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Neutrons have been extensively used as probes to investigate the properties of
nuclei ever since the discovery of the neutron in 1932, Itslack of charge gives it an
advantage over charged particles in many experimental areas, although the inability
to define its energy to the same precision as that of charged particles counters this
advantage in other areas of nuclear structure studies. Neutrons are available in

$]

covering a wide variety of nuclear interactions for all nuclides of the periodic table.

No attempt will be made to even summarize the data here. For a detailed com-
pilation of neutron cross-section experimental data, the reader is referred to the many
volumes of the report BNL-325 (1938, 1960, 1964-1966) for cross-section data at
thermal energies, for parameters of compound-nucleus resonances due to neutron
interactions, and for energy-dependent cross-section dats through the entire energy
range; and to the report BNL-400 (1970) for angular distribution data. (A complete
bibliography of these reports is given in Sec. 8f-10.)

For the techniques involved in neutron physics measurements, the reader is referred
to the two-volume work “Fast Neutron Physics,” edited by J. B. Marion and J. L.
Fowler and published by Interscience Publishers, Inc., New York (part I in 1960;
part IT in 1963); and to ‘“Experimental Neutron Resonance Spectroscopy’’ edited by
J. A. Harvey and published by Academic Press, Inc., New York, 1970.

This section containg selected topics which seem appropriate. A noticeable omis-
sion is a table of thermal neutron cross sections. Such a listing can be found in the
Table of Isotopes by D. T. Goldman (Sec. 8b), and is not duplicated here.



NEUTRONS 8-219

gf-1. Neutron Properties. Where needed to obtain quantities for this table, the
values of physical constants used were taken from B. N. Taylor, W. H. Parker, and
D. N. Langenberg, Rev. Mod. Phys. 41, 375 (1969):
Spin, %/2
Statistics, Fermi-Dirac
Radioactive decay, half life = 11.0 £ 0.3 min; beta-decay energy = 782.45 £
0.07 keV
Magnetic moment ua = —1.913159 + 0.000047 nuclear magnetons
Neutron mass, 1.00866520 + 0.00000010 mass units [unified scale, C!? = 12],
(1.674920 + 0.000011) X 107*g, 939.5527 % 0.0052 MeV

Compton wavelength:

A = h/mac = (1.3196217 £ 0.0000090) X 10713 ¢m
R = Ae/2r = (2.100243 £ 0.000014) X 107 cm

Nonrelativistic conversion formulas [E (eV) as function of T (K), v (m/sec), and
A (em):
E = kT = 8.6171 X 1073T
E = ma?/2 = 5.22695 X 10~%?
E = h?/2ma\? = 8.18015 X 10718/\!

For a neutron velocity of 2,200 m/sec:

E = 0.0252984 eV
T = 293.58 K
A = 1.79818 X 1078 cm

Figures 8f-1 to 8f-3 provide graphs from which reasonably accurate values of the
relationships between energy-dependent properties can be read. The formula for
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F1g. 8f-1. Variation of neutron velocity and neutron time of flight with energy for the
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Fi16. 8f-2. Variation of neutron temperature with energy for the neutron energy range
0.001 eV to 10 keV.
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F1a. 8{-3. Variation of neutron wavelength with energy for the neutron energy range 0.001
eV to 10 keV and the variation of the neutron wave number with energy for the neutron
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each relationship is given on the curve so that more accurate values can be obtained
quickly when needed or can be calculated for values at energies outside the range
included in the graph.

8f-2. Neutron Separation Energies. The compound nucleus (4 + 1) formed by
the addition of a neutron to a target nuclide A at rest has an excitation energy equal to
the neutron’s separation energy B, of the compound nucleus plus the neutron’s kinetic
energy E, minus the compound nucleus’ recoil energy [~E./(4 + 1)]. The energy of
the gamma radiation to the ground state of the residual nucleus will equal the excita-
tion energy of the compound nucleus plus its kinetic energy minus the kinetic energy
of the residual nucleus. For example, the energy of the ground-state gamma ray from
the capture of thermal neutrons by N will be the neutron separation energy of !*N
(10,834.0 + 0.8 keV) minus the recoil energy of N {~0.537{E,*(in MeV)/(A + 1)]
keV = 4.2 keV] which equals 10,829.8 keV. For a photoneutron reaction, the energy
of the gamma ray will have to exceed the neutron separation energy of the target
nuclide by the recoil energy of the compound nucleus. For example, for the photo-
disintegration of the deuteron, the gamma ray’s energy must exceed the neutron
separation of deuterium (2,224.55 + 0.07 keV) by the recoil energy 1.32 keV.

