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Measurement of 14-Mev neutron cross sections for ssZr and ssY
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We have measured (n, 2n) and (n,np+n, pn) cross sections for the radioactive nuclides "Y and
Zr. The results are, for the (n,2n) reaction on 'Y at 14.19+0.04 MeV, 1140+50 mb; and at

14.8+0. 1 MeV, 1180+50 mb. The ' Y isomer ratios (m/total) ar'e 0.70+0.05 and 0.74+0.05,
respectively. For "Zr at 14.8+0. 1 MeV, the (n, 2n) cross section is 467+23 mb, and the
(n,np+n, pn) cross section is 253+25 mb. The ' Y isomer ratio for the latter reaction is 0.90+0.06.
The results are compared to calculations which are based on a combined statistical-preequilibrium
model. Half-lives for Zr, Zr, Y, and Y~ are presented. Branching ratios for the decay of

Zr to Y ' were determined and the photon intensity of the 484.9-keV gamma ray from the de-

cay of Y was measured.

NUCLEAR REACTIONS Y(n, 2n)s7Y '~, E= 14.2, 14.8 MeV; Zr(n, 2n) Zr,
E=14.8 MeV; Zr(n, 2n+ n, np) Ym, g E=14.8 MeV; measured g(E). Compar-

ison with combined statistical and preequilibrium model.
RADIOACTIVITY Y, Yg, Zr, Zr; measured half-life. Zr, measured

branching decay. Yg, measured Iz.

I. INTRODUCTION

Experimental data are needed for neutron-induced reac-
tions in the energy range around 14 to 15 MeV in order to
verify the accuracy of nuclear models used in the calcula-
tion of cross sections. We rely upon nuclear model calcu-
lations to provide information on neutron-induced reac-
tions in energy regions where measurements are incom-
plete or lacking. The calculation codes receive a more
meaningful test when their results can be compared with
measurements for a number of target isotopes for a given
element. A relative wealth of experimental data exists for
stable target nuclides, but is almost completely lacking for
unstable targets. We have measured cross sections for re-
actions on 106.6-d Y and 82.6-d Zr and compare the
results with those from recent calculations using the sta-
tistical model of nuclear reactions. These are the first
measurements reported for cross sections of this type us-

ing relatively short-lived nuclides as target materials.
Even though other neutron energies are of interest, we em-
phasize the range from 14 to 15 MeV as it is only here
that the neutron fluxes available are sufficiently high for
this type of measurement to be made.

The yields of reactions on short-lived targets such as
these are difficult to measure, not only because of obvious
handling problems, but also because the intense target ra-
dioactivity interferes with the measurement. of the ra-
dioactive product nuclides. It is generally necessary to
physically separate the product from the target by means
of an isotope separator, for example, or to chemically
separate the daughter nuclide of the product. The general
technique used for these experiments was to make several
separations of Sr as a function of time from the Y
target and from the yttrium and zirconium fractions of

the Zr target.
We report here the results of measurements for the

(n,2n) reaction on Y at 14.2 and 14.8 MeV, and the
(n, 2n) and (n, np) reactions on Zr at 14.8 MeV. The
(n, np) reaction refers to the sum of the reactions (n,np),
(n,pn), and (n,d).

II. EXPERIMENTAL

The target material was produced by long bombard-
ments of molybdenum targets with -750-MeV protons at
the Clinton P. Anderson Meson Physics Facility
(LAMPF) of the Los Alamos National Laboratory. The

Zr was produced by spallation reactions as a by-product
from the production of Sr for the Medical Isotopes Pro-
gram. The Y target material was obtained as the decay
product of Zr. Both the Y and Zr were purified ra-
diochemically from other elements before use. In addi-
tion, the material was not used until many months after
the end of bombardment so that short-lived Y produced
in the LAMPF bombardment could decay to a negligible
level.

In both the Y and the Zr experiments the target ma-
terial was purified from its daughter nuclides, aliquotted
for assay, and then coprecipitated with Tm(OH)i. These
steps were done within 24 h of the start of the irradiation.
The Tm(OH)3 precipitate was dried and the powder pack-
aged in a small quartz tube for the irradiation. The

Tm(n, 2n)' Tm reaction served as an internal monitor
for the neutron fluence. The cross section for this reac-
tion is essentially constant at 1.98 b in the 14—15 MeV
range, and the Y and Zr cross sections were measured
relative to this value. '

The neutron irradiations were made at the Lawrence
Livermore National Laboratory RTNS-1 facility (ICT).
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FKJ. 1. Plot of the ' Co/' Ni activation ratio from nickel
foils irradiated with neutrons at various angles to the incident
deuteron beam.

