger, Phys. Lett. 112B (1982)
22; private communication.

[17] A. Sirlin, Phys. Rev. 164 (1969) 1767.

[18] A.A. Borovoi et al., Sov. J. Nucl. Phys. 36 (1982) 232.

[19] P. Vogel, Phys. Rev. D29 (1984) 1918; private communi-
cation.