Neutron separation energies with standard deviations are listed in Table 8f-1 for
the stable nuclides, for radioactive nuclides with half lives >1,000 years, for shorter-
lived radioactive nuclides which have been produced in milligrams or larger quantities,
and for these nuclides plus a neutron. The values for the neutron separation energies
come principally from least-squares adjustments of experimental data by J. H. E.
Mattauch, W. Thiele, and A. H. Wapstra, Nuclear Physics 67, 32 (1965); by A. H.
Wapstra, C. Kurzeck, and A. Anisimoff, Proceedings of the Third International Con-
ference on Atomic Masses, August 28-September 1, 1967, edited by R. C. Barber,
University of Manitoba Press; and from vols. I and II, sec. B of the Nuclear Data
Sheets, Academic Press, Inc. Recent accurate values obtained from the (n,v) reac-
tion were taken from a Compendium of Thermal Neutron Capture y-ray Measure-
ments, part I, Z < 46, Nuclear Data A8 (4-6), 367 (1967); part I, Z = 47to Z =
(Ag to Ho), Nuclear Data Tables AB (1-2), 1 (1968); part III, Z = 68 to Z = 94
(Er to Pu), Nuclear Data Tables Ab (4-3), 243 (1969); and from recent accurate
unpublished (n,v) data. For nuclides where no error is assigned, the neutron separa-
tion energies were estimated from nuclear systematics.

8f-3. Coherent Scattering Amplitudes. Since the wavelengths of therinal neutrons
are of the order of one angstrom, their scattering interactions with matter exhibit
such well-known optical phenomena as diffraction and refraction. A scattering inter-
action can be characterized by an amplitude, which represents the distance that the
neutron wave is shifted by the scattering nucleus.

For a nucleus of nonzero spin, there will be two amplitudes, a, and a_, corresponding
to the two possible spin states of the compound nucleus, I + 1, formed by the com-
bination of a neutron (spin ) with a target nucleus (spin I). The compound states
are not equally probable but are weighted in the ratio (I + 1) to I. Hence, the
coherent amplitude, which is the weighted mean of the two amplitudes, is given by

S D
Geob = 57 1% 73T +19

The coherent cross section, neglecting interference with other nuclei, will then be
given by 4=al,,. The coherent amplitude for an element with two or more isotopes
can be obtained from

Geoh = Zfiai
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where the fi are the abundances (Zf; = 1) of the individual isotopes with coherent
amplitudes ai. The indez of refraction for a noncapturing medium can be calculated
from the coherent scattering amplitude as
- szacoh

r

nt=1

where ) is the neutron wavelength, and .V is the number of nuclei per cm3,
Table 8f-2 lists the coherent scattering amplitudes for those elements, or particular

" isotopes, for which experimental values have been determined. The amplitude values

are given in femtometers (= 107!* cm) and are preceded by a positive or negative sign.
The standard convention adopted here is that positive amplitude represents hard-
sphere scattering, i.e., a phase shift of 180 deg. For two values the sign is omitted,
since no explicit experimental assignment has been made, but both cases are probably
positive.

8f-4. Recommended 2,200-m/sec Cross Sections for Fissile Isotopes. In Table
8f-3, which is taken from G. C. Hanna, C. H. Westcott, H. D. Lemmel, B. R. Leonard,
Jr., J. 8. Story, and P. M. Attree, Atomic Energy Rev. 7, (4) 3 (1969), IAEA, Vienna,
the results of a careful study of relevant experimental measurements are presented.
A least-squares fitting procedure was used, and both direct and indirect measure-
ments of the quantities listed were considered.

