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The probability that a nucleus will absorb a neutron—the neutron 
capture cross-section—is important to many areas of nuclear science, 
including stellar nucleosynthesis, reactor performance, nuclear 
medicine and defence applications. Although neutron capture cross-
sections have been measured for most stable nuclei, fewer results 
exist for radioactive isotopes, and statistical-model predictions 
typically have large uncertainties1. There are almost no nuclear 
data for neutron-induced reactions of the radioactive nucleus 88Zr, 
despite its importance as a diagnostic for nuclear security. Here, 
by exposing 88Zr to the intense neutron flux of a nuclear reactor, 
we determine that 88Zr has a thermal neutron capture cross-section 
of 861,000 ± 69,000 barns (1σ uncertainty), which is five orders 
of magnitude larger than the theoretically predicted value of  
10 barns2. This is the second-largest thermal neutron capture cross-
section ever measured and no other cross-section of comparable size 
has been discovered in the past 70 years. The only other nuclei known 
to have values greater than 105 barns3–6 are 135Xe (2.6 × 106 barns),  
a fission product that was first discovered as a poison in early 
reactors7,8, and 157Gd (2.5 × 105 barns), which is used as a detector 
material9,10, a burnable reactor poison11 and a potential medical 
neutron capture therapy agent12. In the case of 88Zr neutron capture, 
both the target and the product (89Zr) nuclei are radioactive and 
emit intense γ-rays upon decay, allowing sensitive detection of 
miniscule quantities of these radionuclides. This result suggests 
that as additional measurements with radioactive isotopes become 
feasible with the operation of new nuclear-science facilities, further 
surprises may be uncovered, with far-reaching implications for our 
understanding of neutron capture reactions.

The neutron capture reaction cross-sections for the vast majority 
of radioactive nuclei are poorly known, despite the importance of 
this information to a range of topics in both fundamental and applied 
nuclear science. Essentially all the elements that are heavier than iron 
were created via successive neutron capture reactions and β decays 
(which convert neutrons to protons within the nucleus) in celestial 
environments, such as asymptotic giant branch stars13, core-collapse 
supernovae and neutron star mergers14. Understanding the origin of 
the elements in the cosmos is one of the most important overarch-
ing challenges in nuclear science and requires neutron capture cross- 
sections for radioactive nuclei produced along the nucleosynthesis 
pathways. Over the last century, nuclear reactors and weapons have 
exploited neutron-induced reactions to harness enormous amounts 
of energy, relying upon a detailed neutron inventory for predictable 
performance. In a nuclear reactor, nuclides with large neutron capture 
cross-sections act as poisons in the fuel and diminish performance, or 
can be introduced intentionally to control fuel reactivity. The United 
States’ Science-Based Stockpile Stewardship Program, which is used to 
maintain high confidence in the safety, security, reliability and effective-
ness of the nuclear stockpile in the absence of nuclear testing15, relies 
in part on cross-sections for radioactive isotopes to interpret archival 
data from underground tests of nuclear devices. The transmutation of 

stable Y and Zr detector material used in underground tests produced 
radioactive isotopes, such as 88Zr (half-life t1/2 = 83.4 d), that served 
as important diagnostics sensitive to neutron and charged-particle flu-
ences16. However, nuclear reaction network calculations, which model 
the production and destruction of these radioactive isotopes, rely on 
cross-sections for which there are limited or no data, making it chal-
lenging to interpret the historical data. For 88Zr, the only neutron (n) 
induced reaction that has been measured17 is the 88Zr(n,2n)87Zr reac-
tion at 14.8 MeV and there are no measurements of the 88Zr(n,γ)89Zr 
cross-section at any energy.

