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Abstract — Neutron cross sections of the stable lithium isotopes 6Li and 7Li were of interest in the 1940s 
and 1950s in part because of their reactions, which form tritium using moderated neutrons on 6Li and 
higher-energy neutrons on either isotope. Lithium remains of interest today for use as a blanket and 
shielding material in fusion reactors, where it can be used to breed tritium for a self-sustaining fuel 
cycle. During the Manhattan Project, the resonance in the 6Li(n,t) reaction was discovered and later 
became important for enhancing tritium production for nuclear technologies. The dominant natural isotope 
7Li was and remains of interest because of the expense of enriching 6Li. It has been oft reported that the 
1954 Castle Bravo nuclear test had a yield twice as large as expected because the nuclear explosive device 
designers had not properly accounted for the benefits from the 7Li isotope in the fuel; we note that this 
explanation is false.
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Note — Some figures may be in color only in the electronic version. 

I. INTRODUCTION

The disintegration of 6Li on neutron bombardment 
into an alpha particle and a triton was first reported by 
Chadwick and Goldhaber in Nature in January 1935,[1] 

with a Q-value of approximately 5 MeV. By the time 
Bethe published his seminal work on nuclear theory in 
1937, 6Li was identified as a 1/v absorber with a large 
thermal absorption cross section and a cross section

for tritium production with thermal neutrons of 900 
barns (b),[2] as compared to 938 b today.[3] Cross 
sections at energies up to 800 keV were studied in 
more detail during the Manhattan Project.[4]

The potential benefits of 6Li as a thermonuclear fuel 
were discussed in the United States from a very early date, 
certainly by 1942, and probably earlier. In the earliest refer
ences, 6Li was often considered in terms of its beneficial 
exothermic energy production, rather than for its tritium 
breeding potential. For example, Oppenheimer’s 
“Memorandum on Nuclear Reactions,” dated July 1942, 
addressed the former aspects, whereas Manley’s 
September 1942 document appears to discuss the latter, 
tritium breeding (see Fig. 17 in Ref. [5]).

In the case of 7Li, proton reactions were of particular 
interest, as these were more readily accessible and 
allowed for the study of resonance capture behavior in 
a simple compound nucleus.[2] In addition, this reaction
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was recognized in 1949 as a viable source of quasi- 
monoenergetic neutrons.[6] It was not until 1953 that 
significant interest arose in the cross-section details of 
both isotopes at 14 MeV, likely, in part, because of the 
limited availability of deuterium-tritium (DT) neutron 
sources.[7] On March 1, 1954, one of the first peer- 
reviewed papers on these reactions was published,[8] 

which estimated a possible production path for tritium 
via 7Li with 14-MeV neutrons of 50 mb, a factor of 
roughly 7 smaller than the modern value, although this 
was for only a single production channel.

Following the Castle nuclear test series in the Pacific 
that same month, Los Alamos undertook further study of 
the lithium cross sections. By July, leveraging predomi
nately existing measured data, they had an estimated 
value for 7Li(n, n´) tritium production with 14-MeV 
neutrons of 325 ± 75 mb.[9] This was very close to 
today’s ENDF/B-VIII.0 (and IRDFF-II) value of 
302 mb. Also, this early report quotes a measured 7Li(n, 
n´t) cross section of 410 mb for the 14-MeV total inelas
tic cross section, which agrees favorably with today’s 
ENDF-VIII.0 value of 369 mb.

These measurements were further refined later in the 
1950s across a variety of energies for both isotopes using 
a combination of techniques, including nuclear track emul
sion measurements, absolute counting of tritium beta parti
cles, and measurement of the inelastic neutrons. Evaluations 
based on these measurements often relied on the use of 
transmission data from the pulsed sphere approach, origin
ally published by Graves and Rosen in January 1953.[10] 

This approach has persisted as a key method for bench
marking neutron cross-section data at high energies,[3] 

including in the MCNP 6.3[11] validation suite.
To orient readers to the modern understanding of 

these cross sections, Fig. 1 shows the International

Atomic Energy Agency’s recent IRDFF-II evaluation[12] 

of the tritium production cross sections from natural 
lithium and the isotopes. Below 3 MeV, only 6Li pro
duces tritium and is dominated by the large resonance at 
239 keV, while at 14 MeV, tritium production from 7Li 
exceeds that from 6Li by an order of magnitude. At the 
beginning of the Manhattan Project in 1943, none of 
these details were known.