The quantities appearing in the table have the following meanings:

o Absorption cross section: a(n,y) + o(n,f) = Ttor = Tacat

o; Fission cross section: o(n,f)

¢y Radiative capture cross section: a(n,y)

a Ratio: o(n,vy)/c(n,f) .

n  Number of neutrons produced per absorption event: prompt + delayed
#r Number of neutrons produced per fission event: prompt + delayed

The » value for Cf22, which is the standard used in the fissile » measurements, was
evaluated to be 3.765 £ 0.012.

8f-5. s-wave Neutron ‘Strength Functions, Observed Resonance Spacings, and
Average Radiation Widths. Neutron cross sections of most nuclides exhibit individual
resonances in the energy region from 0.1 eV to 100 keV. These resonances correspond
to excited states of the compound nucleus at an excitation energy just above the
neutron separation energy. The resonances can be described by the following
parameters:

E, Resonance energy

I Total width

T, Neutron width

T, Radiation width

Tr Fission width

l Angular momentum of the neutron, s, p, d, etc.

J  Spin of the compound nucleus
Since the parameters of over 10,000 resonances have now been measured, it is not
possible to present a complete listing of these parameters in this section. The detailed
parameters may be found in the many volumes of the report BNL-325 (1958, 1960,
1964-1966). However, for many purposes the average of the parameters for each
nuclide are sufficient. Some of these averages for s-wave interactions which are pre-
dominant in the energy region < 10 keV are listed in Table 8{4.

The s-wave neutron strength function for a nuclide is defined as T./D. T, is the
average of the reduced neutron widths T: of s-wave resonances of the same spin and
parity, where Ty is equal to Ta/A/E; (in eV). D is the average level spacing for
resonances of the same spin and parity. s-wave strength functions can be determined
from the parameters of resolved resonances or from the energy dependence of the
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TaBLE 8f-3, RecoMmenpep 2,200-m /sk:c CRross SkecTiONs FOR FissiLg Isotopks

Parameter] Uz / Uzas

_— \,\
Ga 577.6 + 1.8 678.5 + 1.9
o 530.6 + 1.9 580.2 + 1.8
2 47.0 + 0.9 98.3 + 1.1
a 0.0885 + 0.0018 0.1694 + 0.0021
n 2.2844 + 0.0063 | o. 719 + 0.0060
by 2.4866 +.0.0069 2.4229 + 0.0066

Nuclear Datg A2, 299 (Sept. 1966). Standard deviat; given for valyes where
the errors are less than 50 percent of the valye, A few spin-3 target nuclides have
s-wave strength functions which are different for the two ¢ompound nucleys Spin
states 1 and 2. For these nuclides the S-wave strength function for the resonances
with J = 92 s &pproximately twjce that for J = resonances.

The values for the observed Tésonance spacings with standard deviations for s-wave
neutrons D, listed in Table §f-4 were taken principally from g summary by J. E,
Lynn, “The Theory of Neutrop Resonance Reactions,” Clarendon Press, Oxford,
1968. For zero-spin target nuclides, the average level spacing D for Tesonances with
J = # is equal to D,y,.  For nonzero-spin target nuclides, D for the two spin stateg
Is greater than D,y and may be computed from the formula

2] +1

Ds = 2D 55 i

‘where I spin of target nucleus

J = spin of compound nucleyg

J=74 3 for s-wave resonances
For example, for 7 - Doy = 4D, and D, = $Dobs.  Several of the values
listed as lower limits were determined from the energy of only the lowest resonance.

il

fl

tion arising from g poor sampling from the distribution of Ty. Hence, the correct I,
for these nuelides might be different from the value listed by ~.10 to ~30 percent.
A few nonzero-spin target nuclides have average radiation widths which are different
for the two Spin states of the ¢ompound nucleus, For these nuclides values are listed
for both Spin states, ,

8f-8, Infinite-dilutioq Resonance Integrals.! The Reutron cross sections for most
nuclides exhibjt resonance structure, The incident Deutron energy range in which

! We should like to €XDress our appreciation to Dr. M. K. Drake, of the Gulf General
Atomic Corporation (now at Brookhaven National Laboratory), for Supplying the informa-
tion contained in thijg section and in Table 8f-5,
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the individual resonances can be observed varies from nuclide to nuclide; but for most
of the heavier nuclides, this energy range begins at near-thermal neutron energies
and extends to approximately 10 keV. The resonance integral is a quantity that is
frequently used to characterize the magnitude of the neutron crcss section for the
resonance energy region. The resonance integral has been found to be particularly
useful in characterizing the absorption cross section for materials used in reactor
physics analysis.