This facility provides an intense source of 14-MeV neu-

trons by the bombardment of a rapidly rotating titanium-
tritide target with 400-keV deuterons. The 14-MCV neu-
tron source strength in these experiments was about
2 X 10 n/sec. The neutron flux density was monitored
with a proton-recoil counter so that corrections could be
made for the small changes in neutron intensity. The to-
tal neutron fluences for these irradiations were on the or-
der of 10"n/cmz.

A number of irradiations were performed on Zr tar-
gets ranging from 42 to 141 mCi (2.3 to 7.8 pg). In all

Zr irradiations, the target material was placed as close to
the neutron source as possible at 0 to the deuteron beam
for an effective neutron energy of 14.8 MeV. At this posi-
tion approximately 63% of the neutrons have energies be-
tween 14.6 and 15.0 MeV.

Irradiations were also performed on Y targets ranging
from 10 to 40 mCi (0.75 to 2.9 pg). The first several irra-
diations were carried out exactly like the Zr experiments:
at 0' to the deuteron beam and as close to the neutron
source as possible. The effective neutron energy was again
14.8 MCV. In the final Y experiment we used a special
conical-head tritium target designed for sample irradia-
tions at angles up to 120'. A 40 mCi Y target was irra-
diated at an angle of about 83' to the deuteron beam and
at a distance of 3 cm from the neutron source to obtain
better neutron energy resolution. A small nickel foil was
placed at the tip of the quartz tube containing the Y tar-
get. The Coj Ni ratio was measured and used to deter-
mine the effective neutron energy incident on the nickel
foil and, hence, on the Y target. The Co/ Ni ratio is

sensitive to the neutron energy and was calibrated in a
separate experiment in which several nickel foils were ir-
radiated at various known angles on the arc of a 20-cm ra-
dius circle. A plot of the Co/ Ni ratio versus neutron
cncrgy is showQ in Fig. 1. Using this plot, wc dctcrmlncd
that the average neutron energy in the final Y irradiation
was 14.19+0.04 MeV, with 67% of the neutrons having
energies between 14.1 and 14.3 MeV.

Following the irradiations, the Zr targets were dis-
solved in concentrated HC1, and chemical separations of
zir'conium, yttrium, thulium, and strontium were made.
The Y/Tm/Sr fraction was separated from the Zr target
material by adsorbing the zirconium onto AG MP-1 anion
exchange resin (BioRad Laboratories, Richmond CA) in
concentrated HC1. The time of chemical separation,
which represents the start of the Sr growth, was noted.
Standardized strontium carrier was added to the zirconi-
um fraction and aliquots were taken for Zr assay. The
zirconium fraction was then split into two or four samples
and set aside to allow Sr to grow in from the (n, 2n)
product, Zr. Meanwhile, strontium was removed from
the Y/Tm/Sr fraction by hydroxide precipitations of yt-
trium and thulium. Once again the time of chemical
separation was noted. Thc sample was weighed to deter-
mine the amount of Tmz03 present, redissolved, and
standardized strontium carrier was added. The Y/Tm
sample was then split into two or four fractions, and set
aside to allow Sr to grow in from the (n,np) products,
87Ym nd 87~g

At several later times, strontium was separated from the
zirconium and Y/Tm samples to measure the amount of

Sr that had grown into the samples. The time of each
separation was noted since it represented the end of the
growth period for Sr . Early separations of Sr were
necessary to obtain the yield for Y, while later separa-
tions gave results for the ground state of Y. The stronti-
um samples were purified radiochemically by a series of
yttrium and zirconium precipitations with NH40H and by
precipitation as Sr(NO3)2 and SrCO3. The Sr in the fi-
nal SrC03 samples was measured by following the ra-
dioactive decay with a NaI(T1) well-type detector.

After all the strontium separations had been completed,
the thulium flux monitor was separated from the yttrium
fraction using a high performance liquid chromatography
(HPLC) cation exchange column and a-hydroxyisobutyric
acid. It was then analyzed for Tm.

Similar chemical separations, except for zirconium,
were made for the Y irradiations. In this case, two tech
niques were used to obtain the final strontium samples. In
the first, strontium carrier was added to the Y/Tm frac-
tion, and aliquots taken for Y assay. The Y/Tm frac-
tion was then split into several samples for later strontium
separations. In the second method, several consecutive
timed strontium separations were made from the entire
Y/Tm fraction. Assays were made for Y at each step to
measure the yttrium loss during each strontium separa-
tion.