There are several challenges in performing neutron capture 
cross-section measurements on radioactive targets; these include the 
production, handling and purification of the target material, limitations 
on the neutron flux and the measurement timescale due to target or 
product half-life considerations, and the detection of the reaction chan-
nel amidst the radiation field produced by the target. Typically, with the 
small quantities of radioactive target atoms that can be collected, the 
highest-available neutron flux is required to transmute a large enough 
fraction of the target nuclei to make a measurement. For cases where 
the reaction product is radioactive, such as 89Zr, activation measure-
ments (where the reaction product can be identified after irradiation 
from its decay signature) are often the most sensitive. A measurement 
of the 88Zr(n,γ)89Zr reaction is ideally suited for the activation approach 
because 88Zr β-decays with a 83.4-d half-life to 88Y (t1/2 = 106.626 d), 
emitting a 392.87-keV γ-ray in 97.21% of the decays18, whereas the 
reaction product 89Zr β-decays with a 3.267-d half-life to stable 89Y and 
emits a 909.15-keV γ-ray in 99.04% of the decays19. The fraction of the 
88Zr sample that is converted to 89Zr can therefore be determined by 
detecting the characteristic γ-rays from the decays of these two isotopes 
following irradiation.

In this work, the 88Zr(n,γ)89Zr cross-section was measured by pro-
ducing and chemically separating multiple 88Zr samples, irradiating 
them in a high thermal-neutron flux of (6.7–8.7) × 1013 n cm−2 s−1 
and determining the quantities of 88Zr and of the reaction product 89Zr 
using γ-ray spectroscopy. The 88Zr target material was produced via the 
89Y(p,2n)88Zr reaction using a proton (p) beam from the University of 
Alabama at Birmingham Cyclotron Facility. 88Zr was chemically purified 
using anion-exchange chromatography and assayed before encapsulation 
as a salt residue in high-purity quartz tubes. The 37-kBq 88Zr samples 
and accompanying quartz-encapsulated natural-metal foils (Fe, Zr, Mo 
and Y), which served as flux monitors, were irradiated for 5 min–50 h  
in a primarily thermal-neutron flux in the graphite reflector of the 
University of Missouri Research Reactor (MURR). The neutron flux was 
determined with precision of 7%–11% from reactions in the monitor  
foils (Extended Data Table 1), which have well established cross- 
sections20, together with detailed MCNP5 (Monte Carlo N-Particle 
code, version 5) modelling of the neutron flux at the irradiation posi-
tion to provide the neutron energy distribution (Extended Data Fig. 1).

Following irradiation, the 88Zr targets were returned to Lawrence 
Livermore National Laboratory (LLNL) for γ-ray spectroscopy using 
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high-purity germanium (HPGe) detectors. Counting of the irradiated 
samples started within two days of the end of bombardment (EOB) 
and continued over the course of several months to monitor the γ-rays 
emitted from the decays of 88Zr, 89Zr and 88Y and to search for decay 
signatures of other species. As can be seen in Fig. 1, the 88Zr activity 
decreased rapidly with irradiation time while the 89Zr increased. Some 
variation between the spectra shown in Fig. 1 is due to differences in 
decay losses based on the length of irradiation and on when each sample 
was counted; in particular, the reduction in the 909-keV peak for the  
24- and 50-h irradiations is primarily due to the decay of 89Zr during  
irradiation. The identification of 89Zr was unambiguous: all the γ-ray  
lines (at 909.15 keV, 1,620.8 keV, 1,657.3 keV, 1,713.0 keV and 1,744.5 keV)  
were detected (see Extended Data Fig. 2) and were observed to decay 
with an average half-life of 3.28 ± 0.05 d, which is in excellent agree-
ment with the established 89Zr half-life of 3.267 ± 0.005 d.

The number of atoms of each species was determined from these 
γ-ray peaks, after correcting for the 88Zr and 89Zr decay losses that 
occurred between the beginning of the irradiation and the γ-ray spec-
troscopy measurements. The measured quantities of 88Zr and 89Zr 
atoms present in each sample relative to the initial number of 88Zr atoms  
are shown in Fig. 2. For each irradiation, the quantity of 89Zr atoms 
present was consistent with the decrease observed in 88Zr.

From these results, the thermal neutron capture cross-section for 88Zr 
was determined to be (8.27 ± 0.64) × 105 b and (8.95 ± 0.72) × 105 b 
from independently analysing the burnup of 88Zr and production of 
89Zr, respectively, where the 1σ uncertainties arise primarily from the 
determination of the neutron flux and the nuclear-decay counting. 
These values are in excellent agreement; averaging them gives the 88Zr 
thermal neutron capture cross-section as σ88 = (8.61 ± 0.69) × 105 b, 
where the uncertainty is not reduced because the uncertainty contri-
butions are largely common in the two analyses.