When a resonance absorber is placed in a moderator at near-zero concentrations,
the resonance absorption integral is not affected by energy self-shielding or by Doppler
broadening. Under these conditions, the material absorbs neutrons in the slowing-
down spectrum of the moderator. The resonance integral is expressed as

Emnx
R.I = /E c(E)o(E) dE

where ¢(E) is the neutron cross section as a function of energy E. In the case where
the absorber is at near-zero concentrations in a moderator, the weighting function
¢(E) (neutron flux distribution) is proportional to 1/E for neutron energies greater
than a few tenths of an electron volt. The upper limit of the integral is generally
taken as a few MeV. The lower-energy limit is generally taken as the cutoff, between
where the neutron flux distribution can be treated as being 1/E and where a Max-
wellian distribution can be used. In most experimental measurements of the reso-
nance integral, E. is determined by the type and thickness of the filter used to absorb
the neutrons in the Maxwellian portion of the spectrum. Cadmium is the material
generally used as the filter, and an appropriate thickness of the material results in
a cutoff energy of 0.5 eV.

In Table 8f-5 are listed recommended infinite-dilution resonance integrals. The
values given in this table have been taken from various sources. In most cases the
recommended values have been taken from experimental integral measurements.
In other cases the values have been obtained by integrating experimentally measured,
differential cross-section data. Resonance integrals for several reaction mechanisms,
i.e., (n,v), (n, fission), and (n, absorption), are included. The particular reaction
mechanism is given in the Reaction column. In certain cases the (n,y) reaction
produces two or more different states of the residual nucleus, and this information
is also given in the Reaction column. The recommended resonance integrals (R.1.)
at infinite dilution are given in the final column. In all cases the cutoff energy E.
has been taken as 0.5 eV, and the upper energy limit Ema< has been taken to be 15
MeV. Also, the integrals given in Table 8f-5 contain the contribution from the 1/v
part of the low-energy cross sections.

8f-7. Neutron Flux Standards. Because of the uncharged nature of the neutron,
its direct detection is difficult. For many cross-section measurements a knowledge
of the incident neutron flux, either absolute or relative, is required, and many tech-
niques are employed to accomplish this end. For absolute flux measurements, tech-
niques used include the production of known flux by means of source reactions (see
Sec. 8f-9), the utilization of the reasonably well-known characteristics of the inter-
actions of neutrons with protons (the n-p interaction), and the invocation of certain
well-determined cross sections as standards for measurement of other lesser-known
cross sections. The n-p interaction is, of course, only a special case of the last
technique.

The total n-p cross section has been measured to high precision at a number of
neutron energies. These data have been fitted by an analytical form based on effec-
tive range theory. The resulting equation, which gives the total cross section oy in
barns for an incident laboratory neutron energy E in MeV, seems to fit the high-
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precision cross-section measurements to much better than 1 percent. It can be
expressed as follows:

= 3r{1.206E + (—1.860 + 0.0941491E + 0.000130658E%)%)~!
] + #[1.206E + (0.4223 + 0.1300E)?*|™! 0 < E £40 MeV

For the angular distribution in n-p scattering, the apparent isotropy of the
scattering in the center-of-mass system up to approximately 10 MeV leads to the
equation for the laboratory differential cross section at a laboratory scattering angle 6:

¢(0)=£30050~ 0 < E <10 MeV

For further discussion of these n-p relations, see the chapters by J. L. Gammel
and by J. E. Perry, Jr., in “Fast Neutron Physics.” The constants in the o; equation
are those of Marion and Young in “Nuclear Reaction Analy sxs,” published by \orth-
Holland Publishing Company, Amsterdam, 1968.

The use of well-measured cross sections as standards against which newer measure-
ments are made occurs for all energy neutrons from thermal to very high energies.
For cross sections using a thermal spectrum, some much-used 2,200 m/sec standard
cross section values are shown in Table 8f-6.