II. MANHATTAN PROJECT LITHIUM MEASUREMENTS

The first Manhattan-era measurements of lithium neu
tron cross sections relied on the development of both neutron 
sources and detectors. Most used a neutron source, along with 
moderators of polyethylene and boron carbide. Kinematics 
were used to select neutrons of a particular energy to inter
rogate a target. The neutron source consisted of either 
a proton beam impinging on a natural lithium target or 
a deuterium beam impinging on a deuterium target. Early 
efforts to measure neutron outputs relied on the measurement 
of proton recoils from thin polyethylene foils; however, these 
were replaced by what we today would call fission chambers, 
which are designed to have a nearly uniform response from 
10 keV to over 2 MeV by first thermalizing the neutrons in 
paraffin prior to them interacting in the chamber. In either 
case, the general approach was to use the most accurately 
measured absolute cross section (235U fission) and take the 
ratio of the count rate to a different sample of known mass 
thickness. Similar approaches underpin many nuclear data 
measurements today.

In 1944, Los Alamos report LA-150[4] identified the 
6Li neutron resonance leading to tritium and alpha pro
duction and found it to occur at ~280 keV. The measure
ment was made on a natural lithium target and gave 
a magnitude of 0.23 b (but the high-resolution set indi
cated a higher cross section closer to 0.275 b). By 1946, 
this value had been revised downward to 0.21 b based on 
improved measurements of the 235U fission cross 
section.[13] Since 6Li makes up 7.59% of natural lithium, 
the measured cross section corresponds to a 6Li(n,t) cross 
section of 3.3 to 2.8 b. Both measurements are in fair 
agreement with the modern value of 0.244 b at 239 keV 
shown in Figs. 1 and 2. The relevant parts of LA-150 are 
reproduced in Figs. 3 and 4.

In 1947, Goldsmith et al. from Brookhaven published 
an early version of the “barn book” in their paper in 
“Review of Modern Physics.”[14] This compilation 
included a figure showing the 1944 Los Alamos data on 
Li(n,t), identified as “Los Alamos unpublished, Blair 
et al.” Blair was a contributor to LA-150.

Fig. 1. IRDFF-II evaluated cross sections for tritium 
production from naturally occurring lithium isotopes 
and the resulting natural abundance cross section.[12] 
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III. PULSED SPHERE METHOD

Many different techniques have been developed to 
measure energy-dependent cross sections for secondary 
neutron production from high-energy neutron sources, 
but the pulsed sphere approach was highly reliable with 
minimal bias. It relied on a deuterium beam impinging 
on a tritium target placed in the middle of a sphere of 
the isotope of interest. The total nuclei per square 
centimeter of the target material was chosen to be 
approximately one-quarter of the estimated cross sec
tion, in other words, one-quarter of a mean free path 
thick. It was then possible to measure the neutron 
spectra with and without the sphere of the isotope of 
interest present to determine the relative neutron pro
duction rate (or multiplication) and transmission as 
a function of energy.

A variety of techniques that do not require a pulsed 
beam have been used to measure neutron energy spectra 
in the pulsed sphere setup, beginning with the use of

proton recoils in nuclear track plates. Even with nuclear 
track plates, it was possible to measure neutron fluxes 
with an assessed error in absolute intensity of 12%. This 
method was key to improving the understanding of 7Li 
cross sections in the mid-1950s.

IV. TRITIUM PRODUCTION FROM 7Li

Lithium-7 has a particular value as a breeding mate
rial that is appreciated in controlled fusion energy con
cepts today. Higher-energy neutrons (e.g., 14 MeV) can 
cause a (n,n´t)α reaction, which creates tritium and 
a secondary neutron. This benefits overall neutron econ
omy since the emitted neutron with a degraded energy 
can still create more tritium in subsequent reactions with 
6Li. This reaction was not realized until >5-MeV neutron 
sources were readily available.