The 89Zr(n,γ)90Zr reaction, which has never been measured, was also 
included in the analysis and could affect the amount of 89Zr observed, 
especially for the longer irradiations. However, because the data con-
strain the 89Zr neutron capture cross-section to be less than 1.2 × 104 
b, this reaction had negligible impact on the results.

A thorough assessment of potential competing reactions confirmed 
that no other mechanism contributed meaningfully to either the 
appearance of 89Zr or disappearance of 88Zr in the irradiated samples. 
89Zr could in principle be produced from traces of stable Y, Zr and 
Mo (approximately 0.3 ng, 90 ng and 5 ng, respectively) present in the 
samples, through the 89Y(p,n)89Zr, 90Zr(n,2n)89Zr and 92Mo(n,α)89Zr 
reactions, correspondingly. The γ-ray line for 89Zr was small for nat-
ural Zr and absent for the Y and Mo irradiated monitor foils, indicat-
ing that these reactions contributed less than 10−5 in total to the 89Zr 
inventory from the 88Zr samples. Although at thermal energies (n,γ) 
cross-sections can become large owing to long neutron wavelengths, 
the transmutation of 88Zr through competing (n,α) and (n,p) reactions 
is negligible because the emission of charged particles is highly sup-
pressed by the limited penetrability of the nuclear Coulomb barrier. 
The self-attenuation of the neutron flux by the sample itself was esti-
mated to be less than 0.003% using a 88Zr thickness of about 4 × 1013 
atoms per square centimetre, as determined from the minimum sample 
area, which was conservatively estimated to be 0.01 cm2.

Because there are so few cross-sections of this magnitude known, 
consensus has not been reached in establishing an explanation that 
accounts for their behaviour21. Whereas 135Xe, which has the largest 
known cross-section of 2.6 × 106 b, is one neutron away from the closed 
neutron shell at neutron number N = 82, and 88Zr is two neutrons away 
from the closed neutron shell at N = 50, 157Gd is not near a shell clo-
sure, and isotopes near shell closures do not seem to have enhanced 
cross-sections, as can be seen in Fig. 322–24. Hussein et al.21 discussed 
the statistical nature of very large neutron capture cross-sections and 
provided analysis supporting the random occurrence of doorway states 
interacting with compound-nucleus resonances that give rise to sub-
stantially enhanced reaction rates. The magnitude of the measured 
88Zr cross-section is particularly surprising because this nucleus has 
an even number of both protons and neutrons. The next largest value 
for a nucleus with these characteristics is 275 times smaller (196Hg with 
3,080 b) and such nuclei typically have lower thermal-neutron capture 
cross-sections than neighbouring isotopes with an odd number of either 
protons or neutrons. Existing predictions2 indicate that the 88Zr thermal 
neutron capture cross-section should be of the order of 10 b. No other 
known cross-section for a Zr isotope exceeds 1.2 b and no nucleus with 
fewer than 100 nucleons was previously known to have a cross-section 

Fig. 1 | Representative γ-ray spectra from the irradiated 88Zr samples. 
The spectra, which were collected with HPGe detectors immediately 
upon receipt at LLNL, are normalized on the basis of the live time of the 
measurement, initial target atoms and neutron flux. No decay or detector 
efficiency corrections have been applied. The unlabelled peaks between 
400 and 800 keV, aside from the 511-keV peak, are from 187W and 82Br 
(activation products of residual impurities in the sample). The 511-keV pair-
annihilation peak is primarily due to the positron emission from the decay 
of 89Zr and follows a trend nearly identical to that of the 909-keV peak.
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within a factor of 1,000 of this value (see Fig. 3). Although nuclei with 
such large neutron capture cross-sections appear to be rare, the two 
largest known values are both for radioactive isotopes, suggesting that 
additional examples may be found as experimental capabilities improve 
and measurements are performed with a broader range of radioactive 
nuclei and neutron energies.