TasLE 8{-6. 2,200-M/seC STANDARD VALUES FOR CROSs SECTIONS
UsinG A THERMAL SPECTRUM -

Target i Reaction | Cross section, barns
Hed ............. (n,p) 5327 £ 10
Lit. . ............ (n,t) 950 £ 15
Bie ... ... (n,a) 3836 =+ 9
Co®. ............ (n,vy) 37.2+ 0.3
Aul, ... ... (n,v) 98.8 + 0.3
Uz, .. n,J) 580.2 + 1.8
Puzs, . ... (n,f) 741.6 £ 3.1

For neutron energies in the resonance region (1 eV < E < 10 keV), capture or

" fission data are usually made absolute either by measurements of the integrated flux

over a particular well-determined resonance (or group of resonances) in a standard
material or by normalization to other measurements on resonances in the nucleus
under study. In addition, some reaction cross sections whose variations are mono-
tonic and well-defined are used as detectors and provide excellent relative standards
and occasionally adequate absolute standards. Examples are the He(n,p)T, the

Li%(n,t)He*, and the B!°(n,a)Li’ reactions, all of which vary as 1/ '\/E' below 10 keV.

For fast neutrons, flux measurements are made using a variety of total cross sections
which are either constant or monotonically varying in the region of interest. (One, of
course, is the n-p cross section, mentioned above.) Also various reaction cross sec-
tions can be used under the same conditions. The three reactions mentioned above
for He?, Li%, and B! continue their 1/ \/ E behavior above 10 keV and are used up to
energies where their energy variation is known to sufficient accuracy for the problem
at hand. Some (n,y) and (n,f) cross sections can be used to higher energies, though
they are not usually known to the accuracies of the light-target reactions. Threshold
reactions (see Sec. 8{-8) are useful for flux measurements on broad-energy-spectrum
sources; and many (n,p), (n,a), and (n,2n) cross sections, measured near 14 MeV, have
served as standards for subsequent 14-MeV measurements.
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Curves showing the variation of H!(n,n)H! (the n-p total cross section), He!(n,p)T,
Li¢(n,t)He*, and B!%(n,a)Li’ above 100 eV are shown in Fig 8f4, reproduced from
“Nuclear Reaction Analysis’ by J B. Marion and F. C. Young. (We appreciate the
perm::sion granted by the authors and publisher to use this figure.)

8i- .. Threshold Keactions. Many nuclear reactions resulting from the bombard- -
ment of nuclei with neutrons have negative Q values and thus have an energetic
threshold below which the reaction cannot ocecur. When this threshold energy is
exceeded, it is found that the cross section rises rapidly, sometimes showing cunsider-
able structure superposed on this underlying increase. Beyond a certain energy,
competition with other energetically possible reactions leads to a decreasing rise and
an eventual fall in the cross section. When the resulting residual nuclei are radio-
active and have convenient lifetimes and decay characteristics, the presence of the
threshold offers a means of using the reaction as a rough spectrometer in a brord
neutron spectrum.

Many reactions have been used as threshold detectors in experimental measure-
ments. Some of the more common (n,p), (n,a), and (n,2n) excitation functions used
for this purpose are shown in Figs. 8{-5 to 8f-9. Most of the measurements were made
with insufficient energy resolution to detect whatever fine structure might exist, but
their use as detectors for broad-spectrum sources achieves the same integration effect.

For a detailed description of the characteristics and use of many threshold detectors,
see chap. IV. C, by P. R. Byerly, Jr., in “Fast Neutron Physics,” part I.

8f-9. Fast-neutron Source Reactions. The production of monoenergetic beams
of fast neutrons (E 2 1keV) is usually achieved by the interactions of light charged
particles, using eyclotrons, cascade generators, or electrostatic accelerators to provide
high-quality energy precision and variability. The energy of a neutron beam will
depead upon the energy of the incident charged particles, the Q of the reaction, the
masses of the incident and target nuclei, and the neutron emission angle. An energy
“spread”’ of the neutron beam results from such considerations as the energy spread
of the incident particles, the thickness of the target materials, and the angular spread
caused by the geometric size of the observation apparatus. The kinematics of these
reactions are well defined and are best described in chap. I. B, by J. Monahan, in
“Fast Neutron Physics” part I. )

The monoenergetic character of source reactions is only approximate, since complex-
particle breakup or excitation of higher states in the product nucleus can contribute
groups of neutrons with lower energies than those of the primary group. For the
common source reactions the characteristics of the lower-energy neutrons are known
well enough for appropriate corrections to be made, or else the energy separation from
the primary group is sufficiently great for straightforward energy discrimination.