II1. CAI.CUI.ATIGNS

The cross section results were calculated with the aid of
a computer program which follows the nuclear reactions
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TABLE I. Nuclear decay data used in the cross section calcu-
lations.

Nuclide Half-life

88Zr

88Y

Decay mode

394
898

1836

0.97'
0.937'
0.992'

87Zr

87Sriff

'"Tm

13.37 h"

98y to 87''m

87~g

98.5% to Yg

1.5% to 87Srg

100% to Sr

2.81 h' 100% to Sr

93.1 d" 100% to ' Er

0 781'

0.938'

0.823'

0.522'
0.488

'Reference 3.
bReference 4.
'Reference 5.
dThis work.
'Reference 6,
Reference 7.

(l4 s)

87& I (~g gy

&8~. ~ k

98,5%

(79.6h)

occurring during the irradiation and also follows the
growth and decay of each of the relevant nuclides. The
input includes a list of up to eight nuclides, their half-
lives, their decay products, and the branching fraction to
each product. A list of nuclear reactions with target and
product nuclides and the cross sections is also included.
The program operates in small time steps which are
chosen depending on the total time to be followed. For
example, time steps of 0.02 min each are typically used.
During each short time interval the nuclear reactions are
calculated using the cross sections provided. The product

Irrad1atlon

TABLE II. Y irradiation results.

mCi E„Measured
of target (MeV) o(n, sn) mb

87Y isomer
ratio

(m/total)

1 40 14.19
2 10 14.8
3 12 14.8
Averages at 14.8 MeV:

1140+50
1200+ 100
1180+50
1180+50

0.70+0.05
0.69+0.14
0.75+0.05
0.74+0.05

IV. RESULTS AND DISCUSSION

The results for the Y and Zr irradiations are given in
Tables II and III. Twelve experiments were performed in
all. However, significant improvements were made in the
chemistry and the overall experimental procedure each

is increased and the target decreased by the appropriate
amount. The decay of each nuclide in the time interval is
also accounted for using the half-lives and branching frac-
tions provided. By using sufficiently small time steps, the
error in the method can be made neghgibly small, usually
less than 0.01%. Provision is made for chemical separa-
tions in the calculation. That is, the nuclides of any ele-
ment can be set to zero at given times to correspond to ac-
tual Zr/Y/Sr separations.

The calculation starts with the beginning of the neutron
irradiation and can be continued an arbitrary length of
time past the end of the irradiation. The irradiation histo-
ry is divided into any number of separate parts, each with
a relative neutron flux given by the proton-recoil counter
record. The total neutron fluence, as measured by the

Tm monitor 1cactlon, 1S apport1oncd 1nto each irradia-
tion step. The calculation is normally run up to the time
of a strontium separation so that the measured Sr in a
sample at separation time could be compared directly with
the calculated amount. The measured Sr is corrected
for chemical yield losses in the separation and purification
proccdu1 cs.

The general mode of operation of the computer pro-
gram is to assume values of the cross sections to be deter-
mined, run the calculation, and compare the calculated
yield of Sr at the separation time with the measured
yield. Adjustments are then made to the input cross sec-
tions and the calculation repeated until the Sr result
matches the measured yield. The nuclear decay data used
in the calculations are given in Table I. A sketch of the
decay scheme of mass-87 zirconium, yttrium, and stronti-
um is shown in Fig. 2.

"Sr' (S,s)

&88.4k

TABLE III. Zr irradiation results at E„=14.8 MeV.

Y isomer
mCi Measured Measured ratio

Irradiation of target 0.(n,2n) mb o.(n,np) mb (m/total)

1$

Sr (STABLE)

FICx. 2. Sketch of the decay scheme of the mass-87 zirconi-
um, yttrium, and strontium nuclides.

1 42 488+49
2 36 474+47
3 141 460+23

Averages: 467+23
253+25
253+25

0.90+0.06
0.90+0.06
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FIG. 3. Excitation function for the "Y(n,2n) Y + reaction.
The measured cross sections are shown along with the calculated
excitation function of Arthur (Ref. 8).
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FIQ. 4. Excitation function for the 'Zr(n, 2n) Zr reaction.
The measured cross section is shown along with the calculated
excitation functions of Arthur (—-) (Ref. 9) and Gardner ( )

(Ref. 10).

time an irradiation was performed. For example, the
value obtained for the (n, np) cross section in the Zr ex-
periment is extremely sensitive to the time of each Sr~
separation and to the completeness of that separation. We
measured the (n,np) cross section in a number of earlier
experiments; however, acceptable fits were not obtained
with our computer code owing to inaccuracies in timing
and insufficient chemical separations. In Table III the
values listed for the (n,np) cross section and the isomer ra-
tio are those obtained from the most accurate experiment
That experiment also gave the best computer fit to the
data: measured/calculated ratio was unity within experi-
mental error for the data from all of the stmntium sam-
ples.