Unprecedented quantities of radioactive isotopes are expected to be 
produced and collected at radioactive beam facilities, such as the Facility 
for Rare Isotope Beams (FRIB), which is anticipated to begin operations 
in the coming years. This will open up new opportunities to collect 
radionuclides in quantities suitable for targets25, especially with the 
development of new isotope-harvesting techniques26–28. Additionally, 
new high-intensity neutron sources, such as the Frankfurt Neutron 
Source (FRANZ)29 and the Soreq Applied Research Accelerator Facility 
(SARAF)30, will increase the availability of intense neutron fluxes for 
measurements covering a wider range of neutron energies. Additional 
neutron reaction properties that defy expectations, such as this one, 
may be discovered and may prove to have important consequences for 
nucleosynthesis and for new applications of nuclear science.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0838-z.
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Fig. 3 | Measured thermal neutron capture cross-sections as a function 
of neutron number of the target. The main plot shows all the existing 
data on a linear scale, and the inset displays the same data on a logarithmic 
scale. The vertical lines indicate the neutron-shell closures, which occur 
for nuclei with 2, 8, 20, 28, 50, 82 and 126 neutrons. The three isotopes 
with cross-sections of more than 105 b are labelled along with the year of 
the measurement.
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Methods
Production of 88Zr. 88Zr was produced from the 89Y(p,2n) reaction using the TR24 
cyclotron (Advanced Cyclotron Systems, Inc.) at the University of Alabama Cyclotron 
Facility. As described previously31, high-purity monoisotopic yttrium was deposited 
by magnetron sputtering onto a 2.5-cm-diameter niobium disc. The niobium target 
and sputtered 89Y (120–130 μm thick) were irradiated with 24-MeV protons for 
60 min at 10 μA. After γ-ray analysis of the irradiated target, the measured EOB 88Zr 
radioactivity was 3.96 MBq. Prior to chemical separation of the Zr, the irradiated 
target was allowed to decay for about 2.5 months so that the 89Zr produced from the 
89Y(p,n) reactions would diminish by over six orders of magnitude; γ-ray spectros-
copy performed after this decay period confirmed that the ratio of 89Zr to 88Zr atoms 
in the samples was less than 10−4. The Y was then dissolved off the Nb disk using 4 M 
HCl, and this solution was evaporated to dryness and reconstituted in 37% HCl. Prior 
to loading on an anion-exchange column (AG1X8; 100–200 mesh, 0.6-cm-diameter 
and 7-cm-height resin bed), a couple of drops of 30% unstabilized H2O2 were added 
and the sample was heated briefly. The Y was eluted in concentrated HCl while the Zr 
was eluted in 2–4 M HCl. The Zr fractions (fraction volume 2 mL) were evaporated 
and redissolved in 37% HCl and the separation process was repeated. The final Zr 
fractions were concentrated to make a 88Zr stock.
Target preparation. High-purity fused quartz (Suprasil 310, Heraeus) was used to 
encapsulate the 88Zr residue as well as the monitor foils into separate sample and 
monitor tubes. The quartz was cleaned in an aqua regia bath, followed by thorough 
rinsing with Milli-Q water. The 88Zr was deposited in the tubes after one end was 
sealed, and was allowed to evaporate to dryness before flame-sealing the other end 
under ambient conditions. The samples were leak-tested both at LLNL and MURR. 
The monitor foils were prepared and weighed before loading them into cleaned 
quartz tubes and sealing. For the three shorter irradiations, the flux monitors were 
Fe, Zr, Mo and Y. For the four longer irradiations, only Fe and Zr were used.
Target characterization. Each target contained 40.7–44.4 kBq of 88Zr at the time of 
shipment to the reactor. The activity of each sample was determined to ±4% preci-
sion, limited by uncertainties in the nuclear counting geometry and location of 88Zr 
within the samples. From the γ-ray spectrum of the original target (Extended Data 
Fig. 2a), it is evident that the dominant activity in the sample was 88Zr, accompanied 
by some 88Y produced primarily from the decay of 88Zr. There was also a small 
amount of 56Co, of the order of 108 atoms per target, which is an impurity produced 
from the Y target material. An aliquot of the final 88Zr stock solution was evaporated 
and reconstituted in a solution of 2% HNO3 and analysed using inductively coupled 
plasma mass spectrometry at the LLNL Forensic Science Center to determine the 
quantities of stable Zr, Y, Mo, Sr and Nb present in the sample. The resulting stable 
mass content for each of the irradiated samples could be determined by scaling these 
results using the ratio of the activity of each sample relative to the stock solution (as 
determined through γ-ray spectroscopy). From this information, the stable-element 
contents for each irradiated sample were determined to be in the ranges 0.65–0.74 ng 
for Sr, 0.27–0.31 ng for Y, 84.8–96.4 ng for Zr, 0.13–0.15 ng for Nb and 4.3–4.9 ng 
for Mo. The stable species present in the sample are from impurities in the original 
Y-sputtered coin target and reagents, not added carrier.
Irradiation. The targets and monitors were irradiated simultaneously in the graph-
ite reflector at MURR. The irradiation times and sample contents are listed in 
Extended Data Table 2. After irradiation, the samples were removed from their 
cans in a hot cell, packaged and returned to LLNL.
Measuring samples after irradiation. At LLNL, the samples were unpacked and 
examined to verify that the integrity of the tubes was not compromised during 
irradiation. They were then washed in an aqua regia bath, followed by two Milli-Q 
water baths to remove external contamination from hot-cell processing at MURR. 
γ-ray spectroscopy was used to verify that none of the radionuclides of interest were 
detected in the aqua regia wash solutions. The samples were then counted using 
HPGe detectors at the Nuclear Counting Facility (NCF), in the same geometry used 
before irradiation. Counting began on most samples within 2 days of EOB. After 
the initial counts, the samples were opened and the interior of the tubes was washed 
with approximately 3 mL of 9 M HCl to dissolve the Zr residue. The decays of the 
dissolved samples and the quartz tubes were counted to determine the efficiency 
of removing the 88Zr and 89Zr from the tubes. In each case, more than 91% of the 
Zr was dissolved in the HCl—except for the 1-h and 50-h irradiations, for which 
85% and 82% went into the HCl, respectively, with the remainder accounted for 
in the quartz tubes. The dissolved samples were diluted with Milli-Q water to 
10 mL and counted in a standard counting geometry at the NCF. The monitor 
foils were removed from their quartz tubes and mounted on disks for counting. 
Each of the samples was counted on several detectors with relative efficiencies of 
21%–37% (each calibrated for point-source samples to 1% fractional precision at 
the 1σ confidence level for use in GAMANAL32 detector characterization), and 
the distance was adjusted to maintain a dead time of less than 15%. Just as with 
the initial activity determination, the 88Zr and 89Zr activities for each sample were 
determined to ±4% precision. Therefore, the ratio of activity present after irradia
tion to the initial 88Zr activity before irradiation could be determined to be just 