The four most used fast-neutron source reactions are the Li’(p,n)Be?, T(p,n)He?,
D(d,n)He3, and T(d,n)He* reactions. With the high precision available on proton
and deuteron energies with electrostatic generators, good-quality neutron beams can
be produced with energies from a few keV up to approximately 30 MeV. Most
measuremen:s with these reactions are performed with neutrons emitted at 0 deg with
respect to the incident-beam direction, since yields are higher and polarization effects
are avoided. Exceptions to this rule include the use of back-angle beams near the
threshold of the Li*(p,n) reaction in order to obtain the lowest possible energies, the use
of beams at 90 deg from the T(d,n) reaction with low-energy cascade generators in
order to enhance the detection of the associated He* particle, and for polarization
measurements when advantage is taken of the source-reaction polarization,

Figure 8f-10 shows the variation of the neutron energy with incident charged-
parti:le energy at 0 deg for the four reactions. In addition, the energy of neutrons
resulting from leaving Be in its first excited state of 431 keV energy in the Li’(p,n)
rection is shown, as well as the 90 deg energy variation of the T(d,n) reaction for low-
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energy deuterons. The energies have been calculated in a proper relativistic compu-
tation, but values cannot, be obtained with high precision from this figure. Tables of
values can be found in the appropriate chapters of “Fagt N eutron Physics’’ part I.
More extensive tables of energies can be found for the Li’(p,n) reaction in AN L-5219
(1954) by A. S. Langsdorf, Jr., J. E. Monahan, and W. A. Reardon; and for the three
hydrogen-source reactions in AECU-3118 (1958) by L. Blumberg and 8. 1. Schlesinger.

The Li’(p,n) reaction has a Q value of —1.644 MeV with a corresponding threshold
energy of 1.881 MeV. Atg threshold energy of 2.378 MeV & second group of neutrons
becomes energetically possible, owing to reactions in which the product Be? nucleus is
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left in its 431-keV first excited state. Because of the center-of-mass motion of the
system, the laboratory neutron energy is a double-valued function of the proton energy
near threshold. At threshold, all neutrons are emitted at 0 deg with an energy of
30 keV. When the 0 deg neutron energy reaches ~120 keV, the double-valued char-
acter disappears. The laboratory 0 deg production cross section for this reaction as
well as ‘or the (p,n’) reaction to the Be? 431-keV state is shown in Fig. 8f-11. The
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Firc. 8f-10. Variation of the laboratory neutron energy at 0 deg with incident charged-
particle energy for the neutron source reactions Li’(p,n), T(p.n), D(d,n). and T(d,n). Also
shown is the same variation for the contaminant Li’(p,n”) reaction and the neutron energy
at 90 deg for the low-energy end of the T(d,n) reaction.

latter curve, along with the neutron energies for this reaction (Fig. 8{-10), can be used
to make corrections to experimental data taken with the primary neutron group.
The T(p,n)He? reaction is generally used to produce neutrons of energy greater than
~700 keV, since the appearance of the second group in Li’(p,n) complicates use of that
reaction to produce higher-energy neutrons. The Q value is —0.764 MeV, with a
corresponding threshold energy of 64 keV. The laboratory 0 deg production cross
section is shown in Fig. 8f-12. A possible contamination of the monoenergetic char-
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Fi1G. 8f-11. The laboratory 0-deg production cross section for the Li*(p,n) neutron source
reaction and for the Li’(p,n’) contaminant reaction.
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Fi1c. 8f-12. The laboratory 0-deg production cross section for the T(p,n) neutron source
reaction.