The Y and Zr cross sections were measured relative
to the ' Tm(n, 2n) cross section, which has a value of
1980+40 mb in the 14—15 MeV range. ' For the "Y(n,2n)
reaction at 14.19+0.04 MeV, the measured cross section is
1140+50 mb, with an Y isomer ratio (rn/total) of
0.70+0.05. At 14.8+0.1 MeV the cross section is
1180+50 mb, and the isomer ratio is 0.74+0.05. The un-
certainties represent one standard deviation and include
known sources of error such as decay constants (&2%),
separation times (0.6%), sample weights and carrier stan-
dardization (0.5%), the ' Tm monitor cross section (2%),
and the relative uncertainty in measuring Sr, Y, and

Tm (2%). Some of the latter errors partially cancel
since we actually measure ratios of nuclides. The Y
cross section is given by

measurement uncertainty.
The measured Zr cross sections at 14.8+0.1 MeV are

467+23 mb for the (n, 2n) reaction and 253+25 mb for the
(n,np) reaction. The Y isomer ratio in the (n,np) reaction
is 0.90+0.06.

The measured cross sections are plotted in Figs. 3—5.
Shown for comparison are the calculated excitation func-
tions of Arthur ' and Gardner. ' These calculations em-

ploy Hauser-Feshbach statistical model techniques with
corrections applied for nonstatistical effects through use
of the exciton preequilibrium model. The calculations are
sensitive to such factors as the discrete level parameters

E

C)
3GG—

ld
(A

2GG-
M

CC
C3

O88=
+168/169

where Ns7rss is the measured ratio of Y/ Y, X,ss&,69 is
the measured yield of the internal monitor reaction, and
0 169 1s thc CI'oss section foI thc monitor rcact1on. In some
cases we have increased the errors assigned to the weight-
ed averages in Tables II and III to better reflect the total

IO IZ l4

NEUTRON ENERGY ( M e V )

FIG. 5. Exc1tat1on function for the Zr(n, np + n, pIl) Y +g

I'eactlon. The measured c1oss section 18 Shown Rlong w1th the
calculated excitation functions of Arthur (—-) (Ref. 9) and
Gardner ( -) (Ref. 10).
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and the level densities used. Our measured cross sections
are in good agreement with these calculated excitation
functions.
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APPENDIX

In order to accurately measure the cross sections in this
work, it was necessary to have the best possible values for
the half-lives of 'Zr, Zr, Y, and Y . Although
half-lives for these isotopes have been reported in the
literature, " ' recent improvements in counting tech-
niques and computer analyses warranted redetermination
of these values. Further, we determined branching ratios
for the decay of Zr to Y '~ and the photon intensity
for the 484.9-keV gamma ray from the decay of Ys.

A. Determination of the half-life of Zr

The half-life for Zr used in this study, 82.6+0.2 d,
was determined by Bayhurst and confirmed by Butler.
The Zr was produced on the Tandem Van de Graaff ac-
celerator at the Los Alamos National Laboratory by the

Y(p,2n) Zr reaction with 22-MeV protons. After irradi-
ation, the yttrium metal target was dissolved and a very
thorough yttrium/zirconium separation was performed.
The separation time was recorded, and the Zr sample
was counted once a week for over a year. Both the decay
of Zr and the growth and decay of' its daughter, 'Y,
were followed.

B. The determination of the half-life of Zr
and the branching to Y and Y~

The target for the Sr( He, 2n) Zr reaction was stronti-
um oxide enriched in Sr (analysis: Sr, 95.72%; ' Sr,
0.02%; Sr, 1.24%; Sr, 3.01%). The oxide was vacuum
evaporated to a thickness of -300 pg/cm on a 25.4 pm
beryllium foil. The target foil was bombarded with 16-
MeV He + ions on the Los Alamos Tandem Van de
Graaff accelerator for —100 min at 350 nA.

Following bombardment, the beryllium-backed target
was dissolved in 6M HC1, about 20 mg of zirconium car-
rier was added, and the solution was saturated with HC1
gas. The solution was then placed on a BioRad AG 1&& 8
anion exchange resin column (50—100 mesh; 0.8 && 10 cm).
The zirconium was adsorbed on the column, and berylli-
um, yttrium, and strontium passed through the column
quantitatively. The column was vashed two or three
times with concentrated HC1 and the time of the last
wash was recorded. The zirconium was eluted with 3M

HC1 and the column was then washed with 0.2M HC1.
The combined eluates containing the zirconium were di-
vided into two parts and zirconiuIn mandelate was precip-
itated from each by the addition of 15% aqueous mandel-
1c ac1d.