By 1954, sufficient information about the decay of 
excited states of 7Li to tritium was known[15] such that 
the production of tritium via inelastic scattering should 
have been expected. Yet a review of the literature avail
able at the time indicates that the first observation of 
tritium through this channel (one portion of it) was 
reported in a March 1954 paper by Frye at Los 
Alamos.[8] As noted previously, a follow-on report by 
Thomas in July 1954 made a surprisingly accurate pre
diction of the 7Li(n,n´t) cross section (325 mb at 
14.2 MeV) by analyzing available data and evaluating 
the implied relative magnitudes of different channels 
based on theory and a combination of experiments.[9] 

According to Rosen and Stewart,[16] this prediction was

Fig. 2. Natural lithium cross sections reported in LA- 
150, LA-520, and ENDF/B-VIII.0. 

Fig. 3. Los Alamos documented the discovery of the 
resonance in 6Li(n,t) in 1944 (reproduced from LA-150). 

Fig. 4. First data measured for the 6Li(n,t) resonance. 
The target was natural lithium, so the 6Li cross section 
was about 13 times larger than shown here (reproduced 
from LA-150). 
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confirmed experimentally in late 1954 by Wyman, who 
used absolute beta counting to measure a cross section of 
~300 mb at the same energy. Thorpe and Wyman docu
mented the technique in their 1958 report, LA-2235.[17]

The absolute beta counting approach offered 
a reliable absolute measurement of total tritium pro
duction from neutron-induced reactions on 7Li as 
a function of energy. With a convenient half-life of 
~12 years, tritium is sufficiently radioactive to be read
ily measurable in 0.5-g samples, and its half-life is long 
enough that decay corrections have minimal effect on 
the measurement. A special lithium target was designed 
and fabricated for the measurement so that under the 
appropriate thermal conditions its packaging would fail 
in a controlled manner and release the tritium. This 
target was irradiated with a known neutron flux and 
energy. The tritium was then extracted and pumped into 
a low-background proportional counter estimated to be 
95% efficient at detecting any tritium decay in its 
volume.

Using this method with a combination of deuterium- 
deuterium and DT sources along with different accelerating 
potentials, total tritium production was measured at incident 
neutron energies of 4 to 15 MeV, as shown in Fig. 5, and 
compared to more traditional emulsion counting techniques. 
Note that the measured cross section is in fair agreement with 
the modern IRDFF-II (and ENDF/B-VIII.0) estimate shown 
in Fig. 1, which gives 380 mb for the maximum tritium 
production located at 8 MeV versus ~450 mb shown in Fig. 5.

By 1956, differential neutron cross sections and neu
tron production for the two lithium isotopes were mea
sured at 5 to 14 MeV, as reported in LA-2643.[16] These 
measurements were done with nuclear track emulsion by 
irradiating emulsion detectors loaded with lithium and 
observing the resulting ionization tracks to deduce reac
tion rates. Using the known Q-values and masses of the

products, the reaction rates were determined as a function 
of energy and angle, and the outgoing neutron energy 
spectrum for inelastic scattering events was inferred 
using kinematic arguments.

Figure 6 provides an example of this work. Although 
these cross-section measurements were further refined in the 
following decades, this 1956 report contained the key mea
surements needed to understand the neutron cross sections 
of lithium at energies relevant to fission and fusion energy 
systems. The results reported in LA-2643 are the endpoint 
for this review of early cross-section measurements.

V. CASTLE BRAVO, 1954

The 1954 Castle series of nuclear tests was 
a landmark in the development of practical, deliverable 
thermonuclear devices. The first Castle shot, named 
Bravo, produced 15 megatons, roughly twice the yield 
that had been expected based on preshot calculations. 
Bravo remains the highest yield test in U.S. nuclear test 
history.

Over the years, it has been widely reported that Los 
Alamos scientists missed the full yield because they had 
not appreciated the importance of certain 7Li cross sec
tions that contributed to thermonuclear energy produc
tion. This sentiment appears in both internal Los Alamos 
documents and popular books on the history of the 
H-bomb, including Rhodes’s Dark Sun (quoting Harold 
Agnew) and Tarter’s The American Lab.[18,19] As can be 
seen by the previous review of early cross-section mea
surements and evaluations, the production of tritium via 
this mechanism had not been studied in detail prior to this

Fig. 5. Absolute tritium production cross section for 7Li 
as a function of neutron energy (reproduced from LA- 
2235). 