under 6%. Aside from the 1% contribution from the point-source calibration of 
the HPGe detector efficiencies, which is correlated across all the measurements, 
the uncertainty arising from the spatial distribution and location was deemed to 
be uncorrelated from sample to sample. To verify that the γ-ray peaks decayed with 
the appropriate half-life for the isotope of interest, samples were counted over the 
course of several months at a constant distance (between 8 and 33 cm) on a 37% 
p-type coaxial detector.
Flux determination. The materials listed in Extended Data Table 1 were encap-
sulated in quartz tubes and irradiated alongside the 88Zr samples to serve as flux 
monitors. The reactor fluxes at thermal (En < 0.5 eV) and resonance-region 
(0.5 eV < En < 10 keV) neutron energies were determined from neutron capture 
reactions which produce 99Mo, 95Zr, 97Zr, and 59Fe from the Mo, Zr, and Fe samples 
using cross-sections from the International Atomic Energy Agency International 
Nuclear Data Committee20. The activities of these reaction products were deter-
mined through γ-ray spectroscopy using the same set of NCF detectors.

For a pair of reactions, for example 94Zr(n,γ)95Zr and 58Fe(n,γ)59Fe, the thermal 
and resonance flux contributions, Φt and Φr, respectively, were determined from 
the system of equations:

σ Φ σ Φ= + − λ λ− −A N ( )(1 e )et t
95 94 94,t t 94,r r

95 i 95 d

σ Φ σ Φ= + − λ λ− −A N ( )(1 e )et t
59 58 58,t t 58,r r

59 i 59 d

where A95 is the activity of 95Zr determined from γ-ray spectroscopy, λ95 is the 
decay constant of 95Zr, N94 is the number of 94Zr atoms in the sample, ti is the irra-
diation time, td is the time between EOB and counting, and σ94,t and σ94,r are the 
thermal and resonance-region cross-sections for the 94Zr(n,γ)95Zr reaction (with 
analogous notation for the 59Fe quantities). The results from the available radio-
nuclide pairs gave consistent values for the thermal and resonance region fluxes 
for each irradiation and were averaged to give the fluxes presented in Extended 
Data Table 1. The uncertainties in the neutron fluxes are 7%–11% and arise from a 
combination of uncorrelated terms (counting statistics, mass and irradiation times 
for each of the flux-monitor materials) and systematic uncertainties of 7% in the 
reference cross-section data, which were common across all samples.
Data analysis. The count rates of the γ-ray peaks at 393 keV and 909 keV from 
the various measurements were used to determine the activities of 88Zr and 89Zr, 
respectively, present in the samples at the time of the HPGe measurements. The 
corrections applied to account for the decay of 88Zr and 89Zr over the course of the 
experiment consisted of two parts: the decay during the irradiation and the decay 
between the EOB and the end of the HPGe measurement. For both the 88Zr and 
the 89Zr results, the decay between the EOB and the HPGe measurement followed 
simple first-order kinetics.

For 88Zr, the corrections for decay during irradiation are <2% and straightfor-
ward to make because the timescales are much shorter than its 83.4-d radioactive 
half-life. The decay-corrected 88Zr results, relative to the initial number of atoms 
of 88Zr present in each sample, are shown in Fig. 2 with the total uncertainties 
arising from the determination of the activities and neutron fluxes described earlier 
(summarized in Extended Data Table 3).

The 88Zr thermal neutron cross-section, σ88 (in units of square centimetres, 
converted to barns by 1 b = 10−24 cm2), was determined from the samples by fitting 
the decay-corrected number of atoms of 88Zr at the EOB, N88(Φ), normalized by the 
initial number of 88Zr atoms in each target, N88(0), using the relation:

Φ
= Φσ−N

N
( )
(0)

e (1)88

88

88

where Φ is the thermal neutron fluence in neutrons per square centimetre.
The result is σ88 = (8.27 ± 0.64) × 105 b when accounting for the correlated 

and uncorrelated contributions to the uncertainty in the atom ratios and flu-
ence determinations for the data points. The fitting was performed using only 
the uncorrelated contributions (which yielded a total uncertainty of 3% when all 
seven measurements were considered together), and the correlated uncertainties 
(totalling just over 7%) were subsequently added in quadrature to the resulting fit 
uncertainty. For the atom ratios, the uncorrelated contributions were dominated by 
the uncertainty in the counting geometry due to the location of the activity within 
the tube, whereas for the neutron fluences they arose primarily from counting 
statistics and uncertainties in the masses and irradiation times of the monitor foils. 
The correlated uncertainties for the atom ratios were from the uncertainty in the 
photopeak efficiency of the HPGe detectors for well defined sample geometries, 
and those for the neutron fluences were dominated by the uncertainties in the 
reference cross-sections. Additional contributions from decay data were consid-
erably smaller than the uncertainties arising from the reference cross-sections. 
The fraction of 88Zr lost to burnup in each sample is also shown in Fig. 2 and was 
determined as 1 − N88(Φ)/N88(0).
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An additional value for σ88 was obtained by analysing the appearance of 89Zr 
atoms in the irradiated samples. The interpretation of the 89Zr data also required 
applying decay corrections, but in this case these corrections are a little more com-
plicated. The decay during irradiation depends on the rate of 89Zr production which, 
in turn, depends on both the neutron flux (which varied from sample to sample) and 
the 88Zr thermal neutron capture cross-section. However, the 89Zr was observed to  
be produced on a timescale substantially shorter than the radioactive half-life of 89Zr, 
and therefore the correction is relatively insensitive to the exact value of the 88Zr thermal- 
neutron capture cross-section. The cross-section measured from the 88Zr data was 
used as an initial value to calculate the production rate of 89Zr and therefore the decay 
correction. For irradiations shorter than 3 h the correction is less than 2% and grows 
to be about 34% for the longest irradiation. Varying the cross-section and flux across 
the full range of 1σ uncertainty for the longest irradiation results in less than 1% 
variation in the total decay-corrected number of 89Zr atoms produced.