One sample of zirconium mandelate was mounted for
counting in a trochoidal analyzer (positron counter), and
positron decay was followed over a 3-d period. A small
number of positrons from Zr arising from the

Sr( He, 2n) Zr reaction gave a small tail that was re-
moved by means of a least squares analysis of the count-
ing data. For the second zirconium mandelate sample, the
381.1- and 484.9-keV gamma rays from the decay of

Y 's were carefully counted at early times in a Ge(Li)
counter. The ratio of the photon emission rate for the
381.1-keV gamma-ray process to that for the 484.9-keV
gamma-ray process at early times is a very sensitive mea-
sure of the branching to the Y and Ys states from the
decay of Zr.

The counting data from the trochoidal analyzer, when
treated with a least squares program, gave a half-life of
1.684+0.001 h for Zr. An independent determination of
the half-life from the GAMANAL (Ref. 16) analysis of the
following gamma rays: 511.0, 793.8, 1023.9, and 1209.8
keV, gave a value of 1.667+0.006 h. From these results, a
final value of 1.68+0.01 h was chosen. Among previously
reported values for the half-life of Zr are 1.57 h, '

1.6+0.1 h, ' and 1.733+0.008 h.
A computer program was developed for the calculation

of the ratio of the 381.1- and 484.9-keV gamma rays as
function of the branching to Y and Ys. The best fit
to the counting data corresponded to a branching of
0.98+0.006 to Y

C. The determination of the half-lives
of Y and Y~

The target for the Sr(p, 2n)s Y~ s reaction was stronti-
um oxide enriched in Sr (analysis: Sr, 99.84%%u; Sr,
0.11%; Sr, 0.05%; "Sr, & 0. 1%). Target preparation
and dimensions were identical to those for the Sr target.
Two target foils were bombarded, one for 5 min and the
other for 80 min at -7 pA with 17.0-MeV protons on the
Tandem Van de Graaff accelerator noted above.

The latter sample was counted immediately in a low en-
ergy photon spectrometer (LEPS) Ge(Li) counter,
16&&4.75 mm, with a resolution of 800 eV at 380 keV.
The sample that had been irradiated for 5 min was count-
ed on another Ge(Li) counter, 52&&47 mm (-95 cm ),
with an efficiency of 18.5%.

The decay of the 381.1-keV gamma ray from Y was
followed on both counters for many days. The data were
processed with the GAMANAL computer program, ' and a
least squares analysis gave a half-life of 13.38+0.01 h
from the large Ge(Li) counter and 13.36+0.01 h from the
LEPS counter. The value of 13.37+0.03 h was taken as
the half-life of the isotope. Other values in the literature
are 13.2+0.2 h (Ref. 14) and 12.5+0.2 h. '

The decay of the 484.9-keV gamma ray from Ys plus
that of the 388.4-keV gamma ray from Sr, in equilibri-
um with the 484.9-keV gamma ray, was followed for
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about 70 d on a 7.6&(7.6 cm NaI crystal. A least squares
program was run on the data to remove the small back-
ground of Y present. A detailed analysis of the data
gave a half-life of 79.6+0.2 h for Y compared to the
previously reported value of 80.3+0.3 h. '

D. The determination of relative photon emission rates
from Y with Sr in equilibrium

Gamma rays from samples containing Y with Sr in
transient equilibrium were measured with five Ge(Li)
detectors which had been carefully calibrated for efficien-
cy versus gamma-ray energy. The samples also can-16

tained Y and 'Y, but the amounts were such that they
did not interfere with the measurement of the 484.9-keV

gamma ray from Y or the 388.4-keV gamma ray from
Sr . The relative photon emission rate,

I&(484.9)/Ir(388. 4), was found to be 1.100+0.005 for the
equilibrium sources. The uncertainty in this result is
based on the estimated accuracy with which the relative
counting efficiency of these two gamma rays is known.
After correcting for parent-daughter decay, the
Ir( Y)/Ir( Sr ) ratio is

1.100XA,s, /(A, s, —A,v)=1.140 .

The value of I for the 388.4-keV gamma ray from Sr
6decay is 0.8226+0.0015. We, therefore, obtain

Ir ——0.938+0.005 for the 484.9-keV gamma ray from Y
decay. The value given in Ref. 6 is 0.922+0.010.
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