Fig. 6. Laboratory angular distributions of secondary 
neutrons in 7Li(n,n`t) reactions (reproduced from LA- 
2643). 
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test and the known size of the production cross section 
did change by a factor of more than 6 between March and 
July 1954.

However, recent calculations[20] with our modern Los 
Alamos codes do not support the claim that the poor 
prediction of Bravo was the result of improperly account
ing for 7Li nuclear cross sections. Indeed, our modern 
calculations show that 7Li reactions did not contribute 
very significantly to the yield of Bravo. It is the case 
that the computational treatment of neutron reactions on 
7Li were very crude in the early 1950s, but that does not 
imply that this led to a large yield underprediction by 
a factor of 2.

After realizing that our modern calculations contra
dicted the oft-reported “folklore” about the role of 7Li reac
tions in Bravo, we asked our Livermore colleagues for an 
independent check. Peter Rambo has run modern Lawrence 
Livermore National Laboratory codes on the same problem 
and obtained similar results to those of Los Alamos.

We are left to speculate that other deficiencies in the 
preshot calculations, perhaps in the material equations of 
state, led to the underprediction. Given the rapid nature of 
progress in thermonuclear weapons development in the 
mid-1950s, limited documentation exists explaining how 
the yield discrepancy was resolved at the time. The real 
reason for the underprediction may never be fully 
understood.

Acknowledgments

We thank Gerry Hale, Kris Eriksen, Nathan Gibson, 
Michael Bernardin, Peter Rambo, and Roberto Capote for use
ful discussions.

Disclosure Statement

No potential conflict of interest was reported by the 
authors.

ORCID

C. R. Bates http://orcid.org/0000-0001-7006-2977

References

1. J. CHADWICK and M. GOLDHABER, “Disintegration by 
Slow Neutrons,” Nat. Lett., 135, 3402, 65 (1935); https:// 
doi.org/10.1038/135065a0.

2. H. A. BETHE, “Nuclear Physics,” Rev. Mod. Phys., 9, 114 
(1937).

3. D. A. BROWN et al., “ENDF/B-VIII.0: The 8th Major 
Release of the Nuclear Reaction Data Library with 
CIELO-Project Cross Sections, New Standards and Thermal 
Scattering Data,” Nucl. Data Sheets, 148, 1 (2018); https://doi. 
org/10.1016/j.nds.2018.02.001;https://www.sciencedirect.com/ 
science/article/pii/S0090375218300206. special issue on 
Nuclear Reaction Data.

4. J. H. WILLIAMS, “The Cross Sections for Fission of 25, 
49, 28, 11, 37, 00, 02, B, and Li,” LA-150, Los Alamos 
Laboratory (Oct. 5, 1944).

5. M. B. CHADWICK et al., “Early Nuclear Fusion Cross- 
Section Advances 1934–1952 and Comparison to Today’s 
ENDF Data,” Fusion Sci. Technol., 80, Suppl. 1, S9 (2024);  
https://doi.org/10.1080/15361055.2023.2297128.

6. A. O. HANSON, R. F. TASCHEK, and J. H. WILLIAMS, 
“Monoenergetic Neutrons from Charged Particle 
Reactions,” Rev. Mod. Phys., 21, 4, 635 (1949); https:// 
doi.org/10.1103/RevModPhys.21.635.

7. F. L. RIBE, “Yield and Energy Distribution of Neutrons 
Resulting from the Interaction of 14-MeV Neutrons with 
Li-6 and Li-7,” LA-1589, Los Alamos (1953).

8. G. M. FRYE JR, “Charged Particles from the Interaction of 
14-MeV Neutrons with Li6 and Li7,” Phys. Rev., 93, 5, 
1086 (1954); https://doi.org/10.1103/PhysRev.93.1086.

9. R. G. THOMAS, “Determination of the 14-MeV Li7(n,n´α) 
T Cross Section from Sphere Multiplication and 
Transmission Measurements,” LA-1697, Los Alamos 
Scientific Laboratory (July 14, 1954).

10. E. R. GRAVES and L. ROSEN, “Distribution in Energy of 
the Neutrons from the Interaction of 14-MeV Neutrons 
with Some Elements,” Phys. Rev., 89, 2, 343 (1953);  
https://doi.org/10.1103/PhysRev.89.343.