An additional correction, applied to determine the number of 89Zr nuclei pro-
duced, adjusts for the fact that not every neutron capture by 88Zr ultimately yields 
89Zr in the ground state. 88Zr, which has a nuclear spin-parity of 0+, preferentially 
populates 1/2+ states in 89Zr just above the neutron separation energy through 
s-wave neutron capture. The subsequent de-excitation through γ-ray emission 
populates the spin-1/2− 89Zr isomer above the ground state, which has a spin-parity 
of 9/2+. The isomer decays with a branching ratio of 93.77% to the 89Zr ground 
state; the remainder undergoes electron-capture decay to 89Y and does not emit 
909-keV γ-rays. Therefore, the 89Zr population determined from the ground-state 
decays was divided by this branching ratio to determine the total number of 89Zr 
atoms produced from the neutron capture reaction.

The determination of σ88 from these decay-corrected 89Zr data as a function 
of neutron fluence must take into account not only the production of 89Zr from 
88Zr but also the potential loss of 89Zr due to additional neutron capture to form 
90Zr. The number of 89Zr atoms produced during the irradiation, N89(Φ), therefore 
depends on both the thermal neutron cross-sections of 88Zr and 89Zr through the 
following relation:

Φ
σ

σ σ
=

−
−Φσ Φσ− −N N( ) (0) (e e ) (2)89 88

88

89 88

88 89

where the 89Zr thermal neutron cross-section is denoted as σ89. The data shown in 
Fig. 2 give σ88 = (8.95 ± 0.72) × 105 b and constrains σ89 to be less than 1.2 × 104 b, 
where the uncertainties were handled in the same way as for the previous fit.

The cross-sections determined from the 88Zr and 89Zr data were aver-
aged to determine the 88Zr neutron capture cross-section; this yields 
σ88 = (8.61 ± 0.69) × 105 b with a fractional uncertainty that is not reduced 
because it arises from essentially identical sources in the two measurements.

Data availability
The data supporting the findings of this study are presented within this Letter and 
its Extended Data.
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Extended Data Fig. 1 | Neutron energy spectrum calculated using 
MCNP5. The spectrum corresponds to the location where the samples 
were irradiated in the graphite reflector at MURR (position G1). The 
average thermal and resonance-region neutron fluxes were measured to be 
7.1 × 1013 n cm−2 s−1 and 2.7 × 1012 n cm−2 s−1, respectively. The flux of 
neutrons with energies above 12.5 MeV was determined using the monitor 
reaction 90Zr(n,2n)89Zr to be 4.5 × 109 n cm−2 s−1.
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Extended Data Fig. 2 | Example γ-ray spectra for a 88Zr sample, 
collected before and after neutron irradiation. a, Prior to irradiation, 
the γ-ray spectrum is dominated by the 393-keV line from the decay of 
88Zr accompanied by its daughter, 88Y, which is formed between stock 
preparation and target encapsulation. b, The same sample, counted seven 
days after the 10.35-h irradiation at MURR, after dissolution. Following 
irradiation, there is a considerable amount of 89Zr present, whereas the 
88Zr activity has decreased, indicating conversion of 88Zr to 89Zr. The other 
small γ-ray lines in a are from 56Co impurities and in b are from activation 
products (82Br and 187W) of impurities present in the sample.
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Extended Data Table 1 | Measured neutron flux in the thermal and resonance regions

The listed data are based on measurements with the Zr, Fe and Mo flux monitors. Each of the monitors listed was irradiated along with the 88Zr sample. For the first three monitors, six neutron capture 
reactions with known cross-sections were used to determine the average flux, whereas for the last four monitors three reactions were used.
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Extended Data Table 2 | Activities before and after irradiation

The 88Zr and 89Zr activities are decay-corrected back to the EOB, but not corrected for decay during irradiation. The 89Zr activities are for the ground state only and therefore not corrected for the decay 
branching ratio from the isomer to the ground state. For sample 7, no 88Zr was detected, so an upper limit is presented.
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Extended Data Table 3 | Summary of uncertainties

The neutron capture cross-section was determined from the dependence of the final-to-initial atom ratios on the neutron fluence. The uncertainty contributions to these quantities are shown and are 
identified as correlated or uncorrelated for the seven measurements. The data were fitted using the uncorrelated contributions; the resulting total uncorrelated uncertainty was added in quadrature to 
the correlated values, yielding a total uncertainty on the cross-section of 8%.
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