acter of the beam would be the many-body breakup of the triton. The threshold for
this reaction is at 8.3¢ MeV, but no breakup has been observed up to a proton energy
of 13 MeV (0 deg breakup production cross section <5 millibarns/steradian). Mea-
sured differential cross section for the T(p,n) reaction can be transformed to the
center-of-mass system and fitted by a sum of Legendre polynomials; ie, (6cm) =
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F1c. 8f-13. Variation of the Legendre-sum fitting coefficients for the T(p,n) reaction with
proton energy. The fitting -is done for data in the center-of-mass system. The total
integrated production cross section for the reaction is equal to 4w Ao
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F1g. 8f-14. The laboratory 0-deg production cross section for the D(d,n) neutron source
reaction.
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F1c. 8f-15. Variation of the Legendre-sum fitting coefficients for the D(d,n) reaction with
deuteron energy. The fitting is done for data in the center-of-mass system. The total
integrated production cross section for the reaction is equal to 4742
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Fig. 8f-16. The laboratory 0-deg production cross section for the T(d,n) neutron source
reaction.
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T .4,.Pn(cos 8cm). A plot of the variation of the fitting coefficients with energy allows
construction of angular distribution curves at any energy through the range shown.
For this reaction, Fig. 8f-13 shows such a plot. One can also see the shape of the total
integrated production cross section (as well as obtain values) from the variation of the
A, coefficient, since this cross section is equal to 4x Ao

The D(d,n)He? reaction has a Q value of +3.268 MeV and is thus exocergic. As can
be seen from Fig. 8f-10, the neutron energy at 0 deg for cascade-generator deuteron
energies is =3 MeV. The laboratory 0 deg production cross section is shown in Fig.
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Fig. 8f-17. Variation of the Legendre-sum fitting coefficients for the T(d,n) reaction with
deuteron energy. The fitting is done for data in the center-of-mass system. The total
integrated production cross section for the reaction is equal to 4w Ao

8f-14. The cross section approaches zero smoothly with decreasing deuteron energy,
and so fluxes at cascade generator energies are not as copious as with the T(d,n)
reaction (see below). The threshold for deuteron breaking is at 4.45 MeV, and this
reaction cross section increases rapidly and is a significant contaminant for deuteron
energies above about 6 MeV. Usually energy-discriminating devices are adequate to
separate breakup neutrons from the primary group. As described above, angular
distributions and the total production cross section can be obtained, using the Legendre
fitting coefficients shown in Fig. 8f-15.

The T(d,n)He* reaction has a @ value of +17.588 MeV and is thus exoergic. As
can be seen from Fig. 8f-10, neutron energies at 0 deg near zero deuteron energy begin
at near 15 MeV. The laboratory 0 deg production cross section is shown in Fig. 8{-16.
The large production cross section at a deuteron energy of 110 keV, due to a resonance
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in He®, makes this reaction a copious source of high-energy neutrons for deuteron
energies available with cascade generators. As can be seen from the top insert in Fig.
81-10, the energy varies less rapidly at 90 than at 0 deg, and many experiments have
been done at this angle. The threshold for deuteron breakup is 3.71 MeV, but the
large energy gap between the breakup and primary groups makes energy discrimi-
nation quite easy. As described above, angular distributions and the total production
cross section can be obtained using the Legendre fitting coefficients shown in Fig. 8f-17.

8f-10. Cross-section Compilation Bibliography. The Sigma Center (now part of
the National Neutron Cross Section Center) at Brookhaven National Laboratory has
produced over the years compilations of measured neutron cross-section data and
parametric information derived from these measurements. Below are listed still
current volumes from this work.
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vol. 1IA {Z = 21-40], February, 1966; 1bid., vol. 1IB |Z = 41-60], May, 1966; ibid.,
vol. IIC [Z = 61-87], August, 1966.

5. Stehn, John R., et al,, **Neutron Cross Sections,” BNL 325, 2d ed., supplement 2., vol.
111 {Z = 88-98], February, 1965.

6. Garber, Donald 1., et al.,, “Angular Distributions in Neutron-induced Reactions,"”
BNL 400, 3d ed., vol. I [Z = 1-20] and vol. 1I {Z = 21-94], 1970.

The world’s experimental neutron cross-section data are stored at Brookhaven
on magnetic tape and are available to those who request them.