11. J. A. KULESZA et al., “MCNP® Code Version 6.3.0 Theory 
& User Manual,” Technical Rep. LA-UR-22-30006, Rev. 1, 
Los Alamos National Laboratory (Sep. 2022).

12. A. TRKOV et al., “IRDFF-II: A New Neutron Metrology 
Library,” Nucl. Data Sheets, 163, 1 (2020); https://doi.org/ 
10.1016/j.nds.2019.12.001.

13. J. H. WILLIAMS, “Fission Cross Sections of 02, 23, 26, 
28, 49, B10 and Li6,” LA-520, Los Alamos Laboratory 
(Mar. 20, 1946).

14. H. H. GOLDSMITH, H. W. IBSER, and B. T. FELD, 
“Neutron Cross Sections of the Elements, A 
Compilation,” Rev. Mod. Phys., 19, 4, 259 (1947); https:// 
doi.org/10.1103/RevModPhys.19.259.

15. F. AJZENBERG and T. LAURITSEN, “Energy Levels of 
Light Nuclei. IV,” Rev. Mod. Phys., 24, 321 (1952).

16. L. ROSEN and L. STEWART, “The Neutron-Induced 
Disintegration of Li6 and Li7 by 5 to 14-MeV Incident 
Neutrons,” LA-2643, Los Alamos Scientific Laboratory 
(Dec. 22, 1961).

S190 BATES and CHADWICK · THE MANHATTAN PROJECT AND QUEST FOR THE H-BOMB

FUSION SCIENCE AND TECHNOLOGY · VOLUME 80 · SUPPLEMENT 1 · 2024

https://doi.org/https://doi.org/10.1038/135065a0
https://doi.org/https://doi.org/10.1038/135065a0
https://doi.org/https://doi.org/10.1016/j.nds.2018.02.001;https://www.sciencedirect.com/science/article/pii/S0090375218300206
https://doi.org/https://doi.org/10.1016/j.nds.2018.02.001;https://www.sciencedirect.com/science/article/pii/S0090375218300206
https://doi.org/https://doi.org/10.1016/j.nds.2018.02.001;https://www.sciencedirect.com/science/article/pii/S0090375218300206
https://doi.org/https://doi.org/10.1080/15361055.2023.2297128
https://doi.org/https://doi.org/10.1080/15361055.2023.2297128
https://doi.org/https://doi.org/10.1103/RevModPhys.21.635
https://doi.org/https://doi.org/10.1103/RevModPhys.21.635
https://doi.org/https://doi.org/10.1103/PhysRev.93.1086
https://doi.org/https://doi.org/10.1103/PhysRev.89.343
https://doi.org/https://doi.org/10.1103/PhysRev.89.343
https://doi.org/https://doi.org/10.1016/j.nds.2019.12.001
https://doi.org/https://doi.org/10.1016/j.nds.2019.12.001
https://doi.org/https://doi.org/10.1103/RevModPhys.19.259
https://doi.org/https://doi.org/10.1103/RevModPhys.19.259


17. M. M. THORPE and M. E. WYMAN, “A Measurement of 
the Li7(n,n´α)T Cross Section for Several Neutron Energies 
from 4 to 15 MeV by Absolute Counting Techniques,” LA- 
2235, Los Alamos Scientific Laboratory (June 1958).

18. R. RHODES, Dark Sun: The Making of the Hydrogen 
Bomb, Simon & Schuster (1996).

19. C. B. TARTER, The American Lab: An Insider’s History of 
the Lawrence Livermore National Laboratory, Johns 
Hopkins University Press (2018).

20. C. R. BATES et al., “Li-7 Cross Sections and the Puzzle of 
the Castle Bravo Prediction,” LA-CP-24-10255. Los 
Alamos National Laboratory (March 28, 2024).

THE MANHATTAN PROJECT AND QUEST FOR THE H-BOMB · BATES and CHADWICK S191

FUSION SCIENCE AND TECHNOLOGY · VOLUME 80 · SUPPLEMENT 1 · 2024                                                               


	Abstract
	I.  INTRODUCTION
	II.  MANHATTAN PROJECT LITHIUM MEASUREMENTS
	III.  PULSED SPHERE METHOD
	IV.  TRITIUM PRODUCTION FROM 7Li
	V.  CASTLE BRAVO, 1954
	Acknowledgments
	Disclosure Statement
	